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a b s t r a c t

In this review, the literature on the subject of electrothermal vaporization–inductively coupled plasma-
mass spectrometry (ETV–ICP-MS) published during the last decade is reviewed with a double purpose: an
evaluation of the possibilities of this technique for dealing with very challenging analytical applications
on the one hand, and the establishment of a reference guide for method development in ETV–ICP-MS
on the other. First, a brief introduction, pointing out the milestones in the development of the technique
will provide the reader with a better understanding of the present situation of ETV–ICP-MS and its future
perspective. After a section on the basic processes occurring in the furnace and during analyte transport, a
nductively coupled plasma-mass
pectrometry
olid sampling
eview

guide for method development for challenging analytical applications is proposed, based on the existing
literature. Next, the latest contributions in the main application areas of the field are reviewed, with special
attention to the most challenging ones: i.e. speciation, “thermal” resolution, enabling complex matrixes
to be analyzed and spectral overlap to be avoided, and the direct analysis of slurries and solid samples.
Finally, the advantages obtained by coupling an ETV unit to newer types of ICP-MS instrumentation,
equipped with collision/reaction cells, time-of-flight (TOF) or sector field (SF) spectrometers, are also

discussed.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

Since the commercial introduction of ICP-MS, the development
nd improvement of sample introduction systems has been one of
he main challenges for the scientists working in this field [1]. Since
he beginning, sample introduction was carried out via pneumatic
ebulization, which offered a simple and fast means of sample han-
ling, relatively good stability, potential for automation and low
ost. However, some negative aspects were also associated with
his sample introduction system and, therefore, the efforts devoted
o improving this part of the technique were well justified.

Very soon after the first ICP-MS paper appeared in the litera-
ure [2] (in 1980) and the first commercial instruments became
vailable (in 1983), Gray and Date – some of the first scientists
nvolved in the very early research in ICP-MS – pointed out the
roblem of high background signals coming from the water vapor

ntroduced as a part of the nebulized aerosol and suggested that
the technique would benefit from the application of “dry” sam-
le introduction techniques, including electrothermal atomization”
3]. Some months later, they described the coupling of an elec-
rothermal vaporizer to an ICP-MS instrument for the first time
4], using a commercial vaporizer originally designed for coupling
ith an inductively coupled plasma-optical emission spectrometer

ICP-OES) [5].
ETV–ICP-MS was received with great enthusiasm by the sci-

ntific community owing to the potential advantages that the
oupling could bring along. Besides the possibility to separate the
olatilization of the sample matrix and that of the analyte in time
with the subsequent reduction of both spectral and non-spectral
nterferences), the sample introduction efficiency could be clearly
mproved compared to pneumatic nebulization (the efficiency of

hich is only about 1–2% [4]), improving even more the limits
f detection (LODs) attainable. Only low sample volumes were
equired for analysis and the possibility for analyzing very demand-
ng samples such as organics, slurries and even solid materials
xisted. This encouraged scientists to work on and with ETV–ICP-
S.
In 1985, the first ETV device specifically designed for working

ith an ICP-MS was presented by C.J. Park in his PhD thesis [6]. From
his moment on, some publications related to ETV–ICP-MS started
o appear in the literature. They mainly contained general descrip-
ions of the technique’s features and some applications, using Park’s
evice or other in-house modified atomic absorption spectrometry
AAS) or ETV–ICP-OES vaporizers. A nice overview of the situation
nd papers presented in this first period can be found in [7].

Attracted by the optimistic conclusions reported in these works,
ome scientific manufacturers developed and commercialized ETV
evices for combination with ICP-MS in the beginning of the 1990s
7]. This had a dramatic influence on the number of papers pub-
ished on the topic in the following yeas, as can be seen in Fig. 1A.
n 1992, the number of publications per year was doubled with
espect to the papers published in 1991; and in 1994, the number of

ublications was five times higher (at that moment it was estimated
hat more than 100 commercial electrothermal vaporizers had been
old worldwide [8]). From this moment on, the rate of ETV–ICP-MS
ublications per year has only undergone few changes, with a lim-

ted but steady number of contributions in-between 20 and 30 per
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

year. However, by considering the tremendous increase in the num-
ber of ICP-MS-related publications in the same period [9], one can
easily see that ETV–ICP-MS has been attracting less attention from
the scientific community than in the period in which it was first
introduced.

This situation contrasts with the highly optimistic predictions of
most of the scientists actively working in the field of ETV–ICP-MS in
the beginning of the technique’s life. On the 4th Surrey Conference
on Plasma Source Mass Spectrometry in 1991, e.g., D.C. Grégoire
foresaw an “unusually rapid popularization of ETV–ICP-MS among
ICP-MS users” [10]. In fact, this “rapid popularization” never took
place. The reasons were many. On the one hand, scientists real-
ized that working with ETV–ICP-MS was not so straightforward
and required a higher level of expertise. The work presented by
D.J. Gray and coworkers in 1994 [11], stressing the need for careful
optimization of the working conditions in ETV–ICP-MS in order to
compensate for the different factors affecting stability and sensi-
tivity with this technique, illustrates this statement. On the other
hand, and also in the same period, important improvements in other
sample introduction systems for ICP-MS were also accomplished (as
reflected, for instance, in a special issue of Spectrochimica Acta Part
B published in 1995, entirely devoted to advances in sample intro-
duction in spectrochemistry [12]). As a result, some of the former
“unique” ETV features, such as the capability of analyzing small
sample volumes, were then matched and even surpassed by the
newly developed introduction devices (e.g., microflow nebulizers),
which, additionally, were in most cases easier to use than ETV. In
fact, the actual market trends reflect this situation quite clearly,
as several companies now produce these “alternative” introduc-
tion systems and, to the best of the authors’ knowledge, only one
company is still manufacturing ETV units [13]. Also the evolution
of ICP-MS instrumentation has contributed to the decline of ETV,
as the feasibility of ETV systems to reduce some polyatomic inter-
ferences in ICP-MS was no longer a prime advantage since sector
field ICP-MS instruments and quadrupole-based units equipped
with collision/reaction cells were introduced onto the market. A
combination of all these factors caused the analytical domain of
ETV–ICP-MS to be considerably reduced in favor of some competing
techniques, as summarized in Table 1.

These circumstances led to a noteworthy change in the original
perspective on the position of ETV–ICP-MS in the beginning of the
2000s. ETV was no longer considered as a potential “standard” sam-
ple introduction system for ICP-MS, but its use was rather reserved
to cope with particularly challenging analytical problems that could
not be tackled easily with other strategies. This consideration is still
valid today. An excellent review in this direction was written by
Sturgeon and Lam in 1999 [14]. In their paper, also the feasibility
of using chemical modifiers or other reagents used in electrother-
mal atomic absorption spectrometry (ETAAS) and ETV–ICP-OES to
alter the volatility of either the analyte or the concomitant matrix in
ETV–ICP-MS was highlighted, presenting the ETV as a thermochem-
ical reactor for ICP-MS sample introduction. As indicated by these

authors, this approach might alleviate space–charge matrix effects,
minimize polyatomic ion interferences, permit direct speciation of
trace element fractions in samples, as well as serve as a crucible for
sample preparation. These outstanding features can explain why, in
spite of the new sample introduction systems cited in Table 1 and
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Fig. 1. Evolution of number and type of ETV–ICP-MS publications in scientific journals (Web of Science). (A) Total number of ETV–ICP-MS publications per year. (B) Percentage
of applied and fundamental/general ETV–ICP-MS publications per year. (C) Percentage of solid sampling – ETV–ICP-MS publications per year.
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Table 1
ETV versus competing sample introduction techniques and other improvements in ICP-MS.

Analytical situations where ETV–ICP-MS is
advantageous

Alternative device/technique Comments

Microsamples - Micro-nebulizers (High Efficiency Nebulizer, MicroMist,
Microconcentric nebulizer, etc.)[17]

LODs are normally lower for ETV than for
nebulizers consuming the same amount of
sample. These nebulizers are very prone to
clogging.- Recirculating nebulizers [18]

Ultra-trace analysis (very low LODs needed).
Enhanced transport efficiency needed.

- Ultrasonic nebulizers For both kinds of nebulizers sample efficiency
is much higher than with conventional
nebulizers (30–100%) [17,18]. However, LODs
are only improved for simple samples because
of the increased plasma loading. Desolvation
units are needed with ultrasonic nebulizers;
these also show low tolerance for viscous
samples and samples with high concentration
of dissolved solids. Both are not as robust as
ETV.

- Direct injection nebulizer

Interference reduction power (mainly
solvent-related interferences)

- Collision/reaction cell-ICP-MS New-generation ICP-MS are available at lower
prices.- High resolution ICP-MS

- Desolvation units

Heavy matrix analysis
- High total dissolved solids (slurries) - Nebulizers with anti-clogging design (Babington, V-groove,

etc.) [17]
The continuous aspiration of these solutions
can create problems in the torch/interface. FIA
systems could alleviate the problem.- High tolerance ICP-MS interface (modified cone:

anti-clogging design)
- Organics - Special introduction kits for organics: thermostat controlled

spray chambers, additional gas ports for O2, high tolerance
cones with modified design.

Some systems might not be well suited for
really heavy organics (e.g. crude oil).

- Desolvation units.

- Solid samples - Laser-ablation systems ETV can accept all kind of samples: powders,
pellets, conductive or non-conductive.
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- Spark ablation systems
- Glow discharge systems

he interruption of the ETV production by the main manufacturers,
TV–ICP-MS still remains an excellent approach for some particular
pplications and did not disappear from the analytical literature.

As could be expected, this new situation has been reflected in the
ype of publications appearing in the field of ETV–ICP-MS in the last
ears. As seen in Fig. 1B, most papers presented in the last decade
ave been devoted to the development of particular applications, in
ontrast with the many fundamental papers published in the first
ears of the technique’s life. Regarding the field of application, it is
nteresting to note the increasing number of articles devoted to the
irect analysis of solid samples/slurries, as the prime example of a
hallenging/demanding sample. As shown in Fig. 1C, the number of
olid sampling/slurry related publications accounts for about 40%
f the total number of papers that appeared in the last decade. This
onfirms the idea shown in the most recent reviews on the field
f ETV–ICP-MS published by Resano et al. [15] and Hu et al. [16],
tressing that the main practical interest of ETV–ICP-MS could be,
n fact, the direct analysis of solid samples.

The present review has a double goal. On the one hand, the pos-
ibilities of ETV–ICP-MS as a versatile tool for tackling challenging
nalytical problems will be discussed, reviewing the more signif-
cant publications presented in this field during the last decade.

oreover, and as an added value of the paper in comparison
ith some recent reviews on the subject (i.e. references [15] and

16]), this review also intends to serve as a reference guide for
ethod development in ETV–ICP-MS applied to challenging ana-

ytical problems. For this purpose, some of the general aspects

oncerning the basic principles of the technique will be covered and
riefly revised for a better understanding of the factors that need to
e optimized during method development. General guidelines for
sing this technique and based on published results as well as on
he authors’ experience are provided in an easy-to-follow way, in
Quantification with ETV is more flexible. ETV
LODs are generally lower.

an attempt to bring the technique closer to newcomers. It is out of
the scope of this review, however, to treat these general issues in
detail, and the reader is referred elsewhere for further information.
In this regard, a list of the most relevant reviews and general texts
written concerning ETV–ICP-MS, with indication of the main focus
selected in each case, is gathered in Table 2.

2. Basic principles of ETV–ICP-MS

In ETV–ICP-MS, a small amount of sample in liquid or solid
phase (typically 5–40 �L in the case of liquid/digested samples or
0.1–5 mg in the case of solid samples) is placed in a conducting
reservoir, acting as a resistor (such as a graphite furnace), which is
subsequently heated resistively in order to vaporize the sample. The
resulting sample vapor is transported into the ICP by a carrier gas
(pure Ar in most cases) through a transport tube. Some electrother-
mal vaporizers have been described for direct insertion into the
plasma (without transport tube) [31,32], but a detailed discussion
of these devices is beyond the scope of this review.

As in ETAAS, different steps with different temperatures, dura-
tions and heating rates can be programmed. Addition of modifiers
(chemical substances in liquid, solid or gaseous phase) in one or
several steps of the program is also possible, opening a wide vari-
ety of possibilities for resolving challenging analytical problems as
indicated in the introduction.

As a result of the discrete character of this sample introduction
system, transient signals with typical durations ranging from 0.5 s

to 5–6 s, in the case of the more refractory elements, are obtained.
This fast transient character of the ETV signal poses some prob-
lems for data acquisition with the sequential mass spectrometers
normally used for analysis, limiting to a certain extent the multi-
element capabilities of the technique. On the other hand, it also
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Table 2
Reviews and general texts on ETV–ICP-MS.

Year Author Focus Reference

1992 J.M Carey, J.A. Caruso General review on ETV–ICP-MS. [19]
1995 L.K. Olson et al. General review on alternative introduction systems for ICP-MS. Reports general possibilities of

ETV–ICP-MS as seen in 1995.
[20]

1995 L. Moens et al. Review on solid/slurry sampling by ETV–ICP-OES/MS [21]
1998 P. Verrept et al. Book chapter on solid sampling by graphite furnace techniques. Solid/slurry sampling ETV–ICP-MS/OES [22]
1999 R. Sturgeon, R. Lam ETV–ICP-MS as a thermo-chemical reactor. [14]
2000 D.C. Grégoire Book chapter on discrete sample introduction techniques to ICP-MS. General text about ETV–ICP-MS. [23]
2000 V. Majidi et al. Series of two reviews on furnace chemistry for ETV-related techniques (surface and gas phase

chemistry)
[24,25]

2001 T. Kantor ETV–ICP-MS/OES and laser ablation. General review with focus on transport efficiency issues. [26]
2002 F. Vanhaecke et al. Review on real-life applications by ETV–ICP-MS [27]
2002 M.A. Belarra et al. Tutorial review on direct solid sampling with Electrothermal vaporization/atomization [28]
2003 A. Martin-Esteban et al. ETV–ICP-MS for direct solid sampling [29]
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005 F. Vanhaecke Book chapter in general book abou
007 B. Hu et al. ETV–ICP-MS and ETV–ICP-OES. Ch
008 M. Resano et al. ETV–ICP-MS/OES and GFAAS. Gen

ffers the possibility to separate the signal for different analytes
of different volatility) in time, such that the selectivity can also be
mproved.

In the following sections, some general considerations about
hese basic principles will be discussed in a tutorial way. Addition-
lly, the most important contributions related to these issues will
e also reviewed.

.1. Instrumentation

.1.1. Electrothermal vaporizers
The construction and optimization of the design of electrother-

al vaporizers has played an important role in the development of
TV–ICP-MS since the very beginning. Although this research line
as never been totally abandoned, most of the efforts in this regard
ere done in the 1980s and beginning of the 1990s, before any

ommercial ETV unit specifically designed for ICP-MS was avail-
ble. The variety of systems described in the literature is quite
onsiderable and includes strips, coils, rods or furnaces made out of
etals characterized by a high melting point (such as Ta, W or Pt) or

raphite (including pyrolytic graphite and metal-coated graphite).
n overview of some of these vaporization systems can be found in
ome of the publications listed in Table 2 [22,23].

Evolution of ETV–ICP-MS has led, however, to the unified trend
f using graphite tube furnaces as vaporizers, even if the perfor-
ance of some of the alternative devices mentioned before might

e better for some particular applications (e.g., determination of
arbide-forming elements). In fact, graphite furnaces are the best
ompromise solution to fully exploit the versatility of ETV as a
ample introduction system, since they permit the vaporization
f both liquid and solid samples with very different characteris-
ics. Powders, pellets or highly viscous liquids, for instance, can be
ntroduced in the graphite tubes in a more convenient way if com-
ared with other systems, which in some cases cannot even handle
his kind of samples. Moreover, the possibility of transferring some
nowledge from the extensive graphite furnace atomic absorption
pectrometry (GFAAS) literature available [10] probably favored the
se of this kind of vaporizers over other alternatives.

In fact, most of the graphite furnaces used for introduction in
CP-MS are modifications of GFAAS devices, either adapted in-house
r by commercial manufacturers. In all different designs, a flow
f Ar is passed through the inside of the furnace transporting the

aporized sample to the plasma, either through one of the ends
f the tube (end-on streaming systems) or through the transverse
osing hole in the middle of it (upwards streaming systems) [33].
oth systems have their advantages and disadvantages (which were
ritically compared by Kántor in [34]), but the critical parameter of
MS. General text about ETV–ICP-MS. [30]
l modification, preconcentration and separation techniques [16]
view with focus on solid sampling [15]

the furnace design is always the flow characteristics of the carrier
gas, which strongly affect the sample transport efficiency to the ICP.
This issue will be discussed in detail in Section 2.2.

Unlike for GFAAS devices, strict control of the thermal conditions
inside the graphite vaporizers used for introduction into ICP-MS
is not such a critical parameter [22]. In ETV–ICP-MS, only sample
vaporization needs to take place in the furnace, while atomiza-
tion and ionization are occurring in the plasma, and this leaves
some freedom for improving other aspects like sample handling
or transport efficiency.

The first description ever published for the design of the most
frequently used commercially available ETV unit, the Perkin Elmer
HGA-600 MS [35], is an interesting example on how a GFAAS
furnace (HGA600) could be successfully adapted for an easy and
convenient use with ICP-MS. The most important feature in this
instrument (schematically depicted in Fig. 2) affecting the work
with ICP-MS, is perhaps the fact that the carrier gas bypasses the
furnace during all the temperature steps, but the analyte vaporiza-
tion, avoiding the vapors originating during these previous steps
to enter and contaminate the ICP-MS. As indicated by their devel-
opers [35], optimization of sample transport efficiency was not the
prime goal. Conversely, more attention was spent to the ease of
use and versatility regarding sample introduction. In fact, the pos-
sibility of coupling the HGA600 MS with the liquid (AS60 [35]) or
slurry (USS100 [36]) auto-samplers developed for GFAAS or that of
using cup-in-tube graphite tubes [37] for easy introduction of solid
samples was an important contribution to its success.

As mentioned previously, research in the field of furnace design
has never completely stopped, and several interesting contribu-
tions in this regard can be found in the recent literature. The group
of Salin has been working on the development and application of
an induction heating-electrothermal vaporization furnace (IH-ETV)
for sample introduction in plasma sources, with the first corre-
sponding paper appearing in 1997 [38]. The basic design of this
device consists of a graphite cup that is inserted in a free-running
induction furnace with modifications around the induction coil for
easy sample introduction. The system is enclosed in a quartz cham-
ber flushed with a carrier gas, which transports the sample vapors
to the ICP. Advantages of this system are mainly to be situated in
the field of solid sampling analysis, and include the possibility of
using larger sample sizes owing to the use of larger graphite sam-
ple probes, improving LODs and minimizing sample homogeneity

concerns. Further details on the design of and applications with
this device can be found in the literature [39–41]. Hermann and
coworkers developed an ETV graphite furnace for which streaming
conditions were designed that provided maximum transport effi-
ciency and minimum analyte loss. The setup includes the use of an
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transport efficiency was a very variable parameter, influenced by
Fig. 2. Schematic representation of the Perkin Elmer HGA-600MS

pstream configuration with the flow of carrier gas directed into
specially designed vertical tube in which a combination of gas
ows reduces the analyte loss by minimizing the deposition that
ormally takes place at the cold parts of ETV systems. Although the
oupling to ICP-MS instruments should, in principle, be possible,
his device has been used in combination with ICP-OES only [42].
olcombe’s group designed an ingenious multiplexed ETV system

n an effort to increase sample turn-around time [43]. An array of
ungsten filaments (300 W) were used as ETVs. The thermal stages
ere multiplexed such that a vaporization event could take place

very 20 s, increasing significantly the sample throughput for this
etup.

In spite of the improvements brought along by the aforemen-
ioned contributions, none of the designed systems has found a
ommercial distribution. As indicated in the introduction, the only
TV commercial systems currently available are those manufac-
ured by Spectral Systems [13], which are again mainly intended
or solid sampling analysis.
.1.2. Transport tubing
The design of the transport tube from the ETV to the ICP-MS has

ot received much attention from the ETV–ICP-MS scientific com-
unity, although the influence of tube length or diameter on the

TV signal has been studied in several publications, mainly focusing
nit. (A) Drying, pyrolysis and cleaning steps. (B) Vaporization step.

on the study of sample transport efficiency [5,44–48]. These studies
on transport efficiency will be discussed in more detail in Section
2.2, but the practical conclusion that can be drawn concerning the
tubing design is that changes in the tube length and diameter are
mainly affecting the peak shape (broadening) obtained, while little
changes in the integrated total peak area are observed. The typical
ETV setup uses about 50–70 cm of plastic tubing (Teflon® or Tygon®

are mostly used), with an inner diameter of about 6 mm. Other fac-
tors, such as the carrier gas flow rate and/or the heating rate, can
be adapted in view of optimum peak definition.

2.2. Furnace chemistry and transport efficiency

Since the first couplings of ETV with excitation/ionization
sources (flames, ICPs) were realized, it was confirmed that the sam-
ple transport efficiency for this introduction technique was in all
cases much higher than that of pneumatic nebulization. However,
also from these first experiments, it became clear that the sample
numerous factors that affect to various degrees all ETV systems.
As a result, identifying, quantifying and understanding the effects
of these factors became a very active field of research for scien-
tists working on ETV–ICP-MS, required as a tool for the eventual
optimization of the working conditions with this technique.
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.2.1. Methods for evaluating transport losses and transport
fficiency

The first aspect to be considered when tackling this issue is how
o measure transport efficiencies and detect analyte losses in an
TV system. A comparative recap of some of the methods used for
easurement of these values is presented in [49]. As shown in that

aper, the methodologies used in this regard are numerous, and
ill not be treated in detail here. However, following the descrip-

ion made by Friese et al. in [50], a general description of these
ethods can be presented as follows (the reader is referred to the

ited references for further information):

1. Methods trapping the analytes from the carrier gas stream using
filters, wash bottles, bags or electrostatic deposition, and sub-
sequent determination of the amounts of analyte collected by
spectrometric or other analytical methods (e.g., particle counters
or gravimetric measurements) [48,49,51–56].

. So-called “indirect” methods, which are based on the quantifi-
cation of analytes deposited in the vaporizer, the interface and
the tubing after rinsing these components and collecting the
deposited material for subsequent analysis [46]. Also radiotracer
experiments, combining approaches 1 and 2, have been used
[57–59].

. Methods relating the signal intensities obtained in ETV to the
signals obtained with a certain reference method, e.g., the pneu-
matic nebulization of solutions [50,60,61].

In this third group, some early studies can be included in which
ransport efficiency variations were assessed by direct monitoring
f the change in the spectrometric signal (absorbance, MS-intensity
r emission intensity) for a given analyte [62–64] upon modify-
ng some factors known to influence this transport efficiency. This

ethodology, however, does not take into account the possible
nfluence of the different factors studied on the behavior of the
xcitation source, but rather assumes that this influence is negligi-
le (e.g., addition of modifiers or modification of the Ar flows change
he ionization/atomization efficiency of ICPs, which is overlooked
y these methods). Although this assumption could be essentially
rue for the particular cases considered in those papers, the scien-
ists behind the investigation pointed out that this was not always
he case. In this regard, later contributions in the field of ETV–ICP-

S included the monitoring of some plasma-related species in
he ICP-MS (e.g., the Ar dimer [65–67]) to detect suppression or
nhancement effects related with changes in the plasma conditions
the so-called plasma loading effects) or the processes occurring
n the ICP-MS interface (the so-called space–charge effect). This
pproach permits to distinguish between these ICP-MS-related
ffects and transport efficiency-related effects [68,69], and has been
sed very often ever since as a valuable diagnostic tool for method
evelopment in ETV–ICP-MS. More details on this regard will be
iven in Section 2.3.

.2.2. Factors influencing transport efficiency
By using the different methods described in the previous para-

raphs, an important number of scientists tackled the problem of
dentifying, quantifying and understanding the factors having an
nfluence on the sample transport efficiency for ETV–ICP-MS. In
988, Kántor described the most accepted theory, explaining the
rocess of analyte transport between the ETV and the ICP source
ased on aerosol science [62]. In short, it was concluded that for
he ETV-generated aerosol to be transported to the ICP, it is neces-

ary that rapid self-nucleation occurs to particles large enough as
o be effectively transported by the carrier gas, but small enough
o avoid coagulation and deposition in the transport path. Most of
he papers written on sample transport efficiency for ETV–ICP-MS
ince then have been based on this theory.
ica Acta 648 (2009) 23–44 29

In 1999, for instance, Grégoire and Sturgeon studied the ana-
lyte transport efficiency for a conventional commercially available
ETV unit (Perkin Elmer HGA600 MS) without the addition of any
foreign substance to the furnace (carriers or modifiers) and with
a new graphite tube. They selected different analytes with differ-
ent volatilities and made use of the typical experimental conditions
used for real analysis by ETV–ICP-MS. Under these conditions, they
found that sample transport efficiency to the plasma was approxi-
mately 10% only, with 70% of the total amount of vaporized analyte
being lost in the switching valve of the ETV device, 19% in the trans-
fer tube and 1% in the components comprising the torch assembly.
Analyte transport to the plasma increased up to 25% with addition
of a modifier/carrier (Pd/NaCl) [52]. This is only one of the exam-
ples that can be found in the literature attempting to measure the
sample transport efficiency from the ETV and analyzing the factors
having an influence on it. Even if the numbers presented in other
previous or later publications with the same goal may be substan-
tially different from the ones presented in this work, the main idea
that can be drawn from all these studies is clear: the transport of
the ETV-formed aerosol is never quantitative for any ETV device.
Without any external help and following Kantor’s theory, the self-
nucleation process can hardly take place within the aerosol itself
and the analyte particles easily deposit onto the colder parts of the
ETV interface that act as nucleation/condensation sites. However,
this tendency can be greatly influenced by a number of external
factors that can be studied and optimized for the best results to be
obtained.

Although no firm consensus has been reached in this respect,
a closer look at the published data permits a simplification to be
made by classifying the factors influencing the sample transport
efficiency in the following categories:

(i) Streaming conditions/design of the experimental setup.
(ii) Vaporization conditions/furnace chemistry including:

- nature and state of the furnace substrate
- heating conditions (fast or slow heating rates)
- nature (volatility) of the analyte and the sample matrix

and addition of foreign substances as modifiers/carriers (in
gaseous, liquid or solid state)

2.2.2.1. Influence of streaming conditions and design of the ETV device.
Self-evidently, the carrier gas flow rate used in the ETV device is
having a great influence on the sample transport efficiency and
needs to be carefully optimized for every ETV–ICP-MS method, as
will be shown in Section 2.3. Besides this, some other technical
aspects related with the streaming conditions and design of the ETV
interfaces have been found to have a remarkable influence on the
transport efficiency as discussed partly in Section 2.1. Apart from
the comparison between upwards streaming and end-on streaming
devices and the studies on the length and diameter of the transport
tube mentioned there, maybe the most remarkable contribution in
this regard is the addition of a cooling argon flow at the exit of the
ETV system (before entering the transport tube) in order to promote
the self-nucleation of the analyte vapors before they could reach
the cool surfaces further downstream. This modification was intro-
duced to graphite-tube-type ETV by Shen et al. [70]. Later, Ren and
Salin modified this design by adding an internal sheath gas to pro-
vide a thin gas layer between the analyte vapor and the wall of the
transport tube to further decrease the analyte vapor condensation
on the tube wall [71]. The same idea has been used afterwards in
many other designs with some additional improvements in recent

years. Friese et al., for instance, following a previous design from
Schäffer and Krivan for ETV–ICP-OES [57], optimized the sample
transport efficiency for a commercial ETAAS furnace by bypassing
part of the carrier gas introduced into the entrance of the tube to the
exit of the tube and using a nozzle-shaped graphite tube instead of
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he standard one. Under the best working conditions (also with the
ddition of trifluoromethane as carrier), they reported improved
ransport efficiencies in the range of 70–100% [50]. The design intro-
uced by Hermann and coworkers cited in Section 2.1 [42] is also
nother example of the same principle. With the introduction of the
xially Focused Convection tube (AFC), a convection zone is created

n the beginning of the transport path, where vapor condensa-
ion and aerosol formation can take place apart from the colder
alls.

.2.2.2. Influence of vaporization conditions/furnace chemistry. Even
f the improvements in sample transport efficiency that can be
erived from furnace design optimization are noteworthy, most
f the efforts and studies have been made in the direction of ETV
hemistry, most probably because this offers important chances for
mprovement, regardless of the ETV unit deployed.

a) Influence of the furnace substrate
Several works have been conducted in order to establish the

influence of the ETV substrate on the transport efficiency. In a
series of two reviews published by Majidi et al. [24,25], a com-
plete study is presented on how transport efficiencies vary with
different substrates used in the ETV unit. Pt, Al, Ta and graphite
surfaces are compared with respect to gas phase and surface
chemistry. However, and considering that most of the times
graphite furnaces are used in ETV–ICP-MS applications, most
of the works on the influence of the furnace substrate study
the effect of carbon particulates released from the graphite fur-
nace during the vaporization step. Fonseca et al. [68,72] and
Majidi and Miller-Ilhi [73] proved the positive effect on trans-
port efficiency when oxygen ashing was used in the graphite
furnace, as a result of the increased number of carbon parti-
cles leaving the furnace acting as carrier agents for the analyte
vapors. Some quantitative studies on carbon losses in graphite
furnaces, on the other hand, showed that the differential mass
loss per analysis cycle varies markedly depending on the tube
type (pyrocoated or not) and lifetime [74].

b) Influence of the heating conditions
As indicated by Kántor in some of his works on sample trans-

port efficiency in ETV coupled techniques [34,62], the effective
vapor concentration in the furnace is the most important factor
influencing the processes of aerosol formation and transport.
This vapor concentration is strongly influenced by the heating
rate of the sample, and this idea can be used for the optimization
of the working conditions in ETV–ICP coupled techniques.

For the vaporization of single-element standard solutions, for
instance, the interpretation of this statement is quite straight-
forward: a faster heating rate would lead to a higher vapor
concentration in the ETV in a shorter period of time, which
would result in a higher rate of self-nucleation in the vapor-
izer in that period and hence, in improved transport efficiency.
Conversely, too high heating rates would have an adverse effect
on the transport efficiencies as too high a vapor concentra-
tion would create conditions where coalescence of the particles
begins to be important [62].

When complex matrixes and/or modifiers are also vaporized
in the ETV, however, this interpretation needs to be reconsid-
ered as other factors might have a remarkable influence. In this
regard, it is clear that the heating rate will have an influence
on the peak shape (e.g., peak broadening, location of the peak
maximum or peak height) obtained for the analytes, concomi-

tants and modifiers [75]. Taking this into account, one can easily
conclude that, when multi-element standards, digested/solid
samples or chemical modifiers are vaporized in the ETV, the
applied heating rate will also influence the way in which all
these “vaporization peaks” overlap and hence, the vapor con-
mica Acta 648 (2009) 23–44

centration and rate of self-nucleation existing in the vaporizer
at different moments. In these cases, an increased heating rate
may not result in improved transport efficiencies due to a poor
overlap between the analyte and modifier (carrier) vaporization
peaks, as described by Hughes et al. for some multi-element
determinations with seawater added as a carrier agent [64].

(c) Nature (volatility) of the analyte/sample matrix and addition of
modifiers

One of the main disadvantages of ETV–ICP-MS is the variable
transport efficiency shown by elements of different volatilities
(the more volatile showing lower transport efficiencies than the
more refractory ones [76]) or present in different matrixes (e.g.,
higher transport efficiencies for solid/slurries than for aque-
ous solutions [28]). This fact leads to very strong matrix effects
observed in ETV–ICP-MS measurements, which obviously can
be problematic. As indicated by Grégoire and Sturgeon [52], the
addition of modifying reagents can help not only to improve but
also to normalize the transport efficiency for all constituents.
As a result, the influence of these matrix effects can be reduced,
which simplifies the calibration process and improves the qual-
ity of the data obtained by means of ETV–ICP-MS.

Even if the influence on the transport efficiency of the fur-
nace substrate or the heating conditions discussed above is
worth studying, that of the addition of foreign substances to
the ETV has received much more attention than the rest. In
fact, a large number of works reporting on the use of different
modifiers in gaseous, liquid or solid form in order to improve
sample transport efficiency have been published in the 25 years
of ETV–ICP-MS existence. Nowadays, the use of modifiers to act
as a carrier agent is very extended and is even considered as
mandatory by some scientists [26]. More details on the different
modifiers proposed will be given in Section 2.3.2.

2.3. Working methodology and method development

As already indicated before, one of the main disadvantages
related with the use of ETV–ICP-MS is the need for a careful
selection of the working conditions in order to obtain quantita-
tive results with sufficient quality. Several parameters need to
be optimized both for the ETV device and for the ICP-MS unit.
Selection of the optimum working conditions is not always an
easy task for ETV–ICP-MS and requires considerable expertise,
especially when challenging applications are considered. How-
ever, some general ideas and hints simplifying this process can
be compiled and are presented in this section. A general protocol
for method development summarizing these ideas is proposed in
Fig. 3.

2.3.1. Optimization of ICP-MS parameters
2.3.1.1. Plasma tuning. As for any other sample introduction sys-
tem, the ICP-MS working parameters need to be optimized when
an electrothermal vaporizer is used. These parameters include the
different lens voltages, the different gas flow rates (normally Ar),
the RF power, the position of the torch with respect to the interface
(if the instrument permits it) and of course, the data acquisition
parameters. Considering the transient nature of the signals gener-
ated by ETV–ICP-MS systems, the optimization or “tuning” of some
of these parameters (namely the lens voltages and the torch posi-
tion) is normally done with a conventional nebulizer providing a
steady-state signal in the ICP-MS. This optimization system is far
from being ideal, as it has been proved that the presence of water in

the central channel does have a great influence on how the plasma
behaves [77]. Although the use of a dry steady-state signal for the
optimization of these parameters would help improving the overall
ETV–ICP-MS performance (as shown by Kreschollek and Holcombe
with the use of a device built in-house generating a dry aerosol in
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continuous way [78]), the use of nebulizers is still the most often
sed approach for practical reasons.

Optimization of the rest of the ICP-MS parameters, on the other
and, is normally done in a sequential way using the ETV–ICP-MS
ystem. As for any other sample introduction system, the RF power
nd the carrier gas flow rate need to be optimized for each individ-
al method, generally searching for the highest possible sensitivity.
hese parameters are finely optimized once the ETV program has
een set.

.3.1.2. Mass spectrometer parameters. Besides the optimization of
hese plasma parameters (which is not so different from the opti-

ization needed when working with nebulizers or other sample

ntroduction systems in combination with ICP-MS), the most crit-
cal issue at this point is the selection of the data acquisition
arameters, especially if multi-element analysis is intended. Self-
vidently, this point depends upon the type of mass spectrometer
sed for analysis. In this regard, it is important to point out that
hod development.

most of the ICP-MS instruments available in most analytical labo-
ratories are quadrupole-based instruments, and these are also the
instruments that ETV systems are most often coupled to. For the
sake of simplicity, we will refer to this kind of instruments in the
following discussion.

Quadrupole-based mass spectrometers monitor only a single
m/z at any given time and are scanned sequentially to produce a
mass spectrum. Due to the fast transient nature of the signals pro-
duced by the ETV, the speed at which the m/z scans are acquired
by the ICP-MS instrument must be maximized to obtain the best
accuracy and precision possible. As a consequence, the so-called
“peak jumping mode” (or equivalent) is normally preferred as the
scanning mode and short dwell times per peak are selected for anal-

ysis [79] (10–20 ms are typical values, but even lower values can be
deployed [80]).

The speed of scanning, however, will be ultimately limited by
the number of nuclides monitored simultaneously, the higher this
number, the longer the scan time and, in theory, the poorer the



3 ca Chi

a
A
c
m
t
g

l
a
s
t
1
a
a
i
o
p
l
w
t
i
c
a
t
a
u
c
a
c
R
p
s

a
t
c
c
t
s
n
o
s
t
r
d

b
M
w
t
o
f
b

2
p
a
E
i
t
n
p
I
i
e
o

2 M. Aramendía et al. / Analyti

ccuracy and precision for the transient signal characterization [81].
s a consequence, it is generally accepted that the multi-element
apabilities of ETV–ICP-MS are limited to a small number of ele-
ents only. However, there is no clear consensus on where exactly

his limit can be set, probably because it is difficult to establish a
eneral rule in this respect.

Resano et al. were the first who tried to systematically assess the
imits in terms of multi-element capabilities of ETV–ICP-MS with
quadrupole-based instrument [82]. They experimentally demon-

trated that the monitoring of up to 20 nuclides is still possible for
he evaluation of typical ETV transient signals with a duration of
.5–2 s without deterioration of the precision, accuracy and LODs
chieved. Venable and Holcombe supported this conclusion later on
nd proposed a theoretical model that permitted to select the max-
mum number of nuclides that could be monitored for a given limit
f precision [83]. Besides the proper selection of the data acquisition
arameters, they included in their model the role played by the ana-

yte sensitivity and the peak shape of the analyte signals, factors that
ere not fully evaluated in the work by Resano et al. In this regard,

hey showed how, by modifying the ETV signal shape and stretching
t out with a simple experimental setup, it was possible to signifi-
antly increase the number of masses that could be monitored (with
n increase from 21 to 68 m/z values in the examples presented in
he work). In a later contribution, Björn et al. entered the discussion
nd pointed out how the multi-element capabilities of ETV–ICP-MS
sing scanning mass spectrometers were deteriorated if the peak
haracteristics of the transient signals would vary with the analyte
mount or between calibration standards and samples [84]. They
oncluded their work clearly referring to the works presented by
esano and Venable, suggesting that “the promising multi-element
otential of ICP-scanning MS for the monitoring of transient signals
howed in those reports could have been exaggerated”.

After all these contributions, it seems clear that establishing
general limit for the number of nuclides that can be moni-

ored simultaneously in quadrupole-based ETV–ICP-MS systems is
omplicated, as many factors depending on the particular method
onsidered can influence this number. However, a closer look to
he published data reveals that successful determinations in real
amples have been carried out with the monitoring of up to 10–12
uclides per ETV firing [85–87]; therefore, proposing a general limit
f nuclides in the range of 10–20 should be adequate to stay on the
afe side. In any case, the idea that the data acquisition parame-
ers must be carefully optimized for every particular situation still
emains the most important point to retain for successful method
evelopment.

Finally, and considering that the multi-element capabilities have
een often indicated as one of the main advantages of ETV–ICP-
S over the similar (but cheaper) technique of GFAAS [28], it is
orth pointing out that several approaches have been described in

he literature for extending these capabilities, including coupling
f the ETV to newer types of ICP-MS instrumentation, better suited
or transient signal characterization. A closer look to this issue will
e given in Section 3.5.

.3.1.3. Selection of nuclides: quantification and diagnostic pur-
oses. A proper selection of the nuclides monitored, taking into
ccount potential spectral interferences is, obviously, also needed in
TV–ICP-MS for successful method development. In this regard, it is
mportant to remind that the typical solvent or matrix-related spec-
ral interferences appearing in the ICP-MS when using pneumatic
ebulizers might be virtually eliminated when using ETV for sam-

le introduction, provided that a suitable ETV program is selected.

n fact, the combination of temperature programming and/or chem-
cal modification often permits selective analyte vaporization, thus
nabling the selection of nuclides otherwise suffering from the
ccurrence of isobaric and/or polyatomic spectral interferences in
mica Acta 648 (2009) 23–44

the mass spectrometer. This fact has permitted, for instance, V
determination at ppt levels in calcite and seawater matrixes [88], Sr
isotope ratio determination without Rb separation [89] and other
challenging applications to be developed with ETV–ICP-MS systems
as will be shown in Section 3.

Apart from the nuclides selected for quantification purposes,
very often some additional nuclides are monitored for diagnostic
or correction purposes. Similarly to conventional pneumatic nebu-
lization (PN)–ICP-MS, these would include nuclides used as internal
standards (more details on internal standardization will be given in
Section 2.3.3) or nuclides used for mathematical correction of spec-
tral interferences. The particular nature of ETV–ICP-MS, however,
makes it advisable to select some other diagnostic nuclides helping
in the process of method development or improving quality control
once the method is developed.

In this category, matrix-related nuclides can be used for moni-
toring matrix vaporization, helping in the process of temperature
program optimization. Monitoring of 13C+ in the analysis of organic
samples is a typical example used in these situations [90]. On the
other hand and as previously mentioned, very often when mod-
ifiers or carriers are added for improving transport efficiency or
achieving selective analyte vaporization, “loading” effects in the
plasma can be observed, resulting in enhancement or suppression
of the analytical signal. The same can be said for the vaporization
of heavy matrixes or solid samples. In these cases, monitoring of
some plasma-related signals is strongly recommended to detect
such effects. Monitoring of the argon dimer at m/z 80 or other
argides (e.g., ArC+) have been proposed in the literature for this
purpose [67,69]. The role of such signals can be merely qualitative
(i.e. indicating that a change in the vaporization conditions used,
e.g., the heating rate, the modifiers used or the pyrolysis tempera-
ture selected, is needed) or even quantitative, as some researchers
have proposed their use as internal standards, correcting for matrix
effects or sensitivity drift [67,87].

Also in some of the cases where temperature programming or
chemical modification is used for selective analyte vaporization,
some additional diagnostic signal can be monitored for surveying
the process in every ETV firing. This could permit eventual rejec-
tion of measurements not fulfilling the quality requirements. A good
example for this situation is the direct determination of Zn in TiO2
solid samples presented by Aramendia et al. [91]. In that work, tem-
perature programming was used to separate the vaporization of
Zn from that of Ti, thus avoiding the matrix-related polyatomic
TiO+ interferences, which affect to different extents all of the Zn
isotopes. While 66Zn+ was used for quantification purposes, mon-
itoring of 64Zn+ permitted the detection of matrix co-vaporization
affecting the accuracy of the determination. In fact, firings where
too large deviations for the m/z 64 to m/z 66 ratio were detected
(indicating significant matrix co-vaporization) were discarded and
the corresponding results not used in the final calculations.

2.3.2. ETV program optimization
The ultimate goal of all the methods that use electrother-

mal vaporization/atomization (e.g., GFAAS, ETV–ICP-OES/MS) is to
achieve a selective atomization/vaporization of the analyte, free
from solvent or matrix co-vaporization [28]. As already indicated
in this manuscript, this requisite is particularly important in the
case of ETV–ICP-MS in order to minimize the frequently observed
spectral and non-spectral interferences. Moreover, selective ana-
lyte vaporization may also help simplifying the calibration protocol
for quantitative analysis, allowing the use of aqueous standards for

quantitative analysis of complex samples (e.g., heavy matrixes and
solids). To achieve this goal, it is essential to optimize the tem-
perature program, including chemical modification if necessary.
This is certainly one of the crucial points of ETV–ICP-MS method
development, especially when very demanding samples (e.g., heavy
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atrixes such as oils or solid samples) or challenging applications
e.g., direct speciation analysis or reduction of isobaric interfer-
nces) as those discussed in this review are considered. In fact, if
he ETV is regarded as a thermochemical reactor for in-situ pre-
reatment of the samples as proposed by Sturgeon and Lam [14],

careful optimization of the ETV program is probably the most
mportant step for method development. Some practical comments
n the goals and available tools for ETV program optimization will
e given in the following paragraphs.

.3.2.1. Goals of ETV program optimization. From a practical point of
iew, the prime goals to consider for analyte-selective vaporization
nd ETV program optimization would be: (i) solvent removal (if
resent); (ii) assurance of minimal transport of matrix components
ith the analyte; (iii) complete removal of remaining residues in the

aporizer to avoid memory effects; and (iv) normalized transport of
he analyte regardless of the nature of the samples/standards, thus
llowing reliable quantitative results to be obtained.

Solvent removal (typically water) and cleaning of the vaporizer
fter analyte vaporization can be easily achieved by programming
drying and a cleaning stage, respectively (more details in next

ection). Conversely, gathering general rules for assuring minimal
ransport of matrix components with the analyte may seem diffi-
ult, considering the large variety of analytical situations that can
enefit from the use of this technique. Fortunately, most of them can
e fitted in one of the following two situations: either the sample
atrix is selectively vaporized in a previous step (pyrolysis) before

he vaporization of the analyte and its transport to the plasma, or
t is removed from the vaporizer following the preceding selective
aporization of the analyte at lower temperatures [14,28]. In either
ase, a proper selection of the temperature program is often not
nough to achieve separate vaporization of matrix and analyte. For
his reason, chemical modifiers are often used to react with the
nalyte and/or the matrix components to maximize the differences
n volatility between them and achieve the final goal of selective
nalyte vaporization.

Goal number iv regarding normalized transport efficiency for
he analyte is normally accomplished by adding a suitable modifier
ith carrier effect, as discussed in Section 2.2.2.

.3.2.2. Tools for ETV program optimization: gathering information.
s shown in Fig. 3, collection of information on melting and boiling
oints for the different analytes and matrix or solvent components,
s well as bond strengths or equilibrium constants for existing
nalyte-matrix interactions or potential analyte/matrix-modifier
eactions can be a good starting point for successful ETV program
ptimization. However, even if this information can be helpful, it
s important to bear in mind that all these reactions and interac-
ions will proceed within the reducing atmosphere of the graphite
ube, so some unexpected effects might be observed. In this regard,
he extensive literature available on GFAAS method development is
ery useful and the results observed there can generally be adapted,
ith some adjustments, for use with ETV–ICP-MS [10,14].

.3.2.3. Tools for ETV program optimization: temperature program-
ing. Conversion of the sample to analyte vapor is generally done

n several separate steps in the ETV unit. For graphite furnaces, a
ange of temperatures varying from room temperature to around
700–2800 ◦C can be selected (the maximum temperature is lim-
ted by the thermal stability of the graphite [23]). Heating rates
anging from 1 ◦C s−1 up to 2000 ◦C s−1 are available. Relatively long

eriods can be selected for low or moderate temperatures (several
inutes if required), while only a few seconds (10–30 s maximum)

an be programmed at the highest temperatures. In any case, main-
enance of high temperatures for longer periods is normally not
ecessary and would result in too short tube lifetimes.
ica Acta 648 (2009) 23–44 33

As for any graphite furnace-based technique, the different steps
usually programmed in the graphite furnace can be organized in
four categories, known as drying, pyrolysis, vaporization and clean-
ing. Each of the steps is designed to perform a specific function, but
at the same time, other undesirable effects may occur. These 4 steps
can be optimized individually for achieving a particular vaporiza-
tion goal. As a general rule, selection of the different temperatures
can be done according to the following criteria:

- Drying step: Temperature slightly above the boiling point of the
solvent and below that of the analyte in the predominant chemi-
cal form. Not too vigorous heating rate to avoid analyte losses by
explosive boiling of the sample.

- Pyrolysis step: Maximum temperature possible to remove matrix
without removing the analytes (that might be stabilized with a
modifier).

- Vaporization step: Normally minimum temperature possible to
vaporize all the analytes without undesired matrix or substrate
co-vaporization. Higher temperatures might be used for better
signal definition. Addition of modifiers can promote vaporization
at lower temperatures.

- Cleaning step: Short step at high temperature to remove any sam-
ple residue. Assisted cleaning (addition of modifiers) might be
desirable in order to reduce the cleaning step temperature or
duration, thus extending the tube lifetime.

For conventional applications (e.g., analysis of digested sam-
ples), these four steps are normally programmed sequentially in
the order indicated above. For more challenging applications on the
other hand, these steps can be seen as independent actions that can
be skipped or used more than once, in different orders, with cooling
steps and/or addition of different modifiers in-between, depending
on the particular goal pursued for each application. Many examples
of successful temperature programming application can be found
in the literature, as will be shown in Section 3.

2.3.2.4. Tools for ETV program optimization: addition of modifiers.
At this point of the manuscript, it is quite clear that foreign sub-
stances (different from the samples or standards) can play different
roles when incorporated in an ETV–ICP-MS method: either they are
added in order to improve and/or normalize the transport efficiency
of the analyte from samples and standards, or they are added to
intentionally modify the vaporization properties of matrix and/or
analytes.

The use of modifiers in electrothermal devices was first pro-
posed for GFAAS in the 1970s and was then extensively deployed
for this technique before ETV–ICP-MS was introduced [92,93]. As a
heritage of this extensive use, it is not surprising that the addition
of modifiers for ETV–ICP-MS was already reported since the very
beginning of the technique’s life [94,95]. However, when adapting
these modifier-based strategies for ETV–ICP-MS, some fundamen-
tal differences appeared and needed to be evaluated. In 1992, Ediger
and Beres systematically tested the performance of several typical
graphite furnace modifiers for use with ETV–ICP-MS, proving their
positive effect on analyte sensitivity and giving for the first time
some insights on their mechanism of action [35]. Since then, sev-
eral dedicated studies have been presented on the evaluation of
different modifiers for ETV–ICP-MS [8,59,64,96] and many exam-
ples of successful modification for different applications have been
reported in the literature. A summary with the most common
modifiers proposed for this technique with their observed effect,

comments and some general references reporting their use is gath-
ered in Table 3.

According to the information reported in all these works, the
following general ideas can be indicated for selection and work with
modifiers in ETV–ICP-MS.



34 M. Aramendía et al. / Analytica Chimica Acta 648 (2009) 23–44

Table 3
Chemical modifiers often use in ETV–ICP-MS.

Modifier Use/effect References

Halogenating agents
- Gas phase (CHF3, CCl4, CCl2F2, HCl, Cl2) - Promotion of the vaporization of refractory

elements and/or carbide-forming elements
(both analytes and matrix components)

[14], [16] (Review), [26] (Review),
[59], [97], [98], [99]- Solid phase (PTFE powder/slurry)

- Liquid (dissolved) phase (HF, HCl, NH4F·HF, NH4F, NH4Cl)
- Improvement of transport for these elements. Lower

LOD.
- Assisted cleaning. Lower memory effects.
- Halocarbons may improve plasma conditions

PGMs and other metals
- Added as nitrates, chlorides, pre-reduced in the GF, alone or as mixtures - Stabilization of volatile analytes [8]
- Pd (most often), Rh, Ir, Au, Mg(NO3)2, Mg(NO3)2 + Pd(NO3)2, Ni(NO3)2 - Transport efficiency improvement (carrier effect) [23], [35], [59], [96], [100]

Seawater (NASS-3 CRM) - Multicomponent physical carrier [64]

Chelating agents
- EDTA, organic diacids, polyhidroxy compounds, etc. - Promotion of the vaporization of complexed elements

at lower temperatures
[16] (Review)

- Selective reactions/vaporizations. Potential use for
speciation.

[101]

Carbon-producing reagents
- Ascorbic acid, citric acid, Triton x-100, CCl4 - Release of C particles in the furnace thus improving

transport efficiency
[8]

- Improvement of plasma energetic conditions [69]
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- O2 mixed in the Ar gas during pyrolysis - Imp
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The reagents to be used as modifiers must be of high purity if the
extremely low LODs of the technique are to be retained [8].
The effect of the added modifier on the plasma (e.g., loading)
needs to be controlled. Selection of (a) plasma-related signal(s)
for diagnostic purposes is advised.
The effect of the added modifier in forming additional spectral
interferences needs to be controlled. The relatively large amounts
of modifier added (�g amounts) may result in unexpected inter-
ferences via reaction with plasma gas species (i.e. generation of
argide species) [8].
The amount of modifier added must be carefully optimized in
order to achieve the desired effect regardless of the sample con-
centration, while at the same time avoiding undesired plasma
loading effects.

As already commented on in Section 2.2, the use of modifiers
or ETV–ICP-MS is very extended and according to some scientists
ven compulsory if quantitative results are to be obtained [26]. No
ruly universal modifier can be suggested, and, thus, carrying out
specific optimization in order to select the right modifier con-

idering the final effect intended is recommendable. Nevertheless,
ome guidance can be given as to what modifiers should be checked
rst. For instance, Pd is a very effective modifier for both stabiliz-

ng volatile analytes during the pyrolysis, as well as for normalizing
heir transport to the ICP. On the other hand, when refractory ana-
ytes are targeted, the use of halogenating agents is very popular,
ince these often allow a more efficient vaporization of this type of
nalytes at substantially lower temperatures.

.3.3. Calibration methodologies for quantitative analysis
As for any other sample introduction system used in combina-
ion with ICP-MS, several possibilities for calibration are possible for
btaining quantitative results in ETV–ICP-MS analysis. These can be
ummarized as follows:

External calibration with aqueous standards. Only possible if no
significant matrix effects are observed.
on of Cl from the matrix [102]
ent of organic matrix removal at lower

. Generation of C particles from the GF
ansport efficiency.

[72], [73]

- External calibration with aqueous standards, together with inter-
nal standardization, the latter used for improving shot-to-shot
precision and for correction of matrix effects.

- External calibration with matrix-matched standards (e.g., solid
standards for solid sampling), used for matrix effects correction.
This approach can also benefit from internal standardization for
improving shot-to-shot precision.

- Single or multiple standard additions. Used when (strong) matrix
effects occur. This approach can also benefit from internal stan-
dardization for improving shot-to-shot precision.

- Isotope dilution. Used for correction of matrix effects and for
improving the shot-to-shot precision.

In theory, the possibility for achieving a selective vaporization
of the analyte after a proper optimization of the ETV program (as
described in the previous section) should minimize the existence of
matrix effects, permitting the use of the simplest external calibra-
tion strategy for all kind of samples, even for solids. In practice,
even if careful optimization of the ETV program is carried out,
matrix effects cannot be fully eliminated in many cases, especially
when very demanding samples or solids are considered. In these
cases, other calibration methodologies being able to deal with these
matrix effects are needed. It is not surprising that calibration is
often one of the crucial points for discussion in ETV–ICP-MS papers
reporting quantitative applications.

Matrix effects observed in ETV–ICP-MS can be due to two main
processes: suppression or enhancement effects caused by plasma
loading or space–charge effects when, in spite of a careful ETV
program optimization, the sample matrix is partially or totally
co-vaporized with the analyte on the one hand, and different trans-
port efficiencies are observed for samples and calibration standards
(even if carrier agents are added to normalize the transport) on the

other. In both cases, use of a suitable internal standard can help cor-
recting for the influence of these effects. Finding this suited internal
standard, however, is not self-evident in ETV–ICP-MS. Just as the
analyte signals obtained with this technique, the matrix effects for
ETV–ICP-MS also show a transient behavior. This effect can be eas-
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ly appreciated in Fig. 4 for instance, where matrix co-vaporization
or direct I determination in NIST SRM 1549 Milk Powder caused a
ignal suppression (detected via the Ar dimer) only between sec-
nds 2 and 5 of the vaporization process [103]. If a suitable internal
tandard is to be used for correction of this matrix effect, it is clear
hat, even more important than meeting the general prerequisites
f a mass number and ionization potential close to that of the target
nalyte [104], the internal standard should show similar vaporiza-
ion behavior in the ETV under the set of conditions used. In the
articular case presented in Fig. 4, Pd co-vaporization with the sam-
le at 2500 ◦C resulted in quasi-simultaneous peaks obtained for
he analyte and the internal standard that were thus affected by
he matrix effects in exactly the same way. As a result, the use of
he 106Pd+ signal as internal standard permitted to correct for this

atrix effect.
In the case of matrix effects caused by variations in analyte trans-

ort efficiencies between samples and calibration standards, this
ransient character can be also observed. In these cases, proper

election of the internal standard among the elements showing the
ame vaporization behavior to that of the analyte(s) is also com-
ulsory. An example of this situation is presented in the work by
ramendia et al. [91] where partial co-vaporization of the solid

ig. 4. Correction of matrix effects (detected by monitoring the Ar dimer) by using
06Pd+ signal as internal standard (from [103]). Comparison of the signal profiles
btained for the vaporization of I from (a) an aqueous standard solution and (b) a
olid sample, NIST SRM 1549 Milk Powder. (a) 6 ng I solution with 0.5 �g Pd: I peak
rea = 57 480 counts, Pd peak area = 85 730 counts; (b) 1.818 mg of sample (≈ 6.1 ng
) with 0.5 �g Pd: I peak area = 35 750 counts, Pd peak area = 49 810 counts.
ica Acta 648 (2009) 23–44 35

titanium dioxide matrix enhanced analyte transport to the ICP-MS,
although it did not affect the plasma conditions. In that particular
case, sample co-vaporization was not constant along the vaporiza-
tion step but followed an increasing trend, being more apparent at
the end of the step than at the beginning. As a result, analytes of
higher volatility (released earlier from the ETV) were less affected
by the matrix effect than the more refractory ones released at
the end of the vaporization stage. A combination of two internal
standards (Te and Pd) with different volatilities and released at dif-
ferent times from the vaporizer helped to solve the problem in that
case.

Other examples of the use of internal standards for correction
of matrix effects can be found in the literature, mainly for solid
sampling applications. In this regard, the use of the Ar dimer signal
as internal standard proposed by Vanhaecke et al. in [67], as a means
to avoid the sometimes difficult task of finding a suitable internal
standard for ETV–ICP-MS, is worth pointing out. Similarly, the use
of the signal stemming from the added chemical modifier (Pd+ in
these examples) as a suitable internal standard proposed by Resano
et al. in several works [103,105] can be highlighted.

Besides this ability of internal standards to correct for (mod-
erate) matrix effects, monitoring the signal intensity variation for
internal references can also help improving shot-to-shot precision,
also when no matrix effects are detected. This strategy is especially
helpful in very long measurement sessions for heavy matrixes,
where clogging of the cone orifices or other effects causing sensitiv-
ity drifts may be an issue. Also in this context, the general solutions
described above, i.e. the use of the Ar2

+ signal [87], or that of the sig-
nal stemming from the added chemical modifier (Pd+) [106], have
been proposed.

Of course, there are other calibration strategies that can help cor-
rect for matrix effects. When possible, the use of matrix-matched
standards would be the more straightforward solution for this prob-
lem. Unfortunately, this approach is not generally possible or even
advisable for many applications, like the case of solid sampling
analysis. In this case, the use of solid reference materials for cal-
ibration is not always possible due to unavailability of certified
reference materials (CRMs) with a suitable matrix composition.
Besides, its use would introduce an additional important source of
uncertainty: the lack of homogeneity of many of these standards at
the mg level. In spite of that, this calibration approach was success-
fully used in some early works in solid sampling (SS)–ETV–ICP-MS
[107]. The traditional (single/multiple) standard addition method,
on the other hand, can also be used for dealing with (strong)
matrix effects [14,27,91,103,108] where the use of a suitable inter-
nal standard may also help improving shot-to-shot repeatability
[67].

Even if all the abovementioned methodologies can provide reli-
able quantitative results even for the most complicated samples,
isotope dilution as a calibration technique is always the most pow-
erful option, provided that the prerequisites for its use are fulfilled
(i.e. at least two isotopes free from spectral interferences available
for the target analyte and perfect isotopic equilibration between
the sample and the enriched spike [109]). In fact, isotope dilution
can even correct for severe matrix effects that vary from one firing
to another; moreover, shot-to-shot repeatability is assured by the
perfect internal standard, i.e. an isotope of the target analyte itself.
This calibration methodology was very often used in the begin-
ning of the technique’s life, with the idea that its use was almost
compulsory for obtaining quantitative results of sufficient quality,
due to the high imprecision introduced by the discrete character

of this sample introduction system [11,110]. With the evolution of
ETV–ICP-MS, this statement was proved wrong. However, the idea
that this is the calibration technique providing the best quantitative
results is still valid, and therefore it has been used in many chal-
lenging applications ever since, both for digested and solid/slurry
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ample analysis [111–118]. The main challenge in the latter case is
f course the isotopic equilibration between the sample and the
piked standard, which is usually added in the form of an aqueous
olution. A careful optimization of the ETV program with the use of
atrix modification if necessary is, again, crucial for achieving this

oal [97].

. Applications

As stated before, even if ETV has failed to become a “standard”
ample introduction system to ICP-MS, its excellent features and
reat versatility have proven very useful in challenging applica-
ions, as becomes evident from a closer revision of the literature
ublished to date in this field. In this section, selected exam-
les of the most interesting ETV–ICP-MS applications published

n the last decade will be presented. A comprehensive review
f these applications is beyond the scope of this critical review,
nd the reader is referred elsewhere for a more detailed coverage
15].

.1. Analysis of liquid samples and solutions: ETV–ICP-MS for
omplex matrices and/or challenging analytes

When liquid samples or solutions need to be analyzed, PN is,
n principle, the method of choice. As mentioned before, the tran-
ient signals generated by ETV lead to a deteriorated repeatability
nd limited multi-element capabilities. However, there are some
articular situations where the use of ETV for this kind of samples
ight be preferable.
The first example among these situations is the ultra-trace anal-

sis of samples with complex matrixes that would need special
reparation protocols for analysis with PN but can be directly (or
ith minimum pre-treatment) analyzed in the ETV. The benefits
erived from the use of ETV and the subsequent reduction or elim-

nation of any sample pre-treatment are many: the risks of analyte
osses or contamination are significantly reduced, the LODs are
mproved by avoiding or minimizing the dilution of the sample and
he total time of analysis is also shortened. Several examples of this
ind of application can be found in the recent literature. Bettinelli et
l., for instance, used ETV–ICP-MS for the determination of 18 trace
lements in bee honey, which is considered an indicator of envi-
onmental pollution [119]. Due to the rather complex composition
f honey and the low content of trace elements, sample prepara-
ion is generally the crucial step in the analytical procedure for this

atrix with special concern for contamination. By using ETV–ICP-
S, a contamination-free sample preparation by simple dilution
ith water was possible. External calibration versus aqueous stan-
ards (with the addition of an internal standard for improvement
f the precision) was also possible after optimization of the furnace
rogram.

The same approach has been used for the determination of dif-
erent analytes in vegetable oil samples [120] or fuel—oils (e.g.,
asoline, diesel and biodiesel) [121–123]. In these cases, 10-fold
iluted oil-in-water emulsions were prepared in order to benefit
rom the use of conventional devices for handling of liquid sam-
les (e.g., pipettes, auto-samplers). Addition of other reagents to
he emulsions was also necessary, like emulsifying agents (Triton
-100 in the cited examples) or nitric acid (in order to trans-

orm all the organometallic species of the target analytes into
norganic species). Straightforward calibration versus aqueous stan-

ards (using either external calibration, standard additions or

sotope dilution) was also possible in all cases after optimization
f the ETV program. Even simpler approaches have also been used
or the analysis of other fuel types such as ethanol, only requir-
ng addition of diluted nitric acid to transform all organometallic
mica Acta 648 (2009) 23–44

species into inorganic species [113,124]. Straightforward calibration
versus aqueous standards (external calibration or isotope dilution)
was also possible after optimization of the ETV program with addi-
tion of chemical modifiers for the determination of some volatile
elements. In this way, very sensitive and fast methods of analysis
could be developed for these challenging samples.

This ability of the ETV to directly deal with (heavy) organic
matrices has also been used for the direct analysis of organic-phase
pre-concentrates containing different analytes after their extrac-
tion from different samples. In these instances, the possibility of
micro-sampling offered by the ETV permitted to extend the pre-
concentration factor even further by reducing the volume of the
extractant. Xia et al., for instance, [125] developed a method for the
single-drop micro-extraction of Be, Co, Pd and Cd from digested
biological samples and subsequent analysis by ETV–ICP-MS. The
digested sample was continuously flowing through a small PFA
extraction chamber (0.2 mL) and a 10 �L micro-syringe was used
to insert the extraction solution: benzoylacetone (BZA). 3–5 �L of
BZA were pushed out of the syringe to form a drop that was then
situated just above the PFA tubing outlet in the extraction cham-
ber. As the fresh sample solution flowed around the micro-droplet
continuously, the trace analytes were continuously extracted from
the sample solution into the solvent drop. After 10 min of extrac-
tion, enrichment factors between 40 (for Pd) and 180 (for Cd) were
achieved. Once the extraction was finished, the droplet was directly
injected in the ETV and the analytes were vaporized at low tempera-
tures (800–1000 ◦C) owing to the BZA acting as a chemical modifier.
Calibration was carried out versus aqueous standards also subjected
to micro-extraction. Further examples of other pre-concentration
procedures via micro-extraction and subsequent analysis by means
of ETV–ICP-MS can also be found in the literature. The synergistic
extraction of rare earth elements (REEs) from environmental sam-
ples with only 2 mL of extraction solution (hexamethylene + two
chelating agents) and subsequent vaporization at low temperatures
in the ETV proposed by Yin et al. [126], or the pre-concentration
of platinum group metals (Rh, Pt, Au, Pd) from biological samples
after cloud point extraction with O,O-diethyl-dithiophosphate and
Triton X-114 proposed by Mesquita da Silva et al. [127] are two of
the existing examples.

This ability of ETV to deal with extremely low sample volumes
has also been used in many other pre-concentration strategies.
In-column micro-extractions for trace element determination in
small quantities of biological or environmental samples (e.g.,
urine, serum, fish otholits) have been presented [128–130]. In
other instances, the graphite tube itself (or some of the graphite
parts) has served as a pre-concentrator. Hermann et al. [131], for
instance, used commercially available graphite platforms to col-
lect atmospheric aerosols by electrostatic precipitation that were
then directly analyzed by means of ETV–ICP-MS and other graphite
furnace-based techniques. Another typical example of this kind of
application is the well-established methodology (already described
in the early 90s) for determination of hydride forming elements
after trapping of their hydrides in pre-reduced Pd (or other plat-
inum group metals) inside the GF [132]. In the recent literature, this
methodology has been extended to the direct analysis of sediment
slurries by Vieira et al. [133].

Apart from the abovementioned applications, the use of
ETV–ICP-MS is also very well suited for analysis of radioactive sam-
ples with high activity. The small sample volumes required for the
analysis with ETV is a great advantage for assuring safe handling of
this kind of samples [132]. The use of ICP-MS for determination of

long-lived radionuclides is especially indicated for beta-emitters,
for which the use of conventional beta-counting methods might
be compromised by the usually complicated sample pre-treatment
needed for elimination of other beta-emitters and the rather long
counting times required (e.g., >1 day) [134,135]. The main problem
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hen using ICP-MS, however, is the occurrence of spectral interfer-
nces, which very often leads to the necessity of additional sample
re-treatment for analyte isolation if PN is used as sample introduc-
ion system. In these cases, the ability of ETV to deal with spectral
nterferences (as already mentioned in this manuscript before and
iscussed in detail in Section 3.4), may help to further simplify
he analytical procedure, thereby increasing safety. This strategy
roved successful, e.g., for the determination of 79Se in solutions of
ssion products with Pd as chemical modifier [136]; that of 135Cs
nd 137Cs in the presence of Ba with KSCN as modifier [137]; or that
f 99Tc without 99Ru separation with sodium chlorate and nitric
cid as modifiers [132].

Last but not least, the suitability of ETV–ICP-MS for determina-
ion of challenging analytes with high ionization potential (IP) is
orth mentioning. The possibility of separating the vaporization of

he analyte from the ETV from its ionization in the ICP improves the
fficiency of the process and the attainable LODs. The most chal-
enging example in this regard is probably the determination of
uorine in aqueous samples by means of this technique proposed
y Okamoto [138]. With one of the highest ionization potentials
n the periodic table, the ionization efficiency for fluorine in Ar
lasmas is normally very poor. This fact compromises the LODs
chievable for this element by means of ICP-MS. By using ETV as
ample introduction system, however, an absolute LOD of 0.29 �g
or the aqueous fluoride ion could be obtained. Tetramethylammo-
ium hydroxide was used as chemical modifier in order to prevent
remature analyte losses during the drying step, and optimized
emperature conditions were needed for reduction of the 18OH+

nterference.

.2. Solid and slurry sampling

As already indicated in the introduction, most of the scientists
orking in the field of ETV–ICP-MS agree on the fact that the direct

nalysis of solid samples and slurries is one of the main fields
f application of this analytical technique nowadays. The reasons
avoring the use of these solid sampling/slurry strategies have been
ecently analyzed in the review by Belarra et al. [28], and can be
ummarized as follows. On the one hand, the direct production of
n analytical signal from a solid sample (or a minimally pre-treated
lurry) offers a number of important advantages, resulting from the
limination of the dissolution step:

(i) the risk of contamination and analyte loss is considerably
reduced;

(ii) sensitivity increases, as samples are barely (slurries) or not
diluted at all;

iii) analysis time is considerably reduced;
iv) normally, a smaller amount of sample is needed;
(v) the use of hazardous reagents, harmful for personal and instru-

mentation, is not required, resulting in both economic and
environmental benefits.

However, also some drawbacks apply:
(i) calibration is not always easy due to the occurrence of matrix
effects

(ii) larger uncertainties can be expected for the results obtained
due to, among other reasons, the lack of homogeneity observed
at the mg-level for many samples and the small sample quan-
tities used for analysis

iii) sample manipulation might be complicated, especially for
direct solid sampling.
ica Acta 648 (2009) 23–44 37

(iv) limited linear dynamic range, which can be problematic as dilu-
tion is not easily possible

In spite of the disadvantages cited, there are many analyt-
ical situations in which the global balance is clearly positive
towards the use of slurry and direct solid sampling strategies. These
would include, e.g., analysis of samples very difficult to digest,
determination of analytes very prone to contamination or losses,
situations where only a very limited amount of sample is available
or extremely low analyte contents are expected, or cases where the
expeditiousness of the analysis is of prime importance. As could
be expected considering the great number of ETV–ICP-MS papers
devoted to slurry and solid sampling analysis that have been pub-
lished in the last decade (see Fig. 1), many different examples of
these situations can be found in the recent literature covering all
fields of application. A recap of these publications organized accord-
ing to the kind of sample analyzed is presented in Table 4.

Finally, it is worth stressing that, compared to other analytical
techniques with solid sampling capabilities, ETV–ICP-MS is much
more versatile, especially when quantitative analysis is intended.
Compared to LA-, glow discharge (GD-) or spark ablation-coupled
techniques, GF vaporizers allow all kind of samples for analysis:
powders, pellets, conducting and non-conducting, transparent or
opaque samples can be, with no exception, vaporized in an ETV
unit. Moreover, calibration is an issue much easier to cope with,
as discussed in Section 2.3.3. Regarding detection, ICP-MS-based
techniques permit multi-element and isotopic information to be
obtained in a fast and convenient way, and generally lower LODs can
be achieved if compared to AAS or ICP-OES techniques [15]. The only
point where this technique might be at a disadvantage is the ease of
sample handling. In fact, introduction of solid samples in the GF is
not always an easy task, especially if in-house adapted furnaces are
used, and this is one of the reasons why preparation of slurries was
abundantly used for this technique. Although the only ETV system
commercially available nowadays [13] is equipped with an auto-
mated device for handling of solid samples, its limited presence in
the analytical laboratories supports the aforementioned statement.
Anyway, this is more a commercial issue rather than a technolog-
ical one, because there are automated solid sampling accessories
available for GFAAS (e.g., SSA-61 from Analytik Jena) that perform
very reliably and could be also deployed in combination with ETV
devices.

3.3. Potential for speciation/fractionation studies

Elemental speciation aims at the separation, identification and
quantification of the different chemical forms in which the ele-
ments of interest are present in a given sample. Most often,
powerful separation techniques (e.g., liquid or gas chromatogra-
phy, electrophoresis or extraction techniques) coupled to different
detection systems, including ICP-MS, are used for this purpose.
In this context, ETV–ICP-MS has also been used as detection
technique for speciation and fractionation studies of different
elements in different samples. Chéry et al. reported on the separa-
tion of selenium-containing proteins by means of polyacrylamide
gel electrophoresis (PAGE) with the subsequent detection and
quantification of selenium in the protein spots by ETV–ICP-MS
[161,162]. For this purpose, the bands of the gel were cut in
fragments that were directly inserted into the ETV. External
calibration with the use of Te as internal standard for correc-
tion of matrix effects was applied. Chen et al. [163] reported a

method for speciation of Al in human serum using capillary elec-
trophoresis separation with on-line UV and off-line ETV–ICP-MS
detection. Al-citrate, Al-transferrin and Al-albumin could be effi-
ciently separated and quantified by ETV–ICP-MS under optimized
conditions for spiked serum samples, although the applicability
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Table 4
Selected solid and slurry sampling applications published in the last decade.

Sample Analytes Sampling mode Calibration Comments References

Industrial and advanced materials (metals, polymers, ceramics and other)
Steelmaking fuel dust As, Bi, Cd, Mo, Sb, Se, Sn,

Te, Ti, V
Slurries ASa Rh added as modifier (carrier) [85]

Coal As, Ge, Hg, Pb, Sb, Se, Sn Slurries AS, IDb Chemical vapor generation and
trapping in an Ir-treated tube

[139]

Coal, coal fly ash Cd, Hg, Pb, Tl Slurries ID Pd, Au and Ir used as modifiers [117]
Fluorocarbon polymer Cr, Cu, Fe, K, Mn, Pb, Zn Solid sampling AS Pd (chemical modifier) also used as

internal reference
[106]

Polyvinyl chloride, poly-styrene Cr, Cd, Pb Slurries SAc, ID NH4NO3 added as modifier. Use of
dynamic reaction cell

[140]

Polyamide Mn, Si Solid sampling AS Pd added as modifier [141]
Bisphenol A S Solid sampling AS Pd and HNO3 as modifiers [142]
Polyethylene Al, Ba, Cd, Cu, Mn, Pb, Ti Solid sampling AS, SA Pd added as modifier. Multi-element

monitoring evaluated
[143]

Polyethylene terephthalate Co, Mn, P, Ti Solid sampling SA Pd + ascorbic acid added as modifiers [144]
Al2O3 Cu, Fe, Ga Slurries SA ICP-MS with array detector [145]
Nb2O5 Cu, Cr, Mn, Ni, Ta, Ti, W Slurries SA PTFE added as modifier [146]
TiO2 As, Cd, Hg, Pb, Sb, Zn Solid sampling AS, SA Pd added as chemical modifier and also

used as internal reference. Te added as
internal reference

[91]

Ancient porcelain Rare earth elements Slurries AS PTFE added as modifier [147]
Thermographic material Al, Mg, Mn, Ni, Sb, Ti, Zr Solid sampling AS HF and HCl as modifiers [98]

Biological samples
Human hair Tl Solid sampling ID Study of the longitudinal distribution

of Tl
[115]

Human hair Hg Solid sampling SSd Single hair strand analysis. Induction
heating vaporizer

[40]

Botanical and animal samples Co, Cu, Fe, Ni, Zn Slurries SA Use of DRC for alleviating spectral
interferences

[148]

Fish samples Cd, Hg, Pb Slurries SA, ID EDTA used as modifier [149]
Milk powder Cd, Cr, Pb, Zn Slurries ID Use of DRC for alleviating spectral

interferences
[150]

Rice flour Cd, Cr, Cu, Hg, Pb Slurries SA, ID Use of DRC for alleviating spectral
interferences

[151]

Fish CRMs Hg Solid sampling ID (gas phase) Direct speciation of methylmercury
and inorganic mercury

[90]

Milk powder, animal tissue polyethylene Cr Solid sampling AS, SA In-situ microfusion, Pd added as
modifier and used as internal reference

[105]

Milk powder, hay powder, typical diet I Solid sampling AS Pre-reduced Pd used as modifier and as
internal reference

[103]

Various botanical and animal CRMs Pb Solid sampling AS In-situ sample fusion with (NH4)2HPO4

and tetramethylammonium hydroxide
[152]

Various biological CRMs B Solid sampling ID NH4F.HF as chemical modifier [97]
Various CRMs Se Slurries ID In-situ fusion with NaOH [153]

Environmental samples
Tunnel dust, aerosol, grass Pt, Rh Solid sampling SA Separation in time of interfering

polyatomic ions
[154]

Arctic air particles Ag, Cd, Co, Fe, Mn, Ni, Pb,
Sb, Sn

Solid sampling AS Particles collected on graphite filters
directly introduced into the ETV

[155]

Sediment CRMs Cd, Cu, Pb, Se, Tl Slurries ID Different ETV programs for the
different analytes

[156]

Various CRMs Hg, Tl Slurries AS KMnO4 as chemical modifier [157]
Sludge Hg Solid sampling SS [158]
Soils Cr, V Slurries SA Use of DRC for alleviation spectral

interferences
[159]

Sediment CRMs As, Hg, Se, Sn Slurries AS Ir as permanent modifier for analyte
trapping

[133]

Silicate-based minerals Ba, Ce, Cr, Cu, Mg, Mn, Li,
Pb, Rb, Sb, Sn, Sr, U, V, Zn

Slurries SA W-coil vaporizer [160]

Geological CRMs None Slurries – Pre-treatment in the ETV. Removal of
silica with HF.

[99]

a AS: aqueous standards. This term indicates that a calibration curve has been built with aqueous standards.
wise

standa
sing C

o
c
r
s
l
n

b ID: isotope dilution. Enriched spikes are added in aqueous solution unless other
c SA: standard addition. This term refers to the situation in which the method of
d SS: solid standards. This term indicates that a calibration curve has been built u

f the method to real serum samples was limited by the insuffi-

ient sensitivity obtained. Several publications have also appeared
eporting on the separation and pre-concentration of different
pecies for different elements in water samples and drinks after
iquid–liquid or in-column micro-extractions [164–168]. Labile and
on-labile monomeric Al species could be separated after single-
indicated.
rd additions has been used, adding the spike in aqueous solution form.
RMs in solid form.

drop micro-extraction with 8-hydroxyquinoline-chloroform [164]

or N-(2-aminoethyl)-3-aminopropyltrimethoxysilane-silica mono-
lithic capillary micro-extraction [168]; inorganic Se species (Se(IV)
and Se(VI)) were separated from one another by hollow fiber liquid
phase micro-extraction with ammonium pyrrolidine dithiocarba-
mate (APDC) on the one hand [165] and cloud point extraction in
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riton X-114 with different chelating agents on the other [166,167].
he same cloud point extraction strategy was used for the sep-
ration of inorganic antimony species present in water samples
167]. In all of these cases, the micro-sampling capabilities offered
y ETV–ICP-MS were crucial for the successful development of the
nalytical methods.

Even if the abovementioned hyphenated techniques for elemen-
al speciation with ETV–ICP-MS detection might be of interest, the

ost interesting feature of the ETV–ICP-MS in this context may be
he possibility of performing direct elemental speciation based on
he different vaporization temperatures of the different chemical
pecies considered. In these instances, speciation may be achieved
y gradually raising the temperature of the furnace, a possibility
hat can be further refined by using a well-suited chemical modi-
er [14]. Moreover, the ability of the ETV for the direct analysis of all
ind of samples with none or minimal sample pre-treatment may
e of great interest in these cases, as the original chemical form of
he different analyte species in the samples can be preserved better.

This approach has been used in different papers. Gelaude et al.
90] developed a method for the direct Hg speciation in fish tis-
ue samples. The tissue samples were freeze-dried and were then
ubmitted to a multi-step temperature program resulting in the
eparate vaporization of methylmercury (∼150–200 ◦C) and inor-
anic Hg (∼400–700 ◦C). The separation was accomplished in 75 s.
or the quantification of the two peaks, species-unspecific isotope
ilution was used. For this purpose, a stable flow of Ar loaded with
aseous Hg, isotopically enriched in 200Hg, was continuously passed
hrough the ETV while the sample was subjected to the multi-step
eating program. Limits of detection in the low ng/g range could
e obtained with this method. Guzowsky et al. [169] separated fer-
ocene from ferrous chloride present in aqueous solutions owing to
he different volatilities of both species. They used an ETV coupled
o a He-supported GD-TOF-MS in order to be able to detect both
he metal and the halide, enabled as a result of the high ionization
otential of the discharge gas. Okamoto et al. [170,171] made use
f the extremely different vaporization properties of boron com-
ounds to accomplish separation of boric acid and inorganic boron
pecies present in biological and steel samples, after sample dis-
olution. Volatile boric acid was determined upon vaporization at
00 ◦C with the use of tetramethylammonium hydroxide as a chem-

cal modifier to avoid analyte losses during the drying and pyrolysis
tages. Refractory inorganic boron was determined by subtracting
he boric acid content from the total boron concentration. The lat-
er value was obtained after furnace-fusion digestion of the samples
ith NaOH to unify all boron species, producing the sodium salt of

oron that could be vaporized at 1500 ◦C.

.4. Overcoming spectral overlap

The ability of ETV for reducing or eliminating the influence of
pectral interferences when coupled to ICP-MS systems has been
laimed as one of the main advantages of this sample introduction
ystem since it was first introduced by Gray and Date in 1983 [4]. As
lready discussed in Section 2.3.2, a judicious optimization of the
TV program (including temperature programming and the use of
odifiers if necessary) leads, ideally, to a selective vaporization of

he target analyte(s) free from solvent or matrix co-vaporization,
hus avoiding many spectral interferences from occurring. More-
ver, the added temporal dimensionality offered by the ETV and
lready mentioned before, extends these possibilities even further
nd can be very useful for effecting the temporal separation of

ifferent analytes that otherwise would show mutual (isobaric)

nterference.
Most of the typical solvent- or matrix-related polyatomic inter-

erences usually hampering the determination of different analytes
hen PN is used (e.g., ArCl+ interfering with the determination
ica Acta 648 (2009) 23–44 39

of As, or ArO+ interfering with that of Fe), have been solved by
using ETV and were described already in the first years of the tech-
nique’s life. An illustrative example of these first contributions is
the work by Marshall and Franks [172], who reported improved
LODs for the determination of P, V and Ti in the presence of HNO3,
HCl and H2SO4, respectively, when ETV was used for sample intro-
duction. Optimization of the ETV program permitted to remove (or
at least reduce) the influence of the different interfering species:
14N16O1H+ for 31P+, 35Cl16O+ for 51V+ and 32S16O+ for 48Ti+. Many
applications making use of similar interference reduction strate-
gies can be found in the recent literature. Turner et al. [173], e.g.,
reported a method for the highly accurate and sensitive Se deter-
mination in water and serum samples with isotope dilution for
calibration. Appropriate optimization of the temperature program
permitted to overcome 40Ar37Cl+ spectral interference on 77Se+ and
81Br1H+ on 82Se+ (which were noteworthy in the serum matrix),
thus enabling the use of the isotope dilution calibration strategy.
The dry aerosol generated by the ETV also permitted a more ener-
getic plasma resulting in improved ionization efficiency and higher
sensitivity for this analyte, which has a rather high ionization poten-
tial, to be obtained. Serum analysis for different refractory elements
was also reported by Li et al. [174]. Optimization of the temperature
program and use of PTFE as fluorinating agent permitted in-situ
removal of the sample matrix (containing high concentrations of
Na, K, Ca, Mg, Cl, S, P, C, H, O and N) rendering the vaporization of
the target analytes (V, Cr, Mo, Ba, La, Ce and W) free from matrix-
related spectral interferences. More challenging was the application
presented by Yu et al. [112], who optimized an ETV–ICP-MS pro-
gram for sulfur determination in fossil fuels, the main source of S
atmospheric contamination. Both 32S+ and 34S+ signals are subject
to severe spectral interferences coming from oxygen-containing
molecular ions (e.g.,16O16O+, 16O18O+). Moreover, the ionization
potential for this analyte is among the higher in the periodic table,
leading to poor ionization efficiencies when Ar plasmas are used.
In this work, ETV was used for generation of a water-free sam-
ple aerosol thus reducing the occurrence of O-based interferences.
Non-solvent sources of oxygen were further reduced by addition of
nitrogen as an oxygen-scavenger to the plasma. In this way, both
32S+ and 34S+ signals could be detected free from spectral interfer-
ences enabling the use of isotope dilution for calibration. Improved
ionization efficiencies were also achieved for this challenging ana-
lyte owing to the dry sample aerosol generated in the ETV.

Even more interesting than this direct minimization of poly-
atomic interferences through ETV program optimization would be
the ability of ETV–ICP-MS systems to deal with isobaric spectral
overlap that would need a mass resolution far beyond the possibil-
ities of most available mass spectrometers. Many applications and
fundamental studies in this regard have been reported in the recent
literature, some of which are commented on in different sections of
this manuscript. Ertas and Holcombe [75] for instance, studied and
optimized the factors influencing peak broadening in ETV–ICP-MS
as a means to minimize sample peak widths as a way for improving
the temporal separation of isobars. Design of the transport tubing
(length and inner diameter) was found to be the primary cause
for signal broadening, together with the heating rates used for the
vaporization stages. Differences in the vaporization characteristics
of the elements, optimization of the experimental set-up (transport
tube) and that of the ETV program permitted to resolve the isobaric
overlaps among Zn and Ni, Se and Ge and Cd, In and Sn. Regard-
ing real-life applications, it is worth stressing that this feature of
ETV was proven to be of great value for the analysis of radioactive

samples as discussed in Section 3.1. In these instances, mathemat-
ical correction for isobaric overlap by means of reference to other
isotopes of the interfering element must be treated with extreme
caution because the isotopic composition of these elements in this
type of samples is in many cases unknown [136]. In this context,
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ome of the references cited in Section 3.1 are excellent examples
llustrating this kind of applications. Song and Probst, e.g., reported
he direct determination of 99Tc in presence of up to a 100-fold
xcess of 99Ru in the sample matrix by an optimized ETV procedure,
eploying sodium chlorate and nitric acid as chemical modifiers
132]. A further example developed by the same authors reports
he determination of radiocesium (135Cs and 137Cs) in the presence
f up to 10 000-fold excess of Ba in the sample matrix with an ETV
rocedure deploying potassium thiocyanate as modifier [137].

.5. Extending the capabilities of ETV–ICP-MS: new possibilities
eriving from the coupling with modern ICP-MS instruments

.5.1. Improving the multi-element capabilities of ETV–ICP-MS
As already discussed in Section 2.3.1, when sequential, scan-

ing mass spectrometers (e.g., quadrupole-based instruments) are
mployed, the multi-element capabilities of ETV–ICP-MS might be
onsiderably compromised due to the short transient signals gen-
rated. Several ingenious methodological approaches have been
roposed in the literature to extend these multi-element capabili-
ies that are worth being mentioned. Langer and Holcombe [175],
or instance, developed a simple set-up to extend the signals pro-
uced for the purpose of obtaining a full mass scan from a single
TV firing with a quadrupole-based ICP-MS unit. Their transient
xtension (TEx) chamber consisted of a round flask of variable vol-
me (e.g., 100–500 mL) with a mated joint that was placed in-line in
etween the ETV and the ICP-MS units, allowing the ETV-generated
erosol to enter the chamber in a pulse and exit the TEx exponen-
ially diluted. Signal extensions from 2 s to 15 s or more (depending
n the TEx volume) could be achieved, permitting to obtain a full
ass scan (254 masses) from a single ETV firing with sensitivity

osses lower than 20–30% even in the worst cases. The use of the
ame experimental set-up for the quantitative analysis of natural
ater samples was reported in a later publication by Ertas and Hol-

ombe [176]. A similar approach was proposed by Venable et al.
83], who placed a single bead string reactor (a short length of tub-
ng packed with 4 mm glass beds) in-line between the ETV and
he ICP-MS to obtain the same effect as that observed with the
Ex chamber. By using this set-up, they could quantify 10 �g L−1

mounts of 68 elements with acceptable precision from a single ETV
ring. A more sophisticated device was proposed later by Balsanek
t al. [177] with the same purpose. These workers trapped the tran-
ient ETV-generated aerosol into a stainless steel cylinder equipped
ith a motor-driven piston assembly that could deliver uniform
ensity of an aerosol to the ICP afterwards. The original profile of
he ETV signals was in this way transformed into a longer square-
ave profile. Signal height could be used instead of integrated signal

or quantitative purposes, thus alleviating the requisites for reli-
ble quantification. A minimal decrease (<2–11%) in the integrated
ignal area was observed with this device.

Even if the abovementioned approaches may help in improv-
ng the multi-element capabilities of ETV–ICP-MS with scanning
nstruments, its use implies an inherent loss in terms of the time-
esolved information offered by ETV systems that can be very
seful for overcoming spectral overlap as shown in Section 3.4.
he only strategy that may actually help further improving the
ulti-element capabilities of ETV–ICP-MS without any loss of infor-
ation would be the coupling of the ETV device to an alternative

on-scanning mass spectrometer.
ICP-TOF-MS instruments, e.g., which were first presented in

993 by Myers and Hieftje [178], allow quasi-simultaneous mea-

urement of full mass spectra in short time intervals. In this kind
f instrument, the constant ion beam from the ion source is mod-
lated into discrete packages. Each package of ions extracted is
hen fully analyzed generating complete mass spectra at high rates
typically 20 000–30 000 scans per second). In spite of this high
mica Acta 648 (2009) 23–44

acquisition rate, some limitations in the data readout apply. Com-
mercially available instruments permit a maximum readout rate
of 100 averaged spectra per second, which still results in an excel-
lent time resolution of about 10 ms [179]. Self-evidently, and due
to these excellent features, ICP-TOF-MS instruments are superior
over scanning quadrupole-based or sector field instrumentation
for handling fast transient signals. Several papers have been pub-
lished reporting the coupling of ETV to ICP-TOF-MS instruments.
Mahoney et al. [76] were the first to report such a coupling, demon-
strating the ability of ICP-TOF-MS instruments to rapidly record
complete elemental spectra throughout the vaporization stage of
the ETV temperature cycle. Solutions containing 34 elements were
analyzed. LODs of 10–80 fg were calculated for seven elements
based upon 10 �L injections. Time-resolved information could be
maintained owing to the quasi-simultaneous detection provided
by the TOF-MS instrument, and was used for resolving isobaric
overlaps among the isotopes of Cd, Sn and In by exploiting dif-
ferences in the vaporization characteristics of the elements. Bings
and Stefánka [180] coupled a tungsten filament ETV with a TOF-MS
instrument to determine 17 elements in whole blood and serum
samples. LODs in the fg to pg range based upon 10 �L injections
were obtained for the elements studied. A phosphate-based matrix-
modifier was used and aqueous standards with multiple internal
standardization could be deployed for calibration. Lüdke et al. in
turn [181], coupled an inductively heated vaporizer (IHV) with an
ICP-TOF-MS instrument for the analysis of trace metal contents in
size-separated arctic aerosols. The sampling of aerosol particles
was performed by impaction on clean graphite filters that were
afterwards directly heated up to 2700 ◦C in the IHV. Multi-element
analysis in a mass range between 7Li and 209Bi was carried out. Cal-
ibration was accomplished via standard solutions deposited onto
a graphite filter. Typical LODs in-between 2 pg and 200 pg were
obtained for most of the elements studied.

In spite of the good features for dealing with the fast transient
signals generated in the ETV shown by ICP-TOF-MS instruments,
and their reasonable price (similar to that for a quadrupole-based
instrument), TOF-MS instruments did so far not gain good accep-
tance in the 10 years since their commercial introduction. This
might be mainly due to their lower sensitivity, higher background
and poorer abundance sensitivity compared to quadrupole-based
systems that so far limit the use of this kind of instruments [179].
The fact that none of the instruments commercially available are
(or have been) manufactured by any of the major ICP-MS-producing
companies is also often referred to as a potential reason for this lack
of commercial success.

Besides ICP-TOF-MS instruments, sector field instruments
equipped with multiple detectors to collect (some of) the trans-
mitted ions simultaneously can be also deployed for improving
the multi-element capabilities of ETV–ICP-MS. Peschel et al. [145]
described the coupling of an ETV to an ICP-MS with a sector field
mass spectrometer of Mattauch–Herzog geometry and equipped
with an array of detectors for the multi-element analysis of Al2O3
ceramic powders introduced in the ETV as slurries. Dynamic ranges
were demonstrated to span 3–5 orders of magnitude for Fe, Cu
and Ga, and LODs in the low �g g−1 for the analysis of 10 mg mL−1

slurries were obtained. This type of instrumentation is to date not
commercially available.

3.5.2. Further reduction of spectral overlap
As described in detail in Section 3.4, the use of ETV as a means

of sample introduction for ICP-MS can help reducing or eliminat-

ing polyatomic and isobaric spectral interferences originating from
the solvent and/or the sample matrix. However, the efficiency of
interference removal can be limited by factors such as an exces-
sive intensity of the interfering ion with respect to the analyte ion.
Moreover, the use of ETV may also lead to an increase in back-
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round signals for carbon-containing ions as a result of carbon being
eleased from the heated graphite furnace, especially when high
emperatures must be used for vaporization [23]. In these instances,
oupling of the ETV unit to an ICP-MS instrument capable of dealing
ith spectral interferences may be of help. Two main approaches to
eal with spectral interferences can be found nowadays on the ICP-
S market: sector field instruments that can be operated at high
ass resolution (offering a maximum resolving power of around

0 000) and quadrupole-based instruments equipped with a colli-
ion/reaction cell.

The use of collision/reaction cells with ETV–ICP-MS has been
xplored for a few applications only. All of the works published to
ate report the use of instruments equipped with a quadrupole-
ased cell (termed dynamic reaction cell, or DRC [182], by the
anufacturer). The DRC consists of an additional quadrupole in

n enclosed cell, situated in-between the ICP and the analyzing
uadrupole, which can be pressurized with an adequately chosen
as in order to induce chemical/physical reactions that may help
educing spectral interferences. In this regard, several options are
ossible: usually, interfering ions can be neutralized via electron
ransfer or their signal can be shifted to another mass via an atom
ransfer reaction. Alternately, also the analyte ions can be converted
nto reaction product ions that can be measured interference-free
t another mass-to-charge ratio. Attention must be paid to the
act that also new undesired ions may be formed in the DRC as
result of side-reactions between the introduced gas(es) and some
atrix components. This effect can be (partially) counteracted by

roper adjustment of the settings for the quadrupole inside the
RC, which, just as the analyzing quadrupole, can act as a band-pass
lter.

Most of the papers reporting the use of DRC–ICP-MS in combina-
ion with ETV exploit the use of NH3 as a reaction gas. Ben-Younes
t al. [183] presented a comparative study between PN and ETV
s introduction systems in order to assess the effectiveness of
H3 in reducing the influence of carbon-based polyatomic inter-

erences in the determination of three refractory elements (i.e. Cr,
g, Si) when using ETV. NH3 was found effective in reducing poly-

tomic ions interfering with the determination of Cr (interfered
y, among others, 40Ar12C+) and Mg (interfered by, among oth-
rs, 12C2

+ and 12C14N+). This approach was not fully successful in
he case of Si, although LODs for 28Si+ determination (interfered
y, e.g., 12C16O+ and 14N2

+) and 29Si+ determination (interfered by,
.g., 12C16OH+ and 14N2H+) could be greatly improved over con-
entional quadrupole-based ICP-MS. Li and Jiang [140] deployed a
imilar approach for the interference-free direct determination of
r (together with Cd and Pb) in slurry samples of different plastics.
o and Jiang in turn [150], reported an ETV–DRC–ICP-MS method to
etermine Cr and Zn (together with Cd and Pb) in milk powder slur-
ies. The use of ascorbic acid as chemical modifier and the need for
igh vaporization temperatures for Cr determination, aggravated
he already severe problem of C-based interferences affecting Cr
nd Zn isotopes. The use of NH3 in the DRC, however, permitted to
vercome most of these interferences, e.g., ArC+ at m/z = 52, 53 or
rCO+ at m/z = 68.

Besides NH3, also CH4 and O2 have been used as reaction gasses
n the DRC for particular applications with ETV–ICP-MS. Tseng
t al. on the one hand [148], accomplished the determination of
ome transition metals (Fe, Co, Ni, Cu and Zn) in slurry sam-
les of plant and animal origin with high amounts of Ca in the
atrix (2–4 orders of magnitude higher than the analyte con-

ents). The determination of these analytes in these matrixes is

indered by the occurrence of Ar-based and CaO(H)+ ions. Even

f the sole use of ETV already alleviates the influence of some
f these interferences, some further improvement was needed to
ully compensate for their influence. Further reduction of the spec-
ral overlap was obtained by using CH4 as reaction gas in the
ica Acta 648 (2009) 23–44 41

DRC. Finally, Grinberg et al. [184] proved the suitability of O2 as
reaction gas in order to reduce the isobaric interferences ham-
pering the ultra-trace determination of the radionuclide 90Sr in
environmental samples. 90Sr is a beta-emitting radionuclide, the
presence of which in the environment began to be significant after
the intensive testing of nuclear weapons in the 1950s and the
1960s. Accurate determination of this radionuclide by means of
ICP-MS is hampered by the isobaric overlap with 90Zr and from
abundance sensitivity problems due to peak tailing from the 89Y
signal. Unfortunately, Zr and Y are usually present at much higher
concentrations in environmental samples (e.g., soil samples) and
very frequently, cumbersome and time-consuming sample pre-
treatments are mandatory for successful determination of 90Sr in
this kind of samples. By using O2 in the DRC, Zr and Y can be
selectively oxidized and removed from the m/z region of inter-
est. This effect complements the interference reduction achieved
after optimization of the ETV program, such that very low LODs
(3.5 pg g−1) could be achieved. Application to real-life samples con-
taining high levels of Fe and Ni, however, was limited by the
occurrence of side-reactions in the DRC, creating additional NiO+

and FeO+ interferences. This problem was circumvented by imple-
menting a simple chromatographic separation step prior to analysis
by ETV–ICP-MS.

In comparison to reaction/collision cell technology, sector field
instruments can offer a more universal tool for handling spec-
tral overlap. In fact, the mass resolution offered by this kind of
mass spectrometers is much higher than that of quadrupole-based
instruments, such that most often the signals from the analyte and
the hindering polyatomic ion(s) can be simply resolved from one
another [185]. Although being more universally applicable, high
resolution instruments are not the final solution for all kind of spec-
tral interferences and, unfortunately, most isobaric interferences
are beyond the maximum resolution offered by these instruments.
To the best of the author’s knowledge, only one paper to date has
appeared in the literature reporting the coupling of an ETV unit to
a sector field instrument that can be operated at high mass resolu-
tion (besides the coupling of ETV to a multicollector (MC)–ICP-MS
for precise isotope ratio determination, which will be discussed in
Section 3.5.3). In that paper, Resano et al. [186] evaluate the possi-
bilities of such a coupling in terms of multi-elemental capabilities,
sensitivity and interference reduction. The direct determination of
Cr and Si in solid biological materials is also reported in the paper.
The use of medium resolution (R ≈ 4000) for resolving the analyte
peaks from those of carbon-based polyatomic interferences permit-
ted the use of isotope dilution for calibration, with the subsequent
improvement in precision and accuracy of the final results.

3.5.3. ETV–ICP-MS beyond quantitative analysis: feasibility for
isotope ratio measurements

One of the main advantages of ICP-MS over other analytical tech-
niques is its ability to provide isotopic information. As extensively
discussed in Section 2.3.3, this ability has been largely exploited in
the field of ETV–ICP-MS for calibration via isotope dilution. Besides
this application, however, the capability of ETV–ICP-MS for pro-
viding isotopic information can also be exploited in other contexts
(e.g., determination of the isotopic composition of selected ele-
ments for provenance determination of, e.g., agricultural products
or archaeological samples, or for geochronological analysis of geo-
logical materials), but this type of work has been explored only
seldom. The reasons behind this fact are certainly related with the
poor precision attainable for isotope ratio measurements with the

quadrupole-based ICP-MS normally used in combination with ETV
(limited in most cases to 1–3% relative standard deviation (RSD)
[97]), which might be appropriate for isotope dilution calculations,
but is often by far insufficient for most other isotope ratio applica-
tions.
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In spite of this fact, quadrupole-based ETV–ICP-MS has been
uccessfully used in the past for isotope ratio determination in
ome instances where the 1–3% RSD limit was fit-for-purpose and
he other ETV features (e.g., its micro-sampling capabilities or the
xtremely low LODs attainable) were considered of prime inter-
st. Back in the early 90s, Grégoire determined Os isotope ratios in
igested iridosmine samples for geochronological purposes. Tem-
erature programming in the ETV permitted to overcome the Re

sobaric interference at a mass-to-charge of 187 without addi-
ional sample treatment, and RSD values around 0.5% could be
btained [187]. Quadrupole-based ETV–ICP-MS was also used by
he same author for isotope ratio measurements aiming at the
valuation of Cd and Zn metabolic behavior in mammals [188].
or this purpose, a group of sheep was subjected to an infusion
xperiment with isotopically enriched Cd and Zn. Samples of very
imited dimensions (a few mL for body fluids or mg-sized sam-
les for body tissues) with very low concentrations for the target
nalytes (e.g., below 0.2 ng g−1 Cd in blood plasma) could be suc-
essfully analyzed for isotope ratio variations with the ETV–ICP-MS
ethod developed. More recently, Chaudhary-Webb et al. used

his technique for Pb isotope ratio measurements in complex sam-
les, i.e. blood, pottery and gasoline, as a means to clarify the
ource for the high levels of Pb in blood observed in the popula-
ion of a small Mexican village [189]. The use of leaded pottery
as eventually identified as the main source of Pd in the blood,

s demonstrated by the good correlation of the Pb ratios mea-
ured for both samples that were statistically different from those
bserved for the gasoline samples. Finally, Lee and coworkers per-
ormed direct solid sampling analysis of polycarbonate film samples
ontaining a few picogram amounts of Tl, Pb and U particles as a
eans to assess the feasibility of ETV–ICP-MS for isotopic analy-

is of swipe samples from nuclear facilities. Sufficiently accurate
nd precise (<1% RSD) isotope ratio in polycarbonate samples
ontaining 1 pg of the particulate analytes could be obtained
190].

Even if the abovementioned applications might be of consider-
ble interest, it is clear that quadrupole-based ETV–ICP-MS cannot
eet the requirements of most isotope ratio applications for which
much better precision is required [191]. Short transient signals

re by no means ideal for isotope ratio measurements; however,
recision problems can be at least partially alleviated by using

CP-MS instrumentation showing the potential for (quasi) simul-
aneous ion monitoring like ICP-TOF-MS or MC–ICP-MS. In a recent
aper by Rowland et al. [89], the possibilities of these two types of

CP-MS instrumentation for Sr isotope ratio determination in geo-
ogical samples (NIST SRM 607 potassium feldspar was analyzed)

ith ETV as the sample introduction system have been evaluated.
areful optimization of the ETV heating program was performed
ith the ICP-TOF-MS instrument, and permitted to overcome the

sobaric interference of 87Rb and 87Sr, thus avoiding the need for
ime-consuming sample pre-treatment. Final measurements were

ade using a MC–ICP-MS unit for data collection for best preci-
ion values to be obtained. The model age obtained for the feldspar
aterial agreed well with the certified value. However, even if the

se of the MC–ICP-MS instrument permitted to achieve a significant
mprovement in precision (0.3% RSD), it still remained significantly
igher than the theoretical limit based on counting statistics, such
hat also the precision of the age determined needs to be improved
urther.

Taking all this into account, it is clear that ETV–ICP-MS is not
he option of choice for very precise and accurate isotopic analysis,

lbeit valuable analytical information can be obtained in some chal-
enging situations. The question whether the advantages offered
y the ETV sample introduction system offset the loss in preci-
ion expected becomes a matter that has to be assessed for every
articular situation.
mica Acta 648 (2009) 23–44

4. Conclusions

After 25 years of evolution, ETV–ICP-MS has certainly reached
maturity and is nowadays a well established analytical technique.
At this point of the story, however, it is undeniable that ETV has
not succeeded in becoming a “standard” introduction technique
for ICP-MS, and not many laboratories in the world have an ETV
unit at their disposal. The reasons explaining this situation are
probably related with the unfortunate lack of interest shown by
the main manufacturers of analytical instrumentation towards this
technique. Moreover, the extended idea among people not famil-
iar with the field that working with ETV–ICP-MS is an extremely
difficult task, together with the lack of clear compilations of well-
defined standard conditions for analysis (like, e.g., those existing
for GFAAS), further hinders wider acceptance.

Contrary to this belief and as we tried to show in this review, the
basic rules guiding the analyst in the work with ETV–ICP-MS can
be easily recognized and, although some degree of expertise might
indeed be required to fully exploit the wide range of possibilities
that this technique can offer, method development should not be
regarded as overly difficult. In fact, most of the theoretical aspects
related to the work with ETV–ICP-MS have been already addressed
by different scientists, and some standard working methodologies
can be extracted from the existing literature for successful use of
this technique in a great variety of challenging analytical situa-
tions.

As a final remark, it is fair to point out that, in spite of
its restricted presence in routine laboratories, ETV–ICP-MS has
demonstrated capabilities that allow it to play a more important
and more widespread role in today’s analytical chemistry. Unfor-
tunately, no significant changes to the present situation can be
foreseen in the near future, unless a stronger commitment is made
by the instrument-manufacturing companies to provide not only
the instrumentation, but also the methodological support (e.g.,
guides including compilations of working conditions for the most
relevant applications, suitable software to deal with transient sig-
nals, etc.) that this technique seems to be currently lacking.
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