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Accurate determination of elements in various kinds
of samples is essential for many areas, including
environmental science, medicine, as well as industry.
Inductively coupled plasma mass spectrometry
(ICP-MS) is a powerful tool enabling multi-elemental
analysis of numerous matrices with high sensitivity
and good precision. Various calibration approaches
can be wused to perform accurate quantitative
measurements by ICP-MS. They include the use
of pure standards, matrix-matched standards, or
relevant certified reference materials, assuring
traceability of the reported results. This review
critically evaluates the advantages and limitations of
different calibration approaches, which are used in
quantitative analyses by ICP-MS. Examples of such
analyses are provided.

This article is part of the themed issue ‘Quantitative
mass spectrometry’.

1. Introduction

Analytical chemistry is an information-oriented discipline
of science. It focuses on detection of various physico-
chemical phenomena, and collects relevant information
on the composition of the investigated materials.
According to the definition given in the IUPAC Gold
Book [1], quantitative analysis refers to procedures
during which the amount or concentration of an analyte
can be determined (estimated) and expressed as a
numerical value in appropriate units. Undoubtedly,
obtaining reliable and accurate results from quantitative
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chemical measurements is of common interest. However, it is only possible when all the relevant
processes involved in the signal detection and quantification are understood and taken into
account. Highest priority is always given to the so-called ‘definitive methods’” of chemical
analysis. The commonly used instrumental methods require calibration using appropriate
standards. Adequate calibration of instrumental methods allows for reliable quantification,
even when analysing “difficult samples” with complex chemical composition [2,3]. Thus, proper
calibration of analytical instruments is a critical step of every instrumental analysis. Such
calibration must be based on the most suitable chemical standards, which are selected specifically
for the given purpose. Apart from the reliable calibration, it is also essential to perform an
analytical risk assessment and to verify analytical correctness of the conversion of the recorded
values into meaningful quantitative results. A good indicator of analytical correctness is the
so-called uncertainty, a numerical value that should accompany every final result.

According to the definition of a ‘definite method” [1] is ‘a method of exceptional scientific
status which is sufficiently accurate to stand-alone in the determination of a given property for
the certification of a reference material. Such a method must have a firm theoretical foundation
so that systematic error is negligible relative to the intended use. Analyte masses (amounts)
or concentrations must be measured directly in terms of the base units of measurements, or
indirectly related through sound theoretical equations. Definitive methods, together with certified
reference materials, are primary means for transferring accuracy, i.e. establishing traceability’.
The base units of measurements are as follows: m (metre), kg (kilogram), s (second), A (ampere),
K (kelvin), mol (mole), cd (candela). The definitive methods are considered as those of highest
metrological status and are used for the reference measurements, e.g. for the certification of
standard reference materials.

The scope of any measurement is to collect accurate data, according to the recognized
context, in which the obtained results are intended to be used. Measurements of chemical
properties involve assigning numbers reflecting dimensions of the measured properties, which
can be compared to well-characterized standards. In principle, the measured values are only
approximations of the true values. Acquiring accurate results is essential for many applications.
Therefore, a significant effort should be taken to make chemical measurements as accurate as
possible, according to the specified requirements.

The accuracy of analytical results can be defined by the use of the well-defined standards,
which are accepted by all interested parties. Traceability is an intrinsic feature of a measurement
result that allows one to evaluate the quality of that result. The commonly accepted definitions
of accuracy and traceability are given by the Vocabulaire international de métrologie (VIM) 3
(clause 2.12 and 2.41, respectively): (i) ‘measurement accuracy—closeness of agreement between
a measured quantity value and a true quantity value of a measurand’; (ii) ‘metrological
traceability—property of a measurement result whereby the result can be related to a reference
through a documented unbroken chain of calibrations, each contributing to the measurement
uncertainty’ [4].

Other important terms, which are frequently used to characterize the quantitative features of
the results, are ‘measurement precision—closeness of agreement between indications or measured
quantity values obtained by replicate measurements on the same or similar objects under
specific conditions” (VIM 3, clause 2.15), and ‘measurement uncertainty—non-negative parameter
characterizing the dispersion of the quantity values being attributed to a measurand, based
on the information used’” (VIM 3, clause 2.26). These terms are essential for reflecting about
quantitative measurements. Referring to these terms is also useful when discussing quantification
by instrumental approaches such as inductively coupled plasma mass spectrometry (ICP-
MS). Chemical standards are basic reference materials they are used to test and calibrate
analytical devices.

ICP-MS is a technique that enables measurements of elements and their isotopes over a very
wide dynamic range. It is very useful in a large number of applications [5-8]. ICP-MS is a
comparative technique: it requires a set of well-defined standards and/or reference materials
for accurate calibration. A variety of reference materials can be used in chemical measurements,
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Figure 1. Schematic overview of different systems of sample introduction to ICP-MS.

namely (i) pure substances (either essentially pure chemicals or well-characterized substances
containing trace amounts of impurities); (ii) standard solutions and gas mixtures prepared from
precursory pure substances; (iii) matrix reference materials (mimicking the chemical composition
of the investigated objects). It should also be noted that the measurement methods are often
standardized: the operational standards are defined by an exact procedure. Interlaboratory
comparison can be additionally used to assure the accuracy of quantitative measurements [9].

The aim of this overview is to describe the principles of measurements performed by ICP-MS
with special emphasis on acquiring quantitative results with high accuracy and low uncertainty.
The detailed characteristics of ICP discharge and MS measurements have been extensively
discussed in monographs and review papers; thus, in this article, only selected representative
publications are referred to.

2. Principles of analysis by ICP-MS

ICP-MS has become a well-established technique for very sensitive, trace and ultra-trace multi-
elemental analysis, as well as for determinations of isotopic ratios—for those elements that
possess more than one isotope. The utility of ICP-MS was proven during the last decade. The
advantages of ICP-MS include very low detection limits, speed and a large number of possible
applications. Nowadays, ICP-MS can be considered as a mature technique. Thus, its newest
applications are technically advanced. This also imposes the requirement for stringent quality
control of results.

ICP-MS is often equipped with a liquid-phase sample introduction system (nebulizer). It
can be coupled to chromatographic separation techniques. Laser ablation is a very useful
tool for sampling solids prior to ICP-MS detection. The analytical features of ICP-MS are
related to the efficient generation of ions in the inductively coupled plasma zone as well
as the sensitivity of the ion detector [10,11]. A practical feature of ICP-MS is that the ICP
discharge operates at atmospheric pressure. Thus, the technique is highly versatile, and can
readily be connected to different sample introduction systems, including solution nebulization,
laser ablation, electrothermal vaporization, chemical gas generation or high performance liquid
chromatography (HPLC) (figure 1).

The ion intensity ICP mass spectra reflect the number of ions detected in every second (counts
per second or cps), and are obtained in the course of a series of successive analytical steps [12].
These steps involve (i) conversion of a given sample (liquid or solid) into an aerosol or its direct
introduction in gaseous form, (ii) transport of the aerosol/gas into plasma, (iii) atomization of
the introduced compounds, followed by ionization of atoms in the hot plasma environment,
(iv) transport of the generated ions from the plasma operated at atmospheric pressure to the mass
separator (analyser) operating under high vacuum, involving ion extraction through ion optics,
(v) separation of the ions according to their mass to charge ratios (1/z), and (vi) detection of the
separated ions by detector, and conversion of ion flux intensity to an electronic signal (cps).

Considering the introduction of liquids, transport of the sample aerosol through the spray
chamber can be influenced by the sample uptake rate, as well as by the density of the aliquots, e.g.
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the concentration of acids, or by the particle size distribution—in the case of dry aerosol produced
for example by laser ablation or electrothermal vaporization [12-16]. Once the aerosol enters the
hot plasma zone, some of the particles vaporize before gaseous species undergo atomization and
ionization. The effectiveness of those processes depends on the nature of chemical species, as
well as on the plasma conditions. It should be stressed that not all particles vaporize completely,
but some of the largest particles and/or droplets are able to pass through the plasma without
complete vaporization. In most of the commercially available instruments, argon gas is used.
Thus, the resulting plasma consists mainly of argon atoms accompanied by numerous argon
ions, electrons and species originating from the sample. Once formed in the hot plasma, all those
species (particles, vapours, atoms and ions) disperse along as they travel through the plasma
zone. The ions formed in plasma are transported into the mass analyser, separated according
to their mass-to-charge ratios (1/z). Eventually, the ions with the appropriate mass-to-charge-
ratio reach the detector, where they are counted [17-19]. Elemental mass spectrometers are most
typically cover the mass range from 6 to 254 a.m.u. Hence, they enable detection of isotope ions
of the majority of elements from the periodic table.

Intensities of electronic signals are related to the numbers of ions formed in the plasma and
transported through the ICP-MS ion optics. The efficiency of ion formation is influenced by the
ionization energy of particular elements, as well as by the plasma temperature. By using the
principle of Saha—Eggert equation [20], the degree of ionization for a chemical element depends
on the plasma temperature. In general, ICP is considered to be an efficient ion source. Assuming
that the plasma temperature is ca 6000 K and electron density is 10!> cm™3, one can estimate
the ionization efficiency to vary between 0.99 for sodium to 107° for chlorine. Certainly, the
efficiency of ionization of given element influences the (signal to noise) S/N ratio. It is worth
noting that signal intensities, and thus sensitivities, depend not only on the ionization efficiency
but also on the sample introduction rate, efficiency of sample transport/delivery, and—last
but not least—on the extraction and transmission efficiency of the spectrometer’s ion channel.
The matrix effects, both of chemical and physical origin, can occur at each step of any of the
above-described processes. These effects are influenced by sample composition, occurrence of
isobaric interferences, as well as spectral interferences. Such interferences may result from double-
charged or cluster ions. The former only slightly but the latter strongly depend on the plasma
parameters [19,21-23].

3. Quantification by ICP-MS

Most instrumental analytical techniques use direct comparison of the signals generated by a
sample of unknown composition with the signals generated by a (series of) standard(s) of
exactly known isotopic composition with associated uncertainties that are much smaller than the
expected uncertainty of the results. Thus, an instrument has to be thoroughly calibrated before
performing any quantitative analysis.

Calibration approaches, which can be applied, include

— external calibration, with or without internal standard (IS);
— standard addition;
— isotope dilution (ID).

Most state-of-the-art instruments are computerized. Therefore, mathematical processing of the
data into analytically relevant terms, such as concentration of the analyte, is an integral part of
the analytical system.

4. Data collection in ICP-MS

ICP-MS enables performing measurements with various quantification strategies. Depending on
the general concept of data collection, analyses can be semi-quantitative or quantitative. The first
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step should always be the routine maintenance and daily tuning, which is obviously needed for
the proper work and calibration of the spectrometer. The mass scale should normally be calibrated
across the entire accessible mass range. For some applications, when the analytical goal is focused
on the determination of a limited number of elements within a narrow mass range, calibration of
the corresponding mass range may be sulfficient.

Peak hopping mode or scanning mode are commonly used for data acquisition. Peak hopping
mode enables collection of data for pre-set masses of selected isotopes of interest. In most of
the instrument set-ups, a dwell time allocated to each isotope can vary according to the isotope
abundance and concentration of the element in the analysed sample. Varying dwell time allows
one to improve the counting statistics. An important advantage of the peak hopping mode is
that time is not spent on collecting data for those isotopes that are not of interest. Of course, this
feature can also be regarded as a limitation because further on no records would be available for
quantification of other elements if the corresponding signals are not recorded. It is also possible
to collect data for a large number of points (scanning mode) to construct the full spectrum for the
pre-set mass range. In this mode, the data are collected not only for the defined isotopes but also
over a wider mass range, mainly for archival purposes. Moreover, the scanning mode facilitates
identification of possible interfering signals.

5. Semi-quantitative analysis by ICP-MS

All commercially available ICP-MS instruments enable quick semi-quantitative multi-elemental
analysis following a single analysis of a sample, using a blank and standards. Standard solutions
can contain species of one element or can be mixtures of species of several elements. The elements
in the standard solutions can be the same elements as those to be quantified. Alternatively,
the standard solution can include selected elements across the mass range involved in the
measurement. Default algorithms are then used to compute approximate concentrations, with
automatic correction for isobaric and some of the polyatomic interferences. This method of
analysis is commonly used for quick fingerprinting of the elemental composition, if the target
elements have more than one isotope [24]. Then, an assumption is made that relative signal
intensities correspond to the relative natural abundances of the isotopes of the elements of
interest—in the absence of spectroscopic interferences. If all signals are monitored for the elements
present in the concentration above their detection limits, such a semi-quantitative analysis
can provide information on potential sources of spectroscopic interferences from the matrix.
The approximate concentrations obtained in such preliminary measurements—for example, for
matrix components—facilitate subsequent quantitative analysis. An example of the use of such an
approach in the semi-quantitative analysis of gaseous samples was given by Gerdes & Carter [25].
The instrument response to the multi-elements standard solution was used to establish empirical
factors relating the detector response for those elements introduced as liquid or gaseous sample.
These empirical factors were then used to obtain semi-quantitative results for gaseous samples.

A semi-quantitative analysis while scanning the entire m/z range allows the analyst to
predict interferences, and to select appropriate ISs. It is worth noting that semi-quantitative
data can also be used to estimate the content of the elements to be quantified. This helps to
select the concentrations of the standard solutions to be prepared for the following quantitative
analyses [26].

6. Calibration of ICP-MS for quantitative analysis

Various calibration approaches can be implemented to determine accurate concentrations of
analytes in samples. They include external calibration with pure standard solution or matrix-
matched standards; internal calibration; as well as the use of isotopic dilution. Calibration
standards are required for constructing multi-point standard curves, covering the anticipated
range of analyte concentrations in samples. The role of a standard is to determine the
mathematical relationship between the selected signal intensities and the analyte concentration
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Table 1. Features of the main quantification approaches used in ICP-MS.

quantification mode advantages limitations
semi-quantitative — rapid for screening purposes — poor accuracy
— provides semi-quantitative data — high uncertainty
— provides information on spectral — does not provide traceability
interferences of results
external calibration — assures high accuracy — vulnerable to matrix effects

— lowest possible detection limits

— possibility to use multi-elements
standards

— traceability to high purity standards

external calibration — assure high accuracy — limited to the selection of IS for
with internal — lowest possible detection limits given element: mass of isotope,
standard (IS) — possible to use multi-elements primary ionization potential and
standards chemical ‘behaviour’ as close
— traceability to high purity standards as possible to the ionization

and potential of the analyte

— robust for instrumental fluctuations
— theratio of analyte signal intensity to
that of IS is measured

isotopic ratio — robust forinstrument fluctuation — requires the high isotopic resolutions of
measurements and matrix effect instrument
— robust for the poor recovery of — not useful for monoisotopic elements
analytical procedure — isotopic equilibrium is required

— at least two isotopes should be free of
spectral interferences

isotopic dilution — high accuracy; lowest uncertainty
— interferences free; the analyte acts as its
own S
— useful in trace elements determination
and in speciation
— fulfils the requirement as ‘definite
method’

within the concentration range involved in the analysis. Certified reference materials (CRMs) can
also be used to direct quantitative analysis. The available CRMs include certified solutions, alloys
and even pure metals. CRMs are primarily used to verify the accuracy of the results obtained
by conducting the entire analytical procedure, and to demonstrate traceability of the results to
the fundamental units pertaining to the International System of Units (SI). A general overview of
most commonly used quantifications strategies in ICP-MS is described in table 1, summarizing
their advantages and limitations.

7. External calibration in ICP-MS

The external calibration method relies on preparation of synthetic samples containing known
quantities of the element to be measured. These synthetic samples are then introduced to
the mass spectrometer, and the ion signal intensities are recorded. The signal intensities can
be linked with the known concentrations of the elemental standards. The obtained signal-
concentration dependences are basic for further quantification. External calibration is the most
popular calibration approach. It is widely used for analysis of samples for which the assumption
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Figure 2. Schematic representation of the use of external calibration when matrix matching is required. The matrix effect is
shown for: (a) increase of the signal (due to e.g. spectral interferences); (b) decrease of the signal (due to e.g. reduced recovery
during sample pre-treatment).

can be made on the negligible effects of the matrix on the instrumental response. However, one
should be aware that in the case of severe interferences, the matrix could significantly influence
the slope of the calibration, thus hampering the accuracy of the results (figure 2). This calibration
approach demands the use of a series of standard solutions (often prepared in 2% HNO3) and the
calibration blank. The calibration blank consists of the same concentration(s) of the same acid(s)
as those used to prepare the final dilution of the calibration standards. The calibration blank
solution must also contain the same ISs as those added to the calibration standard solutions. The
equation of the line of best fit, obtained through linear regression (signal versus concentration
of the standards) is then used to convert analyte signal intensities, recorded for the samples,
to concentration values. Blank subtraction is conducted using the spectral data recorded for
the blank solution. The detection limit for the particular element depends mostly on the noise,
both the white noise (i.e. fundamental or Gaussian noise) and the shot noise (due to the detector
used) [27,28].

The linear dynamic range of the calibration depends on the instrument performance and
is typically based on the response of the instrument (signal intensity in cps units) versus
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concentration, covering the linear range over six to eight orders of magnitude. When the
ion detector operates in the pulse-counting mode with the dead-time correction, this range is
restricted to about six orders of magnitude. The range is greater when the detector is switched to
the analogue mode. In the analogue mode, signal range in the calibration plot is one to two orders
of magnitude wider than in the pulse mode. The calibration line is usually drawn by applying
the least-squares regression procedure, to relate signal intensities (cps value) with concentrations
of the analyte standard solutions. The correlation coefficient is used to evaluate quality of the
calibration characteristics.

Another issue related to the calibration of ICP-MS instruments is the measurement of standard
and procedural blanks. The standard blank refers to the sample prepared in the same way as a
regular standard sample, which does not contain the compound of interest. However, it contains
all the reagents that are used during the preparation of standard solutions. This blank could be
used to correct the results for contamination arising from both chemicals and instrument, as well
as to establish the ‘zero point’ for the calibration plot. The procedural blank refers to the standard
blank sample subjected to all preparatory steps, thus reflects not only the contribution from all
reagents used but also that of all preparatory steps.

The instrumental calibration of ICP-MS requires the use of standard chemical compounds
with defined purity accompanying its uncertainty. In the case of use of liquid samples, the
standard solutions may be prepared by dissolving pure substances in an acid-containing matrix.
Direct analysis of solids, by means of electrothermal vaporization or laser ablation, requires
careful selection of matrix-matched solid standards. Pure aqueous standards are typically used
for the calibration of an instrument, but they do not provide adequate matching with respect to
the viscosity and the matrix composition of the samples. Variation in these physical properties
could be corrected for by using matrix-matched standards. It should be pointed out that the
use of standard reference matrix-matched materials is not recommended for primary calibration.
However, such materials are certainly recommended to be used as quality control samples to
asses both accuracy and precision.

8. External calibration with internal standard

Internal calibration is widely used in ICP-MS analyses mostly to compensate for physical
interferences, to correct for variations in the instrument response as the analysis proceeds (signal
drift), and to calculate the analyte concentrations of the samples. ISs are the selected isotope of the
element added to the blank, standards and samples in known concentrations. The concentration
of a given IS should be the same in all the solutions involved in the analytical process (i.e. blank,
standards and samples) to enable effective correction of matrix effects and monitoring, to enable
correction of short and long-term fluctuations of signals.

The element which could be selected as IS should fulfil several requirements: it should not
exhibit isobaric interferences with the analyte(s); the content of the element considered to serve
as IS in the samples and standards should be negligible; the primary ionization potential of the
element used as IS should be as close as possible to that of the analyte. When analysing a group
of elements with a wide range of masses, several ISs should be used with a similarly wide range
of masses (e.g. Be, In and Bi). The commonly used ISs are 6L, 45Sc, 89Y, 103RK, 1151y, 1597}, 165
and 2%Bi. The study by Vanhaecke et al. [29] provides an example of the use of an IS with the
mass number close to that of the analyte, what improves analytical precision.

9. Standard addition

In this method, calibration is performed by adding (spiking) each of the sub-samples with
increasing amounts of a solution containing the element(s) of interest. In this case, quantification
is carried out based on the analysis of the original sample and a number of spiked samples, all of
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them having the same matrix. The intercept of the calibration line on the ‘concentration” axis gives
the concentration of the element of interest in the unspiked sample. Although this approach can
offer good accuracy of data, it is usually too time-consuming to be performed in most laboratories.

10. Isotope dilution

Mass spectrometry, especially high-resolution mass spectrometry, allows for monitoring several
isotopes of elements of interest with good precision. It is also possible to calculate the isotope
ratio of the selected pairs of isotopes. Those values can be used as such, e.g. for the monitoring of
isotopic profiles of the elements [30]. The most important use of the isotope ratio measurements
is the isotope dilution (ID) mode of quantification. Previously, ID was used in conjunction with
thermal ionization. Later on, it was also implemented with ICP-MS. ID provides advantages
over traditional calibration because the calculated isotope ratios, and hence the analytical results,
obtained by means of ID-ICP-MS do not depend on instrumental instabilities and possible matrix
effects [31-33]. Thus, highly accurate measurements can be performed, and the ID-MS technique
may be regarded as one of definitive analytical methods. In this mode of analysis, known
amounts of selected isotopically enriched standards are added to each sample, most preferably
before sample preparation steps, in order to account for any possible losses of analytes during
the entire procedure. As isotopically enriched compound exhibits the same chemical properties
as a compound present in the original sample, both will proceed in the same way. This was
exemplified by the determination of Cu in two groundwater candidate reference materials (BCR
CRM 609 and BCR CRM 610) [34].

The detailed comparison of the external and ID calibration was described for the multi-
elemental analysis of coal slurries [35]. For this purpose, the standard containing isotopes 201 Hg,
206ph, 77Se and 119Sn was added to the slurry to achieve an altered isotopic ratio close to 1.
The proposed approach was validated by the analysis of four certified coal reference materials.
Similar methodology was applied for the determination of Cd, Hg, Pb and Se in sediments
reference materials by adding the standard of enriched isotopes (1*®Hg, 2°°Pb, 11'Cd and 7/Sn)
to the sediment slurry followed by slurry sampling chemical vapour generation (CVG) with
ID calibration and detection by ICP-MS [36]. The multi-elemental analysis of soil prepared
using HNOj3 leaching or pseudo-total digestion with HNO3, HCl and HF in a microwave oven
was performed. In this case, two calibration approaches were evaluated: external calibration,
combined with internal standardization; and ID after appropriate spiking of the soils with stable
isotopes mixture prior to sample preparation. Although both methods of quantification yield
results of essentially equivalent accuracy and precision, external calibration allows quantifying
a greater number of elements [37].

The accuracy of ICP-ID-MS was demonstrated recently by examples of its use for the
certification of the content of mercury and methyl mercury (MeHg) in several environmental
candidates for CRMs [38,39]. For both analytes, mercury and methyl mercury, ID-MS was
applied as a primary method of measurement, assuring the traceability of obtained values
to the SI units: the mole, the kilogram and the second. The determination of total mercury
in environmental samples (the candidates for CRMs) was then performed with the use of
cold vapour atomic absorption spectrometry (CV-AAS), ICP-MS (with external calibration or
standard addition method), and finally validated by ID-MS as a primary method of measurement.
The ERM-AE640 isotopically enriched standard (95.7% abundance for 202Hg) was used for
this purpose [38]. The certification of the mass fraction of the total Hg and MeHg, in
marine biota samples, candidates for CRMs (oyster and clam Gafrarium tumidum) was also
performed with the use of reference measurements. Two modes of ID-ICP-MS, namely direct
ID and species-specific ID analysis were compared. The mass fraction values of total Hg and
MeHg, determined in this study, were then used by the International Atomic Energy Agency
(IAEA) Environment Laboratories for characterization of the IAEA 461 and IAEA 470 certified
reference materials [39].
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Although the ID-MS has proved to be unvanquishable in many applications, unfortunately
many elements are monoisotopic (®Be, 2Na, ZAl, %S¢, ®Mn, PAs, 8y, 108Rn, 1277, 133,
141py, 139, 165, 19Tm, 197 Ay, and 232Th), which makes ID-ICP-MS useless in analysis of
these elements.

11. Quantitative measurements by ICP-MS with different sample
introduction modes

Analysis of elemental composition by ICP-MS can be performed during continuous delivery of a
liquid sample to the plasma zone via nebulization, so a steady signal is obtained. Calibration
of the MS detector can be performed with a standard solution of given element(s) with the
addition of properly selected IS(s). Analysis can also be performed when the solution is delivered
via liquid chromatography and a transient signal is obtained with a unique concentration
profile reflecting the performance of chromatographic separation. Then, calibration can be
performed either by using mono-compound standard solutions, or by using a set of the
standard solutions containing the analysed species, which elute from the column at different
times. The analysis can also be also performed using laser ablation as the microsampling
method, and with transient signal registration and laser parameters selected depending
on the type of solid [40]. These measurements are usually influenced by the fractionation
effects [41]. The calibration can be done either by using the same solid matrix as that of
the sample (e.g. glass, alloys), by using home-made solid standards that mimic, to the best
extent, the structure and the composition of the analysed solids, or by preparing pellets from
CRM powders.

12. Introduction of liquid samples

ICP-MS is well suited for analysis of liquid samples introduced into the plasma via nebulization.
Pure chemical solutions are used in calibration [42], and to verify the analytical performance
of the method, e.g. its detection limit, the linear range of concentration, as well as precision. In
order to evaluate the possible interferences, matrix-matched standards should be applied. A well-
established method to assure high accuracy and traceability of the results is the use of CRMs.
CRMs are often available as solids containing the relevant matrix, e.g. of environmental origin.
When the solids undergo digestion, it is expected that the element of interest will be present in the
form of one compound. Thus, the calibration solution should also contain known concentrations
of this compound [43].

The most commonly used practice in a routine laboratory is to perform instrumental
calibration with the use of single compound standard solutions for a given element. With this
approach, one can perform analysis of the aliquots derived from the original sample solutions
(e.g. from drinking water), or after dilution (when analysing liquids containing high content
of dissolved solids; e.g. seawater, waste water, extracts or digestion solution). Alternatively, the
effluent of the liquid chromatography column can be directed to the plasma zone. It should be
emphasized that in most cases, besides the chemical environment, the elements of interest can
be present in the form of various chemical species. The sensitivities of the response of ICP-MS
may be different for every species. Thus, it is often necessary to digest the sample (liquid or solid)
in order to bring the element of interest to the same chemical form.

Appropriately selected CRMs were successfully used in the research on biologically relevant
processes taking place in plants tissues. They were focused on determination of Se [44], Cd [15,45],
Zn, Fe and Cd [46,47]. Moreover, species of noble metals such as Pt and Pd were analysed in
environmental samples [48].

External calibration with the use of ISs has been used in various applications. An interesting
example is elemental analysis of petroleum-related samples, e.g. determination of Cu in crude
oil distillation products, in which case sample preparation by digestion of organic matter is
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Figure 3. Calibration lines for a selected standard of selenium. Analysed inorganic species: Se(IV) nitrate and Se(VI) nitrate.

required [49], or direct determination of Fe and Ca in alumina-based based nickel-molybdenum
hydrodesulfurization catalysts [50].

13. Species-specific calibration: single versus multiple species calibration

A main advantage of ICP-MS is that it can be coupled with the chromatographic separations;
for example, with HPLC, which is widely used in studies of chemical speciation. In most cases,
coupling HPLC to ICP-MS is technically simple. The exit of the chromatographic column is
directly connected to a nebulizer. In the course of chromatographic separation, the species are
eluted consecutively, with the order determined by their retention in the column, reaching the
plasma zone and the MS system. This means that, in every time interval, different compounds of
the element of interest undergo atomization, ionization and are transported to the mass analyser
zone. When using gradient elution, precautions need to be made to reduce the biases caused by an
unequal response of the detector at the beginning and the end of the separation.

Coupling chromatography to ICP-MS has been used in the speciation analysis of selenium. In
all cases, the MS system responded to different chemical forms of the element of interest [51-53].
As shown in figure 3, four standard solutions of selenium were introduced into the ICP-MS via
HPLC. Interestingly, the slope of the calibration depends on the type of selenium species. The
influence of species type is apparent not only in the case of organic compounds but also for both
inorganic compounds in which the metal appears at various oxidation states. Therefore, in order
to obtain accurate results, it is essential to perform separate calibration with respective mono-
compound solutions of an element of interest (here, selenium).

14. Sampling analytes from solid matrices

Laser ablation (LA) systems can also be coupled to ICP-MS allowing for micro sampling of solid
materials. This way of sample introduction to ICP-MS has been constantly gaining popularity
within the last few years because it requires almost no sample preparation and permits direct
analysis of solid samples [40,41]. Minor depletion of the sample material by the ablation processes
is the only side-effect, which has to be taken into account while using LA-ICP-MS. However, it
cannot be regarded as a serious limitation, and it is acceptable in many applications.

An important feature of LA-ICP-MS is the need to refer to appropriate matrix-matched CRMs.
Probably owing to this feature, the literature reports many custom-developed matrix-matched
calibration approaches, which should fit to various applications of LA-ICP-MS in quantitative
elemental analysis [54-58]. The most often reported calibration approach is based on the use of
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Standard Reference Material (SRM) NIST 610 glass, which is available from the National Institute
of Standards and Technology (NIST). It nominally contains ca 500 pg g_l of 61 elements present
in the silicate matrix (Si-Na-Ca-Al) [58,59]. Interestingly, this homogeneous SRM glass material is
commonly used as the external standard, even if no matrix matching is assured [60]. Successful
applications of NIST 610 as the external standard for multi-elemental analysis of other glass
samples are reported widely in the literature devoted to investigations of historic objects [61-65].
It should be stressed that the composition of historic glasses usually differs to some extent from
the major elemental composition of NIST 610. Thus, the quality of the results can be then assessed
with Corning Archeological Reference Glasses: A, B, C and D, which have been produced by
the Corning Museum of Glass (USA), and are used during the evaluation of the quantitative
data obtained with NIST 610. The Corning Glasses reflect three different technologies of historic
glass production and are usually used while investigating archaeological beads, as well as other
historic glass samples [66—68]. Estimation of the precision and accuracy of measurements can be
done according to the chemometric protocols [68].

The advantages of laser ablation are fully appreciated during analysis of environmental
samples, which are regarded as difficult, and are often delivered to laboratories as heterogeneous
powders [69,70]. They can be analysed either after digestion or in the solid state. A digestion can
be difficult and time-consuming. Moreover, it may increase the risk of loss of volatile elements,
or can even contribute to contamination. LA-ICP-MS can help to avoid the above-mentioned
problems. However, it requires immobilization of powdered samples, and selection of a reliable
calibration approach [70]. Various calibration strategies for LA-ICP-MS have been proposed in the
literature. Pakiela et al. [70] proposed a multi-point calibration for the LA-ICP-MS analysis based
on CRMs, available in the form of powders e.g. soils, sediments or ashes. Powdered samples
were prepared by mixing the original material with zinc oxide, and adding 2-methoxy-4-(2-
propenyl)phenol in order to form zinc complex. Stable, homogeneous and mechanically resistant
targets, containing increasing concentrations of selected elements (Al, Ba, Co, Cr, Fe, Mg, Mn, Pb,
Sb, U and V), were subjected to laser ablation to enable calibration of multi-elemental ICP-MS
measurements. The calculated linear correlation coefficients between the mass of the CRM and
the intensity of the signal exceeded the value of 0.99. This calibration approach was evaluated as
fit-for-purpose for investigations of environmental powders. Then the validation of the proposed
approach was done by analysing soil and sediment certified reference materials (river sediment,
RM 8704 and bone ash, RM 1400) [70].

A numerous creative approaches to calibrate LA-ICP-MS for quantitative analysis exist.
Some of them enable improving the quality of the final results in different ways. Analysis of
environmental samples containing natural carbonate compounds can be mentioned here as a
good example [71,72]. Craig et al. [72] compared calibration using a standard glass material,
calcium carbonate powders spiked with liquid standards of selected elements and natural
geological reference materials, and the last approach was preferred over the first two approaches.
Bellotto & Miekeley [71] proposed co-precipitation of multi-element liquid standards into a
CaCO3 matrix. All approaches are regarded as beneficial for precise and accurate LA-ICP-MS
quantification of the final results versus matrix-matched standards. In some cases, the accurate
calibration of LA-ICP-MS was possible using liquids without assessment of the similarity between
calibration solutions and analysed samples [73]. The proposed method reduced the limitations of
the currently available reference materials, and offered a possibility to quantify analytes in solids
with variable chemical composition.

In other work, a method for quantitative analysis of trace elements in biological samples by
LA-ICP-ID-MS has been developed. The accuracy of this approach was verified while analysing
several elements (Cr, Fe, Cu, Zn, Sr, Cd and Pb) in selected CRMs [74]. Another sound example
was provided by Thieleke & Vogt [75]. In their work, 204pp-enriched lead was used for performing
ID-MS calibration, while bismuth served as IS. In order to assure high accuracy of the results, a
standard sample containing lead as well as a lead-containing polymer CRM (BAM H010) has been
used. The mass fractions for lead, calculated after single and double ID experiments in the test
samples, showed a deviation of less than 1% (relative to the certified values) [75].
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15. Validation of qualitative results with the use of various measurement
techniques

Mercury can be analysed by various techniques, thus direct comparison of the accuracies can be
made [30,76]. The comparison of the accuracy of measurements for multi-elemental analysis of
peat cores with ICP-MS and X-ray fluorescence (XRF) is a very interesting example. In this case,
cross-calibration was used to assure high quality of the obtained results. A digestion procedure
was used to prepare samples for ICP-MS analyses [77].

Yet other interesting approach is to use chemometric modelling to develop an accurate one-
step method for quantitative analysis, where the results obtained by electrochemical analysis
were used to validate independent quantitative ICP-MS data, without the need for standard
additions [78].

In other work, analytical performance of ICP-MS for determination of lanthanides in biological
materials was investigated and compared with the performances of neutron activation analysis
(NAA), as well as ion chromatography (IC) with UV-VIS detection [79]. It should be nevertheless
emphasized that the biggest advantage of ICP-MS is that it provides very low limits of detection.
Two sample preparation protocols were tested: (i) microwave-assisted digestion by concentrated
nitric acid; (ii) microwave digestion involving silica and fluoride removal, followed by selective
and quantitative lanthanide group separation from the plant matrix. Several CRMs of plant origin
were used for the evaluation of the accuracy of the applied analytical procedures. Thus, by
comparing the data obtained with ICP-MS with those obtained by NAA reference measurements,
the provisional (named as ‘tentative”) values can be obtained [79].

LA-ICP-MS was also compared with LA-ICP-ID-MS during determination of Cd in coral
skeletons. Following careful optimization of the instrumental parameters, and subsequent
analyses, the results obtained by LA-ICP-MS and ID-ICP-MS were found to be highly
correlated [80].

16. Conclusion

Accurate determination of elements in a variety of matrices has become essential for many
areas, including environmental science, medicine and industry. In order to achieve high quality
chemical results, it is essential to consider all the important measures related to the accuracy and
traceability of the results. It is necessary to choose an adequate calibration method, and to use
individually selected chemical standard or reference materials. In the above, we aimed to review
the possible approaches. The main approaches are summarized in table 1.

Thus, it may be concluded that semi-quantitative measurements are used in the preliminary
screening of the analysed samples, and to learn about possible spectral interferences. When
no matrix effects are expected, quantitative measurements are often performed with the use of
external calibration, using standards of pure substances (as solid or in the solution). When matrix
effects are expected, it is recommended to implement matrix-matched standards. In addition,
it can be used to compensate for instrumental fluctuations and possible analyte losses during
sample pre-treatment. Analytical robustness with respect to the above-mentioned effects can be
avoided by determining ratios of the selected isotopes of the element of interest. Finally, the use
of isotopic dilution, followed by ICP-MS analysis, is highly beneficial for the measurements with
the highest possible accuracy and very low uncertainty. It should be pointed out that the main
advantage of ID-ICP-MS is that as soon as isotopic equilibrium is established, any losses of the
analyte do not affect the analytical results. This is especially important for the investigations
of the elements that have been isolated by means of chromatographic separation, extraction,
co-precipitation, electrolytic deposition or hydride generation prior to their determination by
ICP-MS. In this case, ‘non-quantitative” variations of recoveries are automatically corrected for.
Although various quantification approaches are available, ICP-ID-MS can be regarded as accurate
calibration procedure among all of them. However, it is not applicable to analysis of mono-isotope
elements.
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