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Foreword

[SO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out through
ISO technical committees. Each member body interested in a subject for which a technical committee
has been established has the right to be represented on that committee. International organizations,
governmental and non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely
with the International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are described
in the ISO/IEC Directives, Part 1.In partlcular the different approval criteria needed for the dlfferent types
of ISO documen A les of the
ISO/IEC Directives, Part 2 (see WWW.is0. org/dlrectlves)

[SO draws$ attention to the possibility that the implementation of this document may involve‘thefuse of (a)
patent(s).| ISO takes no position concerning the evidence, validity or applicability of ahy claimed patent
rights in fespect thereof. As of the date of publication of this document, ISO had not,received ndtice of (a)
patent(s) which may be required to implement this document. However, implemefters are cautioned that
this may not represent the latest information, which may be obtained from the patent database ayailable at
www.iso.prg/patents. ISO shall not be held responsible for identifying any or alljsuch patent rightg.

Any trad¢ name used in this document is information given for the convenience of users and| does not
constitut¢ an endorsement.

For an explanation of the voluntary nature of standards, the meaning of ISO specific terms and e
related tp conformity assessment, as well as information about ISO's adherence to the Wo
Organization (WTO) principles in the Technical Barriers to Trade(TBT), see www.iso.org/iso/foreword.html.

This docujment was prepared by Technical Committee ISO£T.C 147, Water quality, Subcommittee SC 3, Physical,
chemical and biochemical methods, in collaboration with the European Committee for Standdrdization
(CEN) Te¢hnical Committee CEN/TC 230, Water analysis, in accordance with the Agreement on|technical
cooperatipn between ISO and CEN (Vienna Agreement).

This secopd edition cancels and replaces the-first edition (ISO 17294-1:2004), which has been t¢chnically
revised.

The main|changes are as follows:
— scopdq has been revised to alignywith ISO 17294-2;

— text has been revised toZreflect currently available instruments used in routine daily practicp in many
laborptories;

— Clausles 5 and 6 have been revised to reflect the state-of-the-art equipment used to measurel elements
according to 1S017294-2;

— abbrgviateéd-terms in Clause 9 have been revised to align with common terms used in other standards;

— Table|AZ) has been updated.

Alist of all parts in the ISO 17294 series can be found on the ISO website.

Any feedback or questions on this document should be directed to the user’s national standards body. A
complete listing of these bodies can be found at www.iso.org/members.html.
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Introduction

Since the last edition of this document, new developments in metal analysis with inductively coupled plasma
mass spectrometry (ICP-MS) have taken place. The use of the collision or reaction cell (CRC) technology
in quadrupole ICP-MS and triple quadrupole ICP-MS has increased in laboratories. For this reason, this
document has been revised and new items have been added.

The intention for the revision of this document was to focus on the instrumentation currently available and
in use for determining elements according to ISO 17294-2 in daily practice in laboratories. The consequence
of this starting point is that the use of correction formulae has been moved to Annex A because of its reduced

importance in modern instrumentation. Many principles also apply for high-resolution or accurate mass
instrumentation, ;\H’hmlgh H‘my are notdescribed in detailin this document

© IS0 2024 - All rights reserved

Vi


https://standardsiso.com/api/?name=cfa1720a8e9a4419a6b6285ac14e37ef

International Standard ISO 17294-1:2024(en)

Water quality — Application of inductively coupled plasma

mass spectrometry (ICP-MS) —

Part 1:
General requirements

1 Scope

This docyment specifies the principles of inductively coupled plasma mass spectrometry (ICH
provides [general requirements for the use of this technique to determine elements’in water,

sludges ahd sediments (e.g. digests of water as described in ISO 15587-1 or 1S0Q|\15587-2). Gen
measurerhent is carried out in water, but gases, vapours or fine particulate matter can be introd
This docyment applies to the use of ICP-MS for aqueous solution analysis.

The ultimfate determination of the elements is described in a separate International Standard for e

-MS) and
Higests of
erally, the
Juced too.

hch series

of elemerfts and matrix. The individual clauses of this document refer the user to these guidelines for the

basic principles of the method and the configuration of the instrumént.

2 Normative references

The folloying documents are referred to in the text in such-a way that some or all of their content ¢
requiremgnts of this document. For dated references, only the edition cited applies. For undated r
the latest|edition of the referenced document (including any amendments) applies.

[SO Guide| 33, Reference materials — Good practice in using reference materials

ISO 572541, Accuracy (trueness and precision) of measurement methods and results — Part 1: General
and definitions

[SO 6206,|Chemical products for industrial use — Sampling — Vocabulary

3 Terms and definitions

For the pyrposes of this decument, the terms and definitions given in ISO Guide 33, ISO 5725-1, ISO
the following apply.

[SO and I[EC maintain terminology databases for use in standardization at the following addresses

bnstitutes
bferences,

principles

6206 and

— ISO qnline browsing platform: available at https://www.iso.org/obp

— IEC Electropedia: available at https://www.electropedia.org/

3.1
analyte
element(s) to be determined

3.2
blank calibration solution
solution prepared in the same way as the calibration solution (3.3) but leaving out the analyte (3.1)

© IS0 2024 - All rights reserved
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3.3

calibration solution

solution used to calibrate the instrument, prepared from a stock solution(s) (3.16) or from a certified
standard

3.4
calibration check solution
solution of known composition within the range of the calibration solution (3.3) but prepared independently

3.5
determination

entire process from preparing the test sample solution (3.18) up to and including the measurement and
calculationofthe final result ('2 14)

3.6
instrumé¢nt detection limit
LDI 0 0 . - 0 R .

smallest ¢oncentration that can be detected with a defined statistical probability using‘a contamjnant-free
instrument and a blank calibration solution (3.2)

3.7
linearity
functionall relationship between the indicated values and the contents

3.8
calibratipn verification solution
solution With a known concentration of the matrix componentsicompared to the calibration solutjons (3.4),
but having an analyte (3.1) concentration half that of the (highést) calibration solution

3.9
method detection limit
Lpy
smallest gnalyte (3.1) concentration that can be detected with a specified analytical method with|a defined
statistical probability

net intenfsity
I
signal obfained after background.coerrection

3.11
optimizakion solution
solution serving for mass-Calibration and for the optimization of the apparatus conditions

EXAMPLE Adjustment of maximal sensitivity (3.15) with respect to minimal oxide formation rate arjd minimal
formation pf doubly{charged ions.

3.12
precisior
closeness Of agTEEMENT DETWEETT IMTUEPENUent teSt Fesuits (3-14 ) obtained Under prescribed conditions

Note 1 to entry: Precision depends only on the distribution of random errors and does not relate to true value or the
specified value.

[SOURCE: ISO 5725-1:2023, 3.12, modified — the definition has been revised and Notes 2 and 3 to entry have
been removed.]

3.13

reagent blank solution

solution prepared by adding to the solvent the same amounts of reagents as those added to the test sample
solution (3.18) and with the same final volume

© IS0 2024 - All rights reserved
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result

ISO 17294-1:2024(en)

outcome of a measurement

Note 1 to entry: The result is typically calculated as mass concentration (U), expressed in milligrams per litre.

3.15

sensitivity

S

ratio of the variation of the magnitude of the signal (AI) to the corresponding variation in the concentration
of the analyte (3.1) (AC)

Note 1 to entry: Sensitivity is calculated as shown in Formula (1):

AY
S = 1

AL
3.16
stock solption
solution With accurately known analyte (3.1) concentration(s), prepared from pure'chemicals
Note 1 to gntry: Stock solutions are reference materials within the meaning of ISO Guide 30.
Note 2 to ¢ntry: Pure chemicals are those which have the highest available purity and known stoichiome
which the fontent of analyte and contaminants should be known with an established degree of certainty.
3.17
test sample
sample pijepared from the laboratory sample
Note 1 to gntry: The sample can be prepared, for example, by grinding or homogenizing.
3.18

test samgle solution

solution
specificat

4 Principle

In the pre
1 %) argg
frequency
aerosol u
decompos

almost completely ienized.

In the ma
ions are

repared with the fraction (test portion) of the test sample (3.17) according to the ap
ions, such that it can be used for the-énvisaged measurement

ent context, a plasma.is'a’small cloud of hot (6 000 Kto 10 000 K) and partly ionized (appr
n gas. Cool plasmas-have temperatures of only about 2 500 K. The plasma is sustained b
[ field. The sampletis’brought into the plasma as an aerosol. Liquid samples are convert
bing a nebulizeryin the plasma, the solvent of the sample evaporates, and the compoungd
e into the_censtituent atoms (dissociation, atomization). The analyte atoms are in nj

ss spectrometer, typically equipped with a collision or reaction cell (CRC) and quadr
ceparated and the elements identified according to their mass-to-charge ratio, m/z,

€8

ry and for

propriate

bximately
y a radio-
ed into an
s present
ost cases

ipole, the
while the

concentrd

tioh of the element.is prr\pnrh'nha] tothe numberofions

ICP-MS is a relative technique. The proportionality factor between response and analyte concentration
relates to the fact that only a fraction of the analyte atoms that are aspirated reach the detector as an ion.
The proportionality factor is determined by measuring calibration solutions (calibration).

With instruments equipped with a magnetic sector field, higher mass resolution spectra can be obtained.
This can help to separate isotopes of interest from interfering species.

© IS0 2024 - All rights reserved
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5 Apparatus

5.1 General
The principal components of the equipment used for ICP-MS is shown in Figure 1 in the form of a schematic
block diagram.
_ AR
Nebuli Spr: hamber Torch _qf_,-%g Mass D
ebulizer pray chambe orc Interface = % g| spectrometer etector
_ ERER
2
Punip
Gas control
5 RF Generator Vacuum pumps Signal procgssing
= and instrument
£ contro|
T
w

Figure 1 — Schematic block diagram of an ICR-MS instrument

5.2 Sarmpple introduction

5.2.1 General

To introd
are gener
into an agrosol by an (argon) gas flow, except when an ultrasonic nebulizer is used; see 5.2.3. Lajrge drops
are remoyed from the aerosol in the spray.chamber by means of collisions with the walls or othg
the chamber and they are drained off as liquid. The resulting aerosol is then transferred into the g
the inject

ice solutions to be measured into the plasma; a peristaltic pump, a nebulizer and a spray
hlly used. The pump supplies the solution-to the nebulizer. In the nebulizer, the solution is

br tube of the torch (see 5.3) with the help of the nebulizer gas (sample-introduction gas)

The sampfle introduction system is'designed in such a way that:

a)

the ayerage mass per aerosol droplet is as low as possible;

b) the mjass of the aerosoltransported to the plasma in each period of time is as constant as posg

)

d)

e)

f)

thed

‘oplet size distribution and the added mass of the aerosol in each period of time is, as far a

indepgendent of the solution to be measured (matrix effect, see 6.3);

the ti
possi

Ine the aerosol takes to stabilize after introduction in the spray chamber of a solution is 3

chamber
ronverted

r parts of
lasma via

ible;

5 possible,

s short as

ble;

the parts of the system in contact with the sample or the aerosol are not corroded, degraded
or contaminated by the solution;

carry-over from one sample to subsequent samples is minimized.

The components of the sample introduction system shall be able to withstand any corrosive substances in
the solutions, such as strong acids. The material used for pump tubing should be resistant to dissolution and
chemical attack by the solution to be nebulized. Components that come into contact with the solution are
often made of special plastics. The use of glass and quartz shall be avoided if hydrofluoric acid is present
in the test solution. In those cases, the nebulizer, spray chamber and torch injector tube shall be made of
suitable inert materials.

© IS0 2024 - All rights reserved
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The various components of the sample introduction system are discussed hereafter in relation to these
requirements and some examples are compared.

5.2.2 Pump

The use of a peristaltic pump to feed the solutions [e.g. sample, reference elements solutions (8.5)] to the
nebulizer is not necessary with some nebulizers (see 5.2.3) but is desirable in almost all cases in order to
render the supply of the solution less dependent on the composition of the solution. A sampling pump is used
on all modern instruments.

[t is advisable to use a peristaltic pump having the largest possible number of rollers and a velocity as high
as possible to avoid major surges in the supply of the solution. The quantity of solution that is pumped is

mostly blmﬂmmmmmwmrmmm TITH/ TS
5.2.3 bulizer

The mostl common nebulizers are the concentric nebulizer (e.g. Meinhard?), the crossflow nebfilizer, the
V-groove hebulizer and the ultrasonic nebulizer (USN). The first one can be used in self:aspiration mode and
the crossflow nebulizer can be used without a pump (but seldom are). Nebulizers (except for the UJN) can be
made of glass or of hard, inert plastic such as PFA.

The concgntric nebulizer consists of two concentric tubes, the outer one*being narrowed at theg end. The
solution flJows through the central tube and the nebulizer gas (see 5.4) through the tube around it, creating
a region ¢f lower pressure around the tip of the central tube and disrupting the solution flow into small
droplets (the aerosol). This nebulizer performs best with solutions'\with a low content of dissolv¢éd matter,
although [there are also models that are less sensitive to significant amounts of dissolved matter in the
solution tp be nebulized.

The crosqflow nebulizer consists of two capillary tubes.mounted at a right angle, one being us¢d for the
supply of [the solution and the other for the supply of the\nebulizer gas. Depending on the distanc¢ between
the openings of the capillary tubes and their diametéers, the nebulizer can be self-aspirating. Wjith larger
diameters, the chance of blockages occurring is of course smaller, but a pump shall be used to qupply the
solution.

In the V-groove nebulizer, the solution floews through a vertical V-groove to the outflow opening of the
nebulizerfgas. The solution is nebulized by the high linear speed of this gas at the very small diamet¢r outflow
opening. The V-groove nebulizer was.developed for solutions with a high concentration of dissolved matter
and/or wijith suspended particles, @lthough it is also used successfully with diluted and/or homogenous
solutions) Similar nebulizers are the Burgener2) nebulizer and the cone-spray nebulizer, with sinfilar outer
shapes as|the concentric nebulizer. With these nebulizers, the solution flows out into a cone-shapgd area at
the tip of the nebulizer instead of a V-groove and flows over the outflow opening of the nebulizer gas.

In the ultfasonic nebulizer, the solution is pumped through a tube that ends near the transducer [plate that
vibrates at an ultrasanic frequency. The amount of aerosol produced (the efficiency) is typically 10 %5 to 20 %
of the qualntity of the'pumped solution. This is so high that the aerosol shall be dried (desolvated) before being
introduced inte-the plasma, which would otherwise be extinguished. The aerosol is transported to the plasma
by the ne ullzer gas. Dlsadvantages of the ultrasonlc nebulizer include 1ts greater susceptlblllty to matrix

For the other nebulizers previously described, the efficiency is typically only a few per cent. The efficiency
increases when the solution introduction rate is decreased. Specially designed concentric micro-nebulizers
made of special types of hard plastic operate at solution flow rates of 10 pl/min to 100 pl/min and efficiencies

1) The Meinhard nebulizer is an example of a suitable product available commercially. This information is given for
the convenience of users of this document and does not constitute an endorsement by ISO of this product. Equivalent
products may be used if they can be shown to lead to the same results.

2) The Burgener nebulizer is an example of a suitable product available commercially. This information is given for
the convenience of users of this document and does not constitute an endorsement by ISO of this product. Equivalent
products may be used if they can be shown to lead to the same results.
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approaching 100 %. These concentric micro-nebulizers often show a very good precision (low coefficient of
variation of the signal) and can also be combined with a membrane desolvator [see 6.2.1, a)].

Several other types of nebulizers may be used for specific applications.

5.2.4 Spray chamber

In the spray chamber [e.g. Scott (double concentric tubes), cyclonic or impact bead], the larger drops of the
aerosol are drained off in liquid form. To create and keep over-pressure in the chamber, the liquid shall be
removed via a sealed drain tube utilizing hydrostatic pressure or by pumping. The internal diameter of the
drain tubing should be higher than that of the sample uptake tubing to ensure that no liquid remains in the
spray chamber. The liquid shall be removed evenly to avoid pressure variations in the chamber, which can
result in yartationsTrthesigmat:

By cooling the spray chamber to 2 °Cto 5 °C, the water vapour formed in the nebulization process cpndenses,
thereby rpducing the water load of the plasma. This results in a reduction in the formation of interfering
polyatomjc ions (oxides); see 6.2.2.

5.2.5 Opther systems

There ar¢ other types of introduction systems for particular applications. These include laser] or spark
ablation (f a solid sample, evaporation of the solution by means of a graphite furnace or a metal filament,
introductjon of a gas or a gas form of the analyte (as in the hydride generation technique), systems for the
direct intfoduction of solid matter into the plasma (e.g. in the form of aslurry of a finely dispersed powder in
a solvent){and the introduction with a graphite rod directly into the plasma.

With the flirect injection nebulizer (DIN), a pneumatic concentric micro-nebulizer, instead of the inner tube
(injector;|see 5.3), is placed in the torch. It has a sample introduction efficiency of almost 100 Pb, with a
sample uptake rate of typically 10 pl/min. A DIN can be:Gsed for techniques giving transient signals (e.g.
coupling ko chromatographic or flow injection devices) and for minimizing the memory effe¢ts of, for
instance, filver, boron, molybdenum and mercury. Thése systems are not discussed in this documdnt.

5.3 Torch and plasma

The torch|consists of three concentric tubés and can be designed as a monoblock or demountable urjit. Quartz
is the material generally used, but alsq high purity ceramic torches are available. Sometimes the innermost
tube (the [sample introduction tube,oi:inijector tube) is made of inert material, for example aluminjum oxide
or sapphife. It usually ends at 4 mmit0 5 mm before the first winding of the coil. The aerosol produiced in the
sample infroduction system flowsthrough the sample introduction tube, transported by an (argon) gas flow
(the nebujizer gas) with a flaw;rate of approximately 0,5 1/min to 1,5 1/min.

The auxiljary gas flowsdetween the sample introduction tube and the middle tube with a flow rafe of up to
3 1/min. Whether or not-an auxiliary gas or humidification of the argon flow is used depends on, foff example,
the type ¢f device,egncerned, the solvent used and the salt concentration. The function of the ausiliary gas
is to incrgase the-separation of the plasma and the torch and thus reduce the temperature at the g¢nd of the
injector (dnd intermediate) tube. This avoids deposits of dissolved material or the build-up of carjon (when
organic s¢lyents are nebulized) on the injector tube.

The plasma gas flows between the middle and outermost tubes with a flow rate of 12 1/min to 20 1/min. The
function of the plasma gas is to maintain the plasma and to cool the outer tube of the torch.

Around the top of the torch, there is a cooled coil with two to five windings. A high-frequency current flows
through the coil and excites the plasma (see 5.5).

The torch is generally placed in a separate metal compartment. This compartment shall be connected to
an exhaust system (extraction) because of the production of heat and harmful gases (including ozone). The
metal of the compartment protects the users and the instrument (electronics) against the high-frequency
radiation, which is released from the coil, and against the ultraviolet radiation emitted by the plasma. A
camera, a lens or a special window, covered with a darkened glass to protect the observer's eyes from the
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intense plasma emission radiation, allows visual observation of the plasma. Some systems provide a camera
monitor for the purpose of viewing the plasma area.

A grounded metal shield (shield torch) can be placed between the coil and the torch to reduce the levels
of argon-based (poly)atomic ions (see 6.2) that interfere particularly with the determination of K, Ca and
Fe. Cold plasma conditions (relatively low plasma power and high nebulizer gas flow rate) can, in cases
of matrices with low matter content, also be used to optimize the reduction of argon based polyatomic
interferences. Similar performance can be obtained by a torch system which uses a balanced radiofrequency
(RF) drive, avoiding the requirement for the grounded metal shield and allowing easier removal of the torch
for maintenance.

5.4 Gas and gas control

In virtually every instrument, argon is used as nebulizer gas (sample introduction gas), auxiliatly gas and
plasma ggs. Argon gas with a purity of greater than 99,995 % is preferred. Exact amounts.of oxygen can
be added [to the nebulizer or auxiliary gas to avoid carbon build-up on the sampling cone.dnd tordh injector
when anglysing solutions made with organic solvents. The additions of too much exygen resplt in the
burning gway of the graphite carbon that deposits on the sampling cone (see alsq-5:6). Mixture$ of argon
and hydrggen or nitrogen can improve the sensitivity for certain elements and/or réduce the formation of
interferinfg polyatomic ions (see 6.2). Small amounts of other gasses such as nitrogen can be added, providing
benefits sjuch as increased sensitivity or reduced oxide species, depending on the application.

The variops gas flow rates shall be stable. This applies particularly to thesiebulizer gas. The best results are
obtained with mass-flow controllers that keep the mass flow rate of dgas constant and almost independent
of temperfature and initial pressure.

5.5 Generator

The genefator delivers an alternating current with a frequency between 27 MHz and 56 MHz angl a power
between (),6 kW and 2 kW that sustains the plasma. In.general, solid-state generators are used. Twjo types of
generators are available: fixed frequency and variable frequency.

Fixed-frequency generators are designed to control both power and frequency of the magnetic|field; the
impedande of the plasma is matched to the oatput of the generator using a mechanical variable capacitor in
a closed-lpop control circuit. The delivered power and the power not absorbed by the plasma (the reflected
power) shall both be very constant andvary as little as possible with the composition of the solyition. The
reflected power should be low (preferably <10 W).

Variable-frequency generators,are-of a simpler construction and control basically the power delivered to the
torch (“forward” power). Small.variations in frequency can occur in those types of generators, whjch allows
for the mdtching of the plasma impedance to the generator without the requirement for mechanicgl variable

The ions gre transferred from the plasma to the mass spectrometer (see 5.7) via the interface. Thq interface
consists ftwo water- cooled cones, a samplmg and a sklmmer cone, Wlth a vacuum- pumped sy stem, the
expansion cha e me [ 5 g ment the
pressure in the expansion chamber is maintained at 102 Pa to 103 Pa. At the centre of the cones is an orifice
with a diameter of 0,3 mm to 1 mm, the orifice of the skimmer cone usually being smaller than that of the
sampling cone. The cones are usually made of nickel. The centre of the cones can have different shapes.

The gas containing the ions is sampled from the central part or channel of the plasma through the orifice of
the sampling cone into the expansion chamber, where a supersonic jet is formed. The central part of this jet
flows through the orifice of the skimmer cone into the vacuum (approximately 10-2 Pa) of the lens system.

Only about 1 % of the gas sampled from the plasma is transmitted to the lens system. Due to the short
residence time in the expansion chamber (a few microseconds), the composition of the gas hardly changes.
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For the determination of nickel at low concentrations, platinum-tipped cones are available. The use of
platinum cones is also preferred when running organic solvents and matrices containing sulfuric, phosphoric
or hydrofluoric acids. In this reactive atmosphere, platinum cones are more resistant than those made of
nickel (see also 5.4 and 8.3).

A deposit, consisting of constituents from the measurement solutions, is formed around the orifices of the
cones and can influence the analysis; see 6.2 and Clause 7.

5.7 Mass spectrometer

5.7.1 General

The mass|spectrometer consists of an electronic lens system, an analyser and a detector. In the lexs system,
the ions fravel from the interface and are directed to and focused on the entrance of the analyser. In the
analyser, the ions are separated according to their mass-to-charge ratio, m/z.

5.7.2 Lens system

The lens fystem can consist of one ion lens, for instance a metal cylinder or a metal plate with|a hole, or
several ioph lenses strung together. Electrical potentials are exerted on the lenses, resulting in the formation
of a bearh of ions directed towards the analyser; see also 7.2.5.6. The Gnwanted neutral particles are
removed py vacuum pumps.

Photons, ¢mitted by the plasma in addition to the ions and neutral patticles, also enter the lens system. To
minimize|the number of photons hitting the detector, which causes an‘increase in the background gignal and
noise, the|ion beam is deflected off axis from the detector. In addition, the ion beam can again be offset from
the axis of the detector after the CRC to suppress any potentiakimpact of neutral species formed therein.

In the cask of double-focusing mass spectrometers (see 5.%2.6), no photon stop is required as the trdjectory of
the ions deviates from the light path because of a curyature of the ion trajectory in the lens system or in the
analyser.

5.7.3 Cpllision or reaction cell

To overcdme typical polyatomic interferences (see 6.2), instruments are equipped with a CRC. A CRC is a
short multipole enclosed in a chambenthat is flushed with either an inert gas, such as helium, or p reactive
gas at low pressure. In the case of inert gas mode (He), polyatomic (molecular) ions have a larger collision
cross-secfion than analyte (atomic),ions at the same mass. Polyatomic ions therefore collide more firequently
with the [He cell gas atoms, so“lese more energy and are rejected by applying a positive kinetic energy
discriminfation (KED) bias veltage and are filtered out of the ion beam, enabling more accurate pnd more
consistenf results to be dbtdined for many difficult analytes. Reactive cell gases, such as H,, O,f NH; and
CH,, can pe used in single-quadrupole ICP-MS instruments to target interferences on specific igotopes or
elements|These interferences include isobaric and doubly charged interferences, peak tail overlap and very
intense pplyatomig, ions.

The CRC technaelogy has been further developed into triple quadrupole technology. These systems feature
an additiphal quadrupole mass filter (not necessarily of the same dimensions as the main qyiadrupole
mass filter] to pre-select a given m/z ratio. This design facilitates a more eltective use of reactive gases
for interference removal, as controlled conditions in the CRC suppress the formation of unwanted side
reactions. In addition to eliminating polyatomic interferences, triple quadrupole ICP-MS instruments can
also eliminate isobaric and doubly charged interferences if needed. In many cases, the achievable sensitivity
and detection limits are superior with a triple quadrupole ICP-MS instrument.

5.7.4 Analyser

In most ICP-mass spectrometers, the separation of the ions is obtained using a quadrupole mass spectrometer
located in a high vacuum (<2 x 10~3 Pa) compartment.
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A quadrupole mass analyser consists of four cylindrical or hyperbolic parallel metal rods of about 20 cm in
length on which direct current (DC) and RF potentials are exerted. The ions are introduced at the central
axis at the beginning of the rods. At a specific combination of DC potential and RF amplitude, the entire
trajectory between the rods is traversed only by ions with values of m/z within a specific bandwidth. lons
with lower or higher m/z values are bent away, hit the rods and are neutralized. Thus, the quadrupole acts
as a mass filter.

A quadrupole mass spectrometer for ICP-MS resolves only at unit mass or somewhat better (see also 7.2.4).
An important quality characteristic of a quadrupole mass spectrometer is the abundance sensitivity.

For instance, if a peak is present at m/z M, and there is no peak at M-1 or M+1, the abundance sensitivity is
then defined as the ratio between the signal at M and the signal at M-1 or M+1. The abundance sensitivity,
therefore| indicates the ability to measure a small peak next to a major peak. Abundance sensitiyjity values
of 106 for|the lower masses and 108 for the higher masses may be obtained, although valuesdf/10f and 10,
respectively, are more common in routine analysis. Sometimes, the inverse value is presented:

5.7.5 Detector

The detedtion system usually consists of an electrode (the conversion dynode), an‘electron multiplier with
discrete dynodes and a pre-amplifier.

Under th¢ influence of a high negative voltage, the ions exiting the analyser hit the conversion dynode
resulting fin the release of electrons. These electrons hit the first dynode-of the electron multiplie} and, as a
consequehce, twice the number of electrons is released.

Subsequently, these electrons hit the second dynode, repeatingthe process of doubling and hittinfg the next
dynode. Jltimately, one ion emitted from the analyser results’in a pulse of approximately 108 plectrons.
The succdssive dynodes have progressively fewer negative voltages. The pulse is processed using a fast pre-
amplifier.

The maximum counting rate of this system is 2 x 102%€ps to 4 x 106 cps (counts, or pulses, per sefond) and
is determfined by two factors. First, the current flow that the detector can sustain is limited. The second
limiting fhctor is the response time, or “dead time”, of the detector and electronics, i.e. the time after the
registratipn of a signal during which the detector is not able to register a new pulse. If the timp interval
between the arrivals at the detector of two jons is shorter than the dead time, the second ion is notjdetected.
Both factgrs cause a relative decreasedn the count rate at higher impact rates. For modern instrumentation,
the respopse time is usually about 20%ns to 20 ns. A mathematical correction shall be carried out fo correct
for the ngnlinearity caused by thedead time. The ICP-MS software supplied with the equipment usually
carries oyt this correction based on Formula (2):

N
N=4—__ 2
1- ND (2)

where

N' ip the true or estimated count rate;

N iSTheobserved countrate,
D is the dead time in seconds, s.

The noise of this type of detector is very low, usually 1 cps or less, and is of minor importance for ICP-MS
measurements. However, the background that is observed in practice is 3 cps to 30 cps. This considerably
higher value is possibly caused by photons which, despite the measures taken (see 5.7.2), hit the detector.

Several methods are applied to increase the upper limit of the dynamic range of the measurement, for
example by having fewer ions reaching the detector by, for example, defocusing the ion beam. Other methods
include lowering the multiplication factor by decreasing the potential on the detector or by collecting only
a part of the electrons generated. When one of the last two methods is applied, the current is measured
in an analogue manner. This is called the analogue mode, in contrast to the pulse-counting mode. Modern
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instrumentation switches automatically to the analogue mode when a signal that is too high is detected to
prevent damage to the detector.

The lifetime of discrete dynode and similar detectors is limited to typically 1 year to 5 years, depending on
the use of the instrument. During this life span, the sensitivity of the detector slowly decreases, and the high
voltage shall be increased from time to time to restore the original sensitivity.

For some applications, the signal is high enough that a Faraday cup (a metal electrode without amplification)
may be applied.

5.7.6 Alternative mass spectrometers and types of instruments

One disad
the same
presence pf many interferences originating from polyatomic and doubly charged ions (see 62)Mpch of the
newer indtrumentation has been developed to overcome these interferences.

Many int¢rferences can be avoided by applying a high-resolution mass spectrometer,with a magnetic and
an electrgstatic analyser (ESA). First, the ions are accelerated with an accelerating|voltage of 5 KV to 8 kV
and then geparated by the magnetic and electric fields. Depending on the type of instrument, thg ESA can
be locatefl ahead of or behind the magnet (reversed Nier-Johnson geometry)y The ions coming|from the
interface pre focused on a slit in front of the spectrometer by means of ion.optics, and then on a slit in front
of the detpctor by the action of the magnet and the ESA. The ions are focused with respect both to|direction
of movenjent and to the energy at the entrance slit (double focusing). The resolution can be changed by
changing the slit widths.

Dependinig on the type of instrument, this is performed with continuously adjustable slits or by Yising slits
with fixed widths. The maximum resolution that can be obtained is 10 000 to 20 000, depending on the type
of instrurpent.

Resolutioh is defined here as the average mass divided;by the mass difference of two adjacent peals of equal
height thqt are separated with a valley between themat 10 % of the peak heights, defined as m/An, where m
is the avefage mass and Am is the difference of the two masses. The parameter Am is equivalent tojthe width
of one pefk at 5 % of the peak height. Therefere, for the same effective separation of peaks, the resolution
increases|{with mass.

The non-spectral background of this type of mass spectrometerislower than 0,1 cps and the sensitivjity atlow-
resolution measurements in a standayd configuration varies, depending on the isotopic mass, from >10# cps
per pg/1 for Li to >10° cps per pg/IMor U. The higher sensitivity compared to the quadrupole in§truments
results frpm the fact that an accelérating voltage is used and that the vacuum in the spectrometer |s better.

Instrumeptal detection limits‘obtained are often below 0,1 pg/1 for elements not subject to interference at
low-resolfition measurements. For elements subject to interferences, the detection limits are on the order of
1 ug/1 or higher when‘areasuring at a resolution of 10 000.

Mass scanpning is'slewer with a magnet than with a quadrupole, while electrostatic scanning over a limited

lysis. The
detection systems require a measurement time of 0,1 ms to 50 ms for each isotope in each spectrum and ions
are measured in a sequential manner for each isotope of interest with a delay between each measurement
for the analyser to switch the necessary voltages or fields to select the new ion. ICP-MS with time-of-flight
analysers is preferred for analyses where signals are transient and require multi-element measurements in
sub-millisecond times, such as nanoparticle analysis or high-speed imaging with a laser ablation system. The
time-of-flight analyser samples packets of ions from the ion beam and accelerates them at constant energy
into a drift region such that lighter ions achieve a higher velocity than heavier ones and have a shorter
flight time over a fixed distance between the sampling region and the detector. Over the space of a few tens
of microseconds, a mass spectrum can be derived from the time that ions take to arrive at the detector
compared to the time of the pulse of voltage that extracted the ions from the beam. The time-of-flight
analyser averages a few to thousands of these individual mass spectra to generate a full mass spectrum at
speeds which are significantly faster than any other mass spectrometer.
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5.8 Signal processing and instrument control

In quadrupole ICP-MS, measurements are made at discrete points of the mass range. The full range is
divided into about 5 000 points or channels (20 points per mass) and is usually scanned many times. One
scan over the mass range is called a sweep and the residence time at one point is called the dwell time. While
scanning, parts of the mass range can be skipped, or the mass spectrometer can jump from one selected
mass to the next selected mass and measure only at the points around the top of the expected peak. The
last mode is called the peak-jump mode, the other mode the scanning mode. Also, measurements can be
made at only one mass, for instance when transient signals are measured (e.g. when a laser ablation or
chromatography instrument is coupled to the ICP-MS instrument). This is called “selected-ion monitoring”
or “single ion monitoring”. The number of points per mass measured in the peak-jump mode is normally
one to three; thls mode shows the hlghest 51gnal -to-noise ratio. The scanmng mode can be used to obtain
informatipr [ T e time of
scanning the full mass range is typically below 0,1 s. The number of sweeps can be fixed, for example 100,
or operatpr-chosen. This high signal-sampling frequency reduces the effects of the low-frequenicy source
noise cauked by the nebulizer, resulting in improved precision, i.e. a lower coefficient of variatjon of the
intensity [ratio (see 6.3.5.3) as the measurements of the analyte signal and the reference-elemgnt signal
are more [simultaneous. The number of sweeps times the dwell time times the numbeér of points measured
per mass|gives the value of the integration time per mass. The integration time Ot the dwell timg for each
mass is operator selectable. In the peak-jump mode, some time (the quadrupole settling time) is hecessary
for the quladrupole to settle at the new mass position before a new reading can-be taken, increasing the total
measurerfent time above the sum of the measurement times at the individual’'masses. See also 8.4

All modeqn instruments have one or more integrated computers whiéh control and monitor the ifjstrument
and procgss the data. In addition to the determination of the net medsurement value, data procepsing also
includes qalibration, calculation of the concentration, as well as\the recording and graphical disglay of the
spectra. The programme can additionally contain tables of isotopes and of polyatomic ions, as|well as a
procedure for the automatic optimization of a combination af,parameter settings.

6 Interferences by concomitant elements

6.1 General

The presdnce of concomitant elements in the'sample can cause interferences, for instance systemgdtic errors
in the mefisurement of the signal.

Interferences are classified into,spectral and non-spectral interferences. Spectral interferencef have an
additive influence on the analytieal signal (causing a parallel shift of the analytical function) when not
separated from the mass peak'ef the analyte. They are caused by mono- or polyatomic ions having the same
m/z ratio|as the analyte johs? Spectral interferences caused by an isotope of another element having the
same m/z|as the analyte(iomn are also called isobaric interferences. Non-spectral interferences, usually called
matrix effects, have a\umnultiplicative influence (changing the slope of the analytical function) and result in
sensitivity changes-dte to variations in the composition of the solutions to be measured.

6.2 Spectralinterferences

6.2.1 General
The components that can cause spectral interferences are:

a) an isotope of another element having the same mass as the analyte isotope, also called isobaric
interference, for example 58Fe (interferant) and 8Ni (analyte);

b) polyatomic ions, also called molecular ions; in many cases, these ions contain argon (plasma gas) and/
or oxygen originating from the water of the solution aspirated; also, chloride plays an important role
with respect to the formation of interfering polyatomic ions; examples are 4°Ar35Cl* (interference with
75As*) and #4Cale0* (interference with 60Ni*);
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doubly charged ions, for instance Ba2* (interference with 65Cu, 66Zn, 67Zn and 68Zn) and Sr2* (interference
with 43Ca and 44Ca).

Polyatomic ions can be formed in the plasma out of its constituents or by incomplete dissociation of
molecules, or in the interface region, especially in the cooler boundary layers of the sampling and skimmer
cone. So, the condition of the cones can be of importance in the level of formation of polyatomic ions (see 5.6).

Interferences by polyatomic ions are usually controlled using the CeO*/Ce* ratio while aspirating a cerium
solution. This ratio should be lower than 3 %. For the double charged ions, a barium solution is aspirated.
The Ba%*/Ba* ratio should be lower than 5 %. For triple quadrupole inductively coupled mass spectrometers,
the levels of 3 % for oxide level and double charged ions are not that feasible because interferences can be
overcome by use of tandem mass spectrometer with reaction cell in MS-MS mode. See also 5.7.3.

6.2.2 Ppssible elimination strategies for polyatomic ion interferences

Possible dlimination strategies for polyatomic ion interferences are the following:

a)

b)

h)

Redufting the water load of the plasma, which results in a reduction of the levellof all kindf of oxide
interferences. This can be achieved in several ways:

(@)

pboling of the spray chamber to 2 °C to 5 °C;

erosol dilution: by lowering the nebulizer gas flow, the efficiency ‘ef nebulization is reduced while
he total argon gas flow to the plasma is maintained by addition(f'a dilution gas flow;

|
oo

esolvation of the aerosol using a condenser and/or a (semi*permeable) membrane; hoyever, the
se of a membrane desolvator can also give rise to problems such as the loss of analyte Because of
permeability of the membrane to volatile analyte species; also, element-specific memory gffects are

ization of the chloride concentration in the solutions aspirated by eliminating the ufe of HCI.
HNO{ should be used for acidifying the solutions.ép for sample digestions. The use of CRC can feduce the
pf Cl-related interferences considerably because of the collision with Cl-related interferfences, for
ple 35C1160 (interferant) and 51V (analyte). The solutions shall be acidified with HNO;.

ization of the measurement cenditions to maximize the ratio of the analyte sigrjal to the
interference signal. Optimization parameters include plasma power, sample carrier-gas flow rate,

.3). This approach can_also be beneficial for the reduction of the level of doubly chprged ion

Addition of metecular gases, such as Hy, N, or CH,, to the nebulizer gas, auxiliary gas, plasmg gas or to

Additiion. of ethanol or similar alcohols to the sample for the reduction of the ArCl* interference and to
overCexre-theimpactot-thecarbonenhancemen effect-byhigh-earben—eontentinselutions by some
elements such as As and Se.

[¢

Spectral-fitting approaches: modelling of the spectrum with the isotopic patterns of the analytes and
of all relevant interfering species as input. However, in the mass region between 50 and 90, too many
components, and some mono-isotopic elements, are present to obtain an unambiguous fit [too many
unknowns compared to the number of information points (masses)]. For other mass regions, this
approach can be quite successful.

The use of a shielded torch and/or cold plasma conditions (see 5.3) for specific situations (see also 8.8).

The use of elemental formulae; this approach is further elaborated in the following paragraph.
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The interference correction factors, f, are determined as elaborated previously. A requirement is that the
interference check solution (ICS) contains no analytes. Very often this is not the case because relatively
high concentrations of, for example, salts are used to prepare the ICS. Even high-purity chemicals often
contain some analyte. For this situation, the exact correction can be determined by comparing the result
(in concentration units) for the analyte isotope subject to interference with that obtained for an analyte
isotope not subject to interference (for multi-isotope elements). Adjusting f and reprocessing can make the
result of the isotope subject to interference equal to that of the isotope not subject to interference. “Not
subject to interference” in this case means that there is no interference by a polyatomic ion formed out of the
interfering element involved. However, other polyatomic ions can, in turn, interfere with this second analyte
isotope, making this isotope unsuitable for quantitative analysis.

6.3 Non-spectral interferences

6.3.1 General

Non-specfral interferences, usually called matrix effects, involve analyte signal suppression or enhancement
compared to that expected from the same analyte concentration in a matrix free solution/A single mechanism
cannot exjplain the various matrix effects,[11] whose origin is in three different processes or locatigns: in the
nebulizatjon process, in the plasma and in the interface and the lens area. These'types of interfer¢nces also
include blockage of the nebulizer, torch injector tube and sampling cone caused by high concentfrations of
dissolved|matter (total solid levels below 2 g/1 are recommended) or thesn€bulization of organif solvents
(for the latter, mainly carbon blockages of sampling cone, see 5.4).

6.3.2 Interferences in the nebulization process

Differences in viscosity, surface tension and density between-the test sample solution and the cplibration
solutions| caused by differences in the quantity and type of dissolved matter, type of acifl or acid
concentrdtion, can produce a change in the rate of delivery of the solution, nebulizer efficiency and droplet
size distr{bution of the aerosol. This can result in a difference in the intensities for the same congentration
in test sample solution and calibration solution. Teniperature differences between different solytions can
cause the[same effects. The use of a peristaltic pump can reduce the effects caused by a difference in the rate
of delivery of the solution; the internal standards-also help to reduce these effects (see 6.3.5.3).

Other causes for differences are differenceinvolatility of the various chemical forms in which an el¢ment can
occur in the solutions to be measured, forinstance sulfide (H,S)/sulfate, iodine/iodide or iodate|metallic/
ionic merfury and the presence of dissolved gases such as CO, or nitrous fumes in test sample solutions or
digests.

6.3.3 Interferences in the_plasma

In the plakma, the matrix'can cause a change of the degree of the ionization of the analyte elemenits. This is
especially the case for.eléments with a high (first) ionization potential (9 eV to 11 eV), such as Cd,|Zn, As, Se
and Hg, that are ineompletely ionized in the plasma. Elements with a first ionization potential of| less than
about 8 eY are almost completely (more than 90 %) ionized and suffer less from matrix effects in the plasma.
The sensitivityof As and Se can be enhanced in the presence of carbon-containing matrix components,
indicating that an additional ionization mechanism, charge transfer with carbon or carbon-conta:Fing ions,

2.0 20

is taklng p}a\,c (occ (J.J.J.LJ.

In most cases, a reduction of the analyte signal is observed. In the presence of easily ionized elements, the
thermal ionization equilibrium is shifted towards the neutral atom and results in a suppression of analyte
signal. The suppression follows the order of the most easily ionized element in the sample matrix, i.e.
K> Na > Ca > Mg.

The ICSs are used to confirm that common interfering elements do not cause incorrect measurements of
analyte concentrations; they also serve to determine the correction factors for the corresponding formulae
or correct use of the CRC. Interference check solutions shall contain all the interferents of relevance at a
concentration level that is at least as high as in samples.
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The example in Table 1 describes the check for some common interferences (6020 solution A contains high
concentrations of typical environmental matrix elements).

Table 1 — Example of the composition of a set of interference check solutions

Interferent? Concentration Interference with Analyte correction isotope
mg/1
Al 100 43Ca, 44Ca 40Ca
57Fe 56Feb
58Ni, 60Ni, 61Nj —
Ca 300 647n 667Zn
65Cu 63Cu
82Ge 78Ge
e 250 58Ni 60Nj
57Fe 56Fe
Mg 100 64Zn, 66Zn 687n
65Cu 63Cu
Na 250 63Cu 65Cu
P 100 47Ti —
100 55Mn —
48to 50Tj 47Ti
647n, 667n 6871
S 100 65Cy 63Cy
82§a 78Ge
45G¢ —
C 200 520y s3Cr
51y —
52Cr, 53Cr _
Cl (afp NaCl) 2000 75As —
77Se 78Ge
Vo 2 111to 114(d —
63Cu, 65Cu —
Ti 2 64Zn, 667n 687n
a  See Annex A.
b 56Fe cdn interfere with#9Cal60 without the application of a CRC.
6.3.4 Interferences in the interface or lens area
negative
e deviate

from the optlmum path through the lens area and do not reach the detector (space charge effect) Ions of
the light elements in the presence of a large number of ions of a heavy element are repelled more than in the
inverse situation and so suffer more from matrix effects.

6.3.5 Possible elimination strategies for non-spectral interferences (matrix effects)

6.3.5.1 General
Six different approaches for the reduction of matrix effects are discussed in 6.3.

— matrix-effect reduction by matrix matching;
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— matrix-effect reduction by the use of reference elements (internal standards);
— matrix-effect reduction by modification of plasma conditions;

— matrix-effect reduction by aerosol dilution;

— matrix-effect reduction by using analyte addition (standard addition technique);

— matrix-effect reduction by using isotope dilution.

6.3.5.2 Matrix-effect reduction by matrix matching

The basic approach to reducing the matrix effects in ICP-MS is the use of matrix matching, i.e. making the
compositjon of the calibration solutions equal to the composition of the test sample solutions (concgntrations
of main cpmponents). However, for practical reasons (e.g. if there is a widely varying matrix), ‘this is only
feasible fqr the chemicals, such as acids, used in the sample preparation step(s). Both type and-€ongentration
of acid should be the same for the calibration and test sample solutions. To prevent possible Hrift, this
also holds§ true for the rinse solution aspirated between measurements. Even when the matrix hjas a fixed
composition and matrix matching is feasible, this approach still poses a risk for tworedsons:

a) chemijcals (e.g. salts) added to a trace-element calibration solution can _be contaminated|with the
analyfte(s);

b) can gjve rise to spectral interferences.

For these|reasons, in most cases it is advisable to add only small<amounts of matrix componerjts to this
solution. [For As and Se, ethanol, isopropanol or other organic,"Wwater-soluble substances can |be added
(see 6.3.3) to match the content of carbon of the test solutions, but users should be aware of possible carbon-
induced spectral interferences, for example, interference on22Cr from 40Ar12C and 4°Cal2C polyatgmics.

Other forms of matrix matching include:

— equil|brating the test sample solutions to room temperature when they are stored below room
tempegrature;

— remoying dissolved gas by bubbling withiah inert gas, such as nitrogen or argon, by means of |poiling or
heatihg in a water bath or by ultrasonicvibration;

— dilutipn of the test sample solution:

6.3.5.3 [Matrix-effect reduction using reference elements (internal standards)

The secofd approach to rediice matrix effects is the use of the reference element technique (sge 8.5). A
fixed cong¢entration of adreference element is added to all solutions to be measured and the analytp signal is
divided by the signal of the reference element. All further calculations are carried out using this [ratio. The
reference|elementdechnique is used in almost all ICP-MS work. In practice, the signal (cps) in most software
is first corrected-for spectral interference using formulae for the elements (although if CRC technology is
used the(Ieed for formulae is strongly reduced) prior to calculating the intensity ratio.
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The assumption behind this approach is that the reference element signal is influenced by the matrix in
the same way as the analyte signal, resulting in a stable ratio. This assumption is acceptable for matrix
effects related to the transport of the (liquid) solution to the nebulizer and the formation of the aerosol and/
or transport of the aerosol to the plasma, as this influences the analyte and the internal standard to the
same extent. However, for matrix effects in the plasma, the assumption is not always accurate. In practice,
the largest matrix effects (reductions) are observed for elements with high first ionization potentials, for
example Zn and Cd with first ionization potentials (IP1s) of 9,4 eV and 9,0 eV, respectively. This is because
these elements are only partly ionized in the plasma, which means the degree of ionization is very sensitive
to, for example, changes in plasma temperature. On the other hand, in the presence of carbon, large positive
matrix effects can be observed for other hard-to-ionize elements, for example As and Se (see 6.3.3), elements
which also have a high first ionization potential. This “carbon enhancement effect” can have a huge effect
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on results for carbon rich samples and is handled better by combined matrix matching (see 6.3.5.2) and
internal standard correction than by internal standard correction alone.

The sample and the internal standard solutions are usually pumped by two channels, which join before the
nebulizer through a Y-tube (see 8.5). In some cases, however, a more accurate correction can be obtained if
the internal correction is added directly to the sample tube. For example, if the internal standard is added
before digestion, the filling up to known volume does not need to be very accurate, because the internal
standard corrects for the volume differences.

Generally, internal standards shall be chosen to fulfil the following criteria as much as possible.

a) The internal standard shall not induce spectral interferences on any analytes that need to be reported.

b) The ratural content of the internal standard elements in the samples shall be negligible.

¢) Mass|of the internal standard shall be the same as the analyte, in order to minimize the diff¢rences in
masstdependent matrix effects and mass-dependent drift.

d) TheIP1 of the internal standard shall be as close as possible to IP1 of the analytet¢'match the|degree of
ionization of the analyte.

The following elements are among the most often used: 6Li, Be, Sc, Ga, Ge, Y, Rh, I, €s, Pr, Tb, Ho, Re, Ir, [Bi and Th.

Selection [of internal standards in practice, however, is often a compromise, as in many situationg the ideal
internal sfandard does not exist. For example, for Zn, Ir and Te are both geod candidates with regards to IP1,
but not gaod with regard to mass. Ge is good with regards to mass{and is often used for Zn), but|IP1 is not
high enough to be a perfect match for Zn.

The perfdct match for a given analyte - with regard to criteria 3 and 4 - is another isotope of|the same
analyte, ds different isotopes show identical chemical behaviour. But criterion 2 is often impossibje to fulfil
in practide, because isotope-enriched standards normally'contain the natural isotope(s) in non-negligible
amounts [e.g. °Li). This problem, however, can be handled by isotope dilution (see 6.3.5.7).

In practide, typically three to five internal standard elements are chosen. For example, 45Sc for low masses
(up to 55famu to 60 amu), ©9Ga or 72Ge for low-nrid-range masses (up to 80 amu to 90 amu), 103Rfh or 115In
for mid-range masses (up to 140 amu to 150.amu) and 193Ir for the high-mass region (up to about P40 amu).
Although|45Sc suffers from some potential disadvantages [precipitation or sorption problems in the
sample-ifftroduction system, interference from carbon and silicon polyatomic ions (see Annex A}, possible
interfererjce from an adjacent high 4%Ca signal from solutions with high calcium concentrations], fit is often
used for the low mass region for lack‘of any better candidate.

When the internal standards are selected, the performance of the corrections shall be checked in practice
(see 8.5).

For the selection of a refefence element for a particular analytical problem, see 8.5.

6.3.5.4 [Matrix-effect reduction by modification of plasma conditions

Modificatjon.of the plasma conditions (such as the nebulizer gas flow rate and plasma power),[sampling
depth and capmnlatintalen yatrn oo wac 1 A A db st Af by nFan{-c-. klcbnlinm«- aac FlC""' ratesa 1d sample
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uptake rates somewhat below those that give maximum sensitivity can reduce matrix effects at the expense
of increased detection limits. See 8.3 for additional information.

6.3.5.5 Matrix-effect reduction by aerosol dilution

A special case of plasma condition modification is called aerosol dilution. The principle is to reduce the
nebulizer gas flow and to add instead a dilution gas flow between the spray chamber and the torch. This
reduces the matrix load to the plasma, while keeping the total argon gas flow to the plasma unchanged. In
this way the sample is diluted with gas instead of dilution liquid, reducing the load of water and matrix from
the diluent to the plasma, thereby reducing the level of polyatomics (e.g. oxides) created in the plasma.
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6.3.5.6 Matrix-effect reduction by using analyte addition — Standard addition technique

Fixed amounts of analytes are added to all or part of the test sample solutions in one or two increments. The
samples are then measured in the normal way using a calibration curve, or the normal calibration can be
left out and the concentrations calculated using the results of the addition sets per sample. See an analytical
textbook for the procedure.

Average analyte recoveries from a limited number of additions (n = 4) deviating from 100 % are used to
correct the results of a larger number of samples with a fixed composition (e.g. blood samples).

6.3.5.7 Matrix-effect reduction by using isotope dilution
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isotope ritio of two isotopes (including the added one) is determined before and after the addifion, after
which theg analyte concentration can be calculated. Isotope ratios are not affected by matrix effects, so a very
accurate fletermination of the concentration is feasible. The procedure can be used only, when at|least two
non-interfered isotopes are available. This limits the application of isotope dilution in quadrupole [CP-MS to
specific cfses. Wider applicability is possible with high-resolution instruments. See analytical textbooks for
procedures.

7 Adjustment of the apparatus

7.1 General

In Clause [/, choices for the adjustment of the following instrumental parameters are discussed: alignment of
the plasmja, mass calibration and resolution of the spectrometerand settings of detector, lens(es) and plasma
gas flow fate. Optimization of the remaining parameters, plasma power, sampling depth (distanc¢ between
torch and|tip of sampling cone), auxiliary and nebulizer gas flow rate and sample introduction spged is part
of the method development and is discussed in Clause 8:

Before the plasma is started, it is advisable to visually check certain parts of the instrument: |the torch
for cleanliiness, particularly of the introductiomntube, the cones for excessive deposits and the|tubing of
the peristaltic pump for flatness. Cones should be cleaned when deposits are considered excessive, when
the sensifjivity is too low or when the contentration of polyatomic and/or doubly charged ions i too high.
Cleaning pf the cones is usually done with a cotton swab moistened with demineralized water pr diluted
nitric acid followed by rinsing with water and drying. Cleaning with an abrasive agent should be ayoided.

The ma;Efacturer's recommendations shall be followed, such as observing the required lpboratory
environmient conditions, powef, water, exhaust requirements, switching on the instrument and warrp-up time.

7.2 Tuning the apparatus

7.2.1 General

The tuning of the instrument (optimization for best performance) is started using default or recommended
settings fpr-plasma power, sampling depth, gas flow rates and sample introduction rate. (The plasmp gas flow
rate is setat a fixed value and Is not optimized at all.J Lenses should be roughly Set to obtain a reasonable
sensitivity. They are adjusted in a later stage after the other parameters are set. Tuning of the parameters
mentioned in 7.1 automatically or manually (one by one) shall be carried out according to the manufacturer’s
recommendations, usually while aspirating a prescribed element solution. State-of-the-art software on
instruments allows an “autotune,” the simultaneous automatic optimization of a great number of specified
instrumental parameters with targets to be reached, such as a minimum sensitivity or interference levels by
oxides below a certain maximum, and ranges in which the parameters can be varied.

The different parameters are discussed in detail in 7.2.2 to 7.2.5.

© IS0 2024 - All rights reserved

17


https://standardsiso.com/api/?name=cfa1720a8e9a4419a6b6285ac14e37ef

ISO 17294-1:2024(en)

7.2.2 Alignment of the plasma

After cleaning or replacing the cones, torch or nebulizer, the central channel of the plasma shall be aligned
with respect to the opening of the sampling cone for optimum sensitivity.

7.2.3 Mass calibration

The mass scale of the instrument is calibrated while aspirating an optimization solution containing three
to five elements covering the full mass range. He (present in air) can also be used for the low-mass area.
For quadrupole mass spectrometers, the difference between measured and exact mass should be less than
0,05 amu. For elements measured in the high-resolution mode with a high-resolution instrument, separate
mass calibrations should be carried out. This calibration should be checked frequently and available
software poutines shoultd be used to compensate for ariftduringam anatytical Tum. For the other Jituations,
the mass falibration should be checked frequently and adjusted when necessary.

7.2.4 Resolution

For normpl measurements on quadrupole instruments, the resolution, usually characterized by| the peak
width at 3 % or 10 % of the peak height (see 5.7.4), should be set at 0,7 amu. For spéc¢idl situations sjich as the
interference by doubly charged ions, the resolution can be reduced to, for instance, 0,2 amu. The fesolution
should be|checked regularly and adjusted when necessary.

NOTE In ISO 17294-2, the resolution is defined as the peak width at 10 % eofithe peak height. Both defipitions are
suitable.

When wortking in the high-resolution mode on a high-resolution instrument (see 5.7.6), the resolution should
be checked more frequently, at least on a daily basis.

7.2.5 Dietector

7.2.5.1 |General

Adjustmept of the detector involves several steps‘that are outlined in 7.2.5.2 to 7.2.5.6.

7.2.5.2 |Discriminator voltage

The discrjminator voltage is a threghold value that cuts off the background noise in the analyte signal. Only
real pulsds are then counted. Typical'values are between 10 mV and 70 mV.

7.2.5.3 [Detector high voltage

The (negdtive) detectos high voltage for the pulse count mode (see 5.7.5) is normally set at the leyel where
the rate of increase of.the count rate with voltage starts to diminish. Setting the high voltage too high results
in a significantly feduced lifetime of the detector. For some instruments, the high voltage for thelanalogue
mode (se¢ 5.7.5)'shall be set separately. For others, this voltage is set during the dual detector cplibration
(see 7.2.5]5):

7.2.5.4 Dead time correction

The dead time (see 5.7.5) can be factory-set or it shall be set by the operator. For the determination of the
isotope ratio with high-resolution mass spectrometer, the dead time shall be set by the operator.

7.2.5.5 Dual-detector calibration

During the dual-detector calibration, the measurements in the pulse-count mode for the lower concentration
range and in the analogue mode for higher concentrations are harmonized, which means that the readings of
the analogue mode are converted to counts per second using appropriate conversion factors that vary over
the mass range. This results in a single linear calibration curve over the full dynamic range (8 to 11 orders
of magnitude). A dual-detector calibration should be carried out for all elements that can possibly be
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measured in the analogue mode (also for the interfering components used in the formulae for the elements)
and repeated when the pulse-count detector high-voltage is changed (see 5.7.5). The calibration should be
checked whenever the instrument is used.

7.2.5.6 Lenses

For lens systems consisting of one lens, the voltage of which can be ramped for optimum sensitivity when
scanning the mass range, the optimization is usually carried out with a solution containing three elements
of low to medium mass. A voltage-ramp curve is then obtained giving voltage settings for every mass.

An autotune option (see 7.2) is often available for optimization of the lens settings for multi-lens systems.
A multi-lens system offers more flexibility to adapt the response over the mass range to specific needs, for

instance gretativety tfow semsitivity for thetow-mass Tange to beable to measure efememntssuch
higher copcentration range. After being set to optimum sensitivity, these lens systems should-be
for the bept precision of the analytical signals over the mass range.

Lens settings should be checked on a regular basis, especially those for the single-lens systems. B
the low vpltages applied in these systems, they are somewhat more sensitive to depesits when 3
solutions|containing high concentrations of dissolved solids and require more frequent che
possibly dleaning.

7.3 Verification of instrument performance criteria

After chojces have been made (see Clause 8) regarding the type of faeasurement (cool plasma ¢
with the pse of the shield torch option or not), the plasma power;auxiliary and nebulizer gas f
sample irfftroduction speed and sampling depth, the instrument performance is verified with {
sensitivity, precision and background over the mass range and.with respect to the concentration
and doubly charged ions (see 6.2). Instrument performanceé’verification is also done on a daily b
to the actpal analysis of samples. The specifications of the:manufacturer shall be met for this per
Minor adjustments of the nebulizer gas flow rate are allowed at this stage to minimize the levels
and doubly charged ions.

8 Preparatory steps

8.1 General

Method development for instrumentation with a standard quadrupole mass spectrometer witho
of the co

Method development consists of the following steps:
— choicp of isotopes{of-€lements to be determined;

— choicg of settings for the following:

plasma option is described in 8.1 to 8.7. The cool-plasma option is dealt with in 8.8.

plasma power;

ns Na in a
ptimized

ecause of
\spirating
king and

onditions
ow rates,
espect to
of oxides
asis prior
formance.
of oxides

it the use

sampling depth;
nebulizer gas flow rate;
sample uptake rate;

pump programme with respect to rinse times, pump hose diameter, etc,;

— choice of integration time of the different isotopes;

— selection of reaction gas in collision mode if appropriate and optimization of flow rates;

— choice of reference elements;
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— choice of composition of calibration solutions, i.e. which elements to combine and the concentrations of

these

elements;

— determination of maximum allowed concentrations of matrix elements with respect to interferences
(both spectral and non-spectral).

When the method development is completed, the performance of the full method is documented with
respect to the following aspects: instrument and method detection limits, precision of measurements at
higher concentration levels and working range for analytes and matrix components.

8.2 Choice of isotopes

adxncakl £o oo ciina oo o Izt alapanintc o+ i acca

In generat

with mor
purposes
more intg
results of]
spectral i

AnnexAg
for specif
spectral

concentrg
the result]
solutions

Limits sh
relation t
corrected

I it iJ CI\/IV'AOCIUI\/ \avj m\,aoul\, “llul] LU CICITIVIILO du LVvwWwU difl\.«rcnt }Sutupi\. muoo\,o (_f\lr
b than one isotope): one mass number for quantification and the other mass numberf
in case of the need for confirmation. However, very often the control mass numbéey'is

this procedure. Next, it is advisable to also measure the matrix elements with regards t
hterferences, especially for samples of unknown or widely varying matrix composition.

ives an overview of isotopes that can be used for quantitative analysis, ihcluding recomm
c circumstances. Selection of isotopes is made based on the required detection limit and
nterferences. To check for these interferences, a solution containing the interfere

compared with that of the blank. See Table 1 for example cothpositions of these interfersg
and how to judge the results.

bll be set for the maximum allowed concentration ofithe interfering elements in the s
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br control
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rferences than the quantitative mass number. Therefore, care shall be taken, when judging the

b possible
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tion of 1,5 to 2 times the highest concentration expected in thé.samples should be anaflysed and
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shall be lower than the method detection limits-required for the element of interes

where the actual interference element concentration\eXceeds the maximum allowed conce

different

For exan
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0,1 ug/1),
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The actud

sotope shall be used for quantification of confirmation.

ple, the interference by molybdenumi)(Mo) (the maximum acceptable concentrati
ce check solution is 2 mg/1) shall xiet exceed the method detection limit of 111Cd - 1
The concentration of Mo in thessample solution shall not exceed 2 mg/l to report
limit of 0,1 pg/1.

| level of relevant interferences should be checked for every analytical run (see 9.4).

8.3 Choice of instrumental)settings

Instrume
optimum

— maxi

— minix

htal settings aré-chosen so as to result in the optimum performance of the instrument.

mum signal*to-background or signal-to-noise ratio for the lowest instrumental detection

num standard deviation (measured with higher concentrations);

— minir

performancejpincluding the selection of reaction gases in CRC mode, has different aspects:

. In cases
ration, a

0 the detection limits (see 8.9.3) required by the“method. The interferences, whetIr or not

n in the
14Cd (e.g.
h method

However,

limits;

um-snectralinterferences:
ot P 7

— minimum matrix effects;

— maximum (long-term) stability;

— minimum measuring time.

Oftenthese goals are conflicting. Optimization of one aspectresultsin degraded performance in anotherrespect.
The question of which optimization needs to be performed depends on the purpose of the determination and
on the requirements the results comply to. The optimum measuring conditions differ for the various elements
and their isotopes and they also depend on the matrix of the test sample solution. It can, therefore, be necessary

to determ

ine the optimum measuring conditions for each isotope in the concerned matrix.
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For multi-element analysis, however, it is generally necessary to seek the best compromise.
In many cases, the standard conditions prescribed by the manufacturer can be used.
Some general remarks can be made about the effects of changing the instrumental parameters mentioned in 8.1.

Increasing the plasma power results in a hotter plasma and, depending on the ionization potential of the
element involved, more or fewer ions are formed with corresponding effects on the signal. For ions with a
low ionization potential, fewer ions are formed; the opposite holds for ions with a high ionization potential.
The background caused by polyatomic ions, such as ArH* (K), ArN* (Mn) and ArO* (Cr, Fe), also changes. In
addition, the Ni background related to the cones increases with a hotter plasma. When analysing samples
with a heavy matrix, the cones are coated with a deposit, reducing the Ni background. A hotter plasma
results in a shorter time for burning away this deposit, resulting in a more variable Ni background. On the
other harld, a hotter plasma is considered more robust, possibly giving smaller matrix effectsy The use of
platinum+{tipped cones can be considered.

An increafse in the nebulizer gas flow rate results in an aerosol of higher density, bringing\more anfalyte into
the plasnja, but also cooling the plasma. This increases the sensitivity of elements with a low Jonization
potential {The auxiliary gas flow rate is usually set at the value recommended by the manufacturer ¢r is fixed.

Sampling|depth is either fixed or set at a compromise setting.

Sample uptake rate should preferably be set as low as possible to reducé-the water load of the plasma
(see 6.2.2)) and to reduce matrix effects (6.3.5.4) but can be higher in case pfthe need for increased sensitivity.

The rinsipg time between two solutions shall be chosen in such a way that there is no “memory ¢ffect”, for
instance n increase in the results of measurement caused by carty-over of the analyte from thqg previous
solution. Additionally, before starting a measurement, a new solution shall be nebulized for a suffifient time
to enable|the attainment of a (constant) maximum value. Mémory effects are minimized by mliinimizing
the sample-tubing length and using an optimum pump pfogramme. This programme can contajn a rapid
rinse stey} (up to five times the normal pump speed) orloop injection, followed by a stabilization| period at
normal piimp speed. The pre-measurement stabilization time is optimized while monitoring the qoefficient
of variati¢n (s.) of the measurement of a calibration solution (three replicates). This s should Be close to
the mininpum attainable value, while minimizing:the pre-measurement sample-uptake time.

Memory pffects after the measurement-ofa sample or a calibration solution are quantifigd by the
measurerfent of a blank after the measurement of the highest calibration solution. The result for|the blank
should then be below the method detection limit (see 8.9.3). For the reduction of memory effects|of Hg, Au
(in HCl as|{AuCl;) can be added to all Solutions (including the rinse solution) at a concentration of 0}2 mg/1 to
5 mg/l. Fgr B, mannitol or ammonid can be used.

8.4 Choice of integration' time

Prolongirlg the integration time (see 5.8) generally improves precision, lowers the limit of detgction and
reduces the influence of short-term fluctuations (the extent of these improvements depends or the type
of nebulier). The.measurement time is lengthened, however, and the influence of long-term flyctuations
becomes §

The integ jults shall
meet. Typlcal integration tlmes are between 0,3 s and 1,0 s; however, somewhat longer times are usually
used for elements like As, Se, Cd and Hg with low-sensitivity or low-detection-limit required. Integration
times longer than 5 s are usually not beneficial.

Each measurement should preferably be carried out at least in triplicate (three replicates). This provides
an ongoing indication of the precision, which should be the equivalent of 1 % to 2 % s, of the instrument
output signal for higher concentration levels.
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8.5 Choice of reference elements — Internal standards

Reference elements are used in ICP-MS to compensate for matrix effects and drift and they are used in
almost all cases. An improvement in precision is a beneficial side effect. See 6.3.5.3 for the requirements for
reference elements and for suggestions regarding which elements to use as reference elements.

The choice of the proper reference element can be made in three ways:

— by monitoring the ratio of the analyte signal and the signal of a particular reference element, first for the
situation without matrix and then in the presence of matrix;

— by determining the recovery of an analyte addition to samples with high matrix concentrations (see 9.3);

The refer¢nce element that shows the least reduction in the ratio and/or that gives the best récovery (closest
to 100 %] in the presence of the highest matrix possible is, in principle, the best reference lelemgnt for the
analyte element involved [recovery is calculated as the ratio of net measured spike.concentrption and
the spike|concentration or as the ratio of measured value and certified value]. Thefeyis, howevef, another
requiremgnt for a reference element: the closeness of the mass to that of the dnalyte element (6.3.5.3).
Usually, this aspect is important in assessing the presence or absence of drift in‘a measurement sequence.
Most software allows the selection of other reference elements for a particular set of analytical data and
reprocesding these data with the new element. In addition, the reference element shall not be present in any
of the sanpples at a significant concentration.

Referencd elements can be added to the solutions prior to the measurements or “online” by njeans of a
two-chanpel sample-introduction pump. Discrete addition is rather time-consuming in contrast/to online
addition. |[n the latter approach, the solution to be measured‘and the solution containing the geference-
element(d) are mixed by means of a Y-piece, with or without:a mixing coil, and the mixture is subsequently
transported to the nebulizer. Mixing ratios may vary betwe€en 10 + 1 and 1 + 10 (sample to reference-element
solution).[The latter ratio results in online dilution of the samples. Usually, limited online dilution|results in
only very[minor effects on the method detection limits, because they are mostly determined by the ratio of
an analyte signal and the signal of a polyatomic, ioii(s) (most analytes are interfered) (see 8.9.3), and this
ratio will [not alter because of dilution. However, miatrix effects are reduced because of this online filution.

The use df a mixing coil gives better mixing,'resulting in a reduction of matrix effects at the exp¢nse of an
increased wash-out time. When using online dilution, a smaller-diameter sample probe and tubipng should
be used, for example with 0,3 mm internal diameter. If the internal diameter of pump tubes is top small, it
will take foo much time to reach the plasma when having set up an online dilution with pump tubings. If the
diameter pof the sample probe or tubing is too wide, it will take longer to reach the plasma.

8.6 Linearity and working range

The technique itself shows linear calibration curves up to nine orders of magnitude of the signal due to
the use of a dead tinte correction in the pulse-count mode (see 5.7.5) and dual-detector calibratipn for the
analoguefpulse-coirnt mode together. Calibration solutions prepared from a multi-element calibrafion stock
solution cpn induce dilution-dependent matrix effects, resulting in pseudo nonlinearity. These matrix effects
are compensated for by the use of reference element(s). Linearity is checked in every measuremenlt series.

The selection of the highest concentration in the calibration solutions depends mostly on the required
method detection limits (see 8.9.3 and the remark on the effective concentration range at the end of 8.3).
With respect to the interferents, the maximum concentration levels should be set related to the required
method detection limits.

Due to significant memory effects, the effective concentration range in practice (ratio of the highest
concentration that can be measured to the lowest one or to the method detection limit) is typically up
to 2 000 except for, for example, Ag, B, Hg and Mo, which can be much lower. The memory effect shall be
determined for each set up of the instrument or method.

The maximum total concentration of dissolved solids in the test sample solutions is typically 1 g/l to 2 g/1.
Higher concentrations can lead to blockages of the sample cones and to other technical problems.
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8.7 Composition of calibration solutions

Because of frequent polyatomic ion interferences originating from matrix elements (see Annex A), trace
element calibration solutions are preferably prepared with no or only low concentrations of matrix elements
(6.3.5.2). Matrix matching is applied for the acids used in, for example, samples (6.3.5.2). In addition,
contamination plays a role in choosing the element combinations for calibration solutions (e.g. Sr and Ba
are often present in Ca stock solutions). Finally, for stability reasons, some element stock solutions contain
hydrochloric acid. Even when diluted, these elements are stable only in this acid, which gives rise to Cl~
based polyatomic ion interferences.

All these factors shall be considered when choosing combinations for multi-element calibration solutions.
All solutions shall have a use-by date.

In practide, this results in one calibration solution with several trace elements having a low congentration
and two ¢r more macro-element solutions (see 9.2 for the number of calibrations over the~megsurement
range). Ohe or more elements (e.g. Zn) can be added both to the trace-element solution ahdto the macro-
element dolution with the heaviest matrix, preferably at the same concentration. As, for example, Zn is
affected By many matrix elements (see 6.3.3), one glance at the calibration graph forZn will supply direct
informatipn on the actual level of matrix effects of the system. Both results should:be comparable.

After preparation, calibration solutions should be monitored over time with respect to possible precipitation
and stability aspects.

8.8 Method development for cool plasma conditions

Until receptly, the determination of trace and ultra-trace quantities«f alkali metals and alkaline eafth metals
by quadrypole ICP-MS has been susceptible to both plasma-, aiid matrix-related polyatomic interferences,
which cofnpromise the detection limits achievable for these elements. This has led to the develppment of
the PlasmfaScreen™ Torch or Shield Torch™3) and the application of cool plasma conditions, enaljling trace
analysis df elements that suffer from molecular interferences arising from the combination of the plasma gas
(Ar) with matrix analytes. For example, the determination of 5°Fe, 39K and 4°Ca has been limited by inferference
from 40An60 on 56Fe; 40Ar, from 40Ca; and 38ArlH, from 39K. The cool plasma reduces or even eliminftes many
of these tijaditionally troublesome polyatomic intérferences that limit the capabilities of ICP-MS in the analysis
of the lowfmass (<80 amu) elements. These interferences can also be overcome by use of CRC.

In the PlgsmaScreen™ Torch or Shield Torch™ option, a grounded metal screen is inserted befween the
load coil 4nd the plasma torch. This eliminates the potential secondary discharge between the sample cone
orifice and the plasma. Cool plasma conditions are achieved by lowering the RF power to 620 W) resulting
in a plasra temperature of 2 500K to 3 000 K. This reduces the ionization within the central dhannel of
the plasnja, which results in significantly lower production of Ar-X molecular species and a dgcrease in
sensitivity for most elements-However, the decrease in sensitivity of analyte ions is more than conppensated
for by a lqrge reduction in background spectra (typically <1 cps per mg/l1), resulting in an improved signal:
noise ratip for many elements.

This plasma configuration is used mainly for the determination at ultra-trace concentrationg of a few
elements [ Li, Na,'K, Ca and Fe) in the semiconductor industry but never for environmental analysig.

8.9 Determination ofthe methed performance

TOT

8.9.1 General

In the determination of the method performance, the following parameters are assessed: instrument and
method detection limit and the precision. Subclauses 8.9.2 to 8.9.4 refer primarily to quadrupole ICP-MS
instruments but can be extrapolated to CRC instruments.

3) PlasmaScreen Torch and Shield Torch are examples of a suitable product available commercially. This information is
given for the convenience of users of this document and does not constitute an endorsement by ISO of these products.
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8.9.2 Instrument detection limit

The instrument detection limit, Ly, indicates the concentration of a given element using the instrument in
the most optimal set-up, that can be detected with a given uncertainty in a solution that causes minimal
spectral interferences (e.g. diluted nitric acid of high purity). Optimal instrument set-up also means here
that the instrument shall be as clean as possible (sample introduction system and torch, cones and lenses).

This instrument detection limit can be determined as follows (after cleaning the instrument): using a
calibration function, measure a blank solution containing matrix matched acid with the chosen system set-up
(see 8.4) and sufficient (e.g. 10) replicates. Establish the standard deviation, s,, of results. The instrumental
detection limit is usually calculated as three timess,.

The Ly, is_ mostly determined by the background (for a particular analyte isotope), the abundance and the
degree of|ionization (see 6.3.3). For example, Fe has a high Ly, because all relevant iron (Fe) isptppes have
a high bagkground (*9Arl4N for >4Fe, 40Ar160 for 56Fe and 4°Ar1601H for >7Fe) (see also 8.8).Also,|the lower
the abundance and the lower the degree of ionization (the higher the ionization potential), the-highler the L.
The L, cgn be very low (<1 ng/1) for some elements.

8.9.3 Method detection limit

The methpd detection limit, Ly, is in many cases primarily determined by spectral interferenceq, whether
corrected or not. The maximum concentration of those matrix elements thateauses interferences d¢termines
the Lp), aftainable and the required Lpy determines the maximum allowed matrix element concpntration.
The methjod detection limit should be determined by measurements<f the interference check solutions or
an ICS mik including digestion when appropriate.

The L), aJso shall include possible memory effects and the effectsof variable contamination of the dontainers
(test tubgs) from which the test sample solutions are aspiratéd. When these effects play a rold, the Ly,
which is Righer than the Ly, shall be adapted.

8.9.4 Precision of the method

The precifion of the method is determined for atileast one concentration of the analyte, sufficiently high so
that the npjeasured relative standard deviation‘is independent of further increases in concentration
(p=50x%xLpy ). Arepresentative test samplesolution with high concentrations of matrix elementsi|is

measured on a sufficient number of days. The precision of the method is the coefficient of variatiop (srel,
p =250x% Ly ) of the mean result.

9 Prodedure

9.1 General

This clauge describes(the normal calibration and the actual measurement of the test sample solutigns. When
unacceptgble and~Uncorrectable matrix effects are observed, analyte (standard) addition can Qe applied
(6.3.5.5); that will not correct for spectral interferences.

9.2 Calibration

Satisfying results are obtained with a two-point calibration: a blank calibration solution and a calibration
solution for the upper point of the measurement range for a concentration range of a few orders of magnitude.
Multiple calibration solutions (minimum five points) are recommended in case of more orders of magnitude
measurement range (see ISO 8466-1). Multi-level calibration and standard least-squares fitting can lead
to wrong results because of the inhomogeneity of the variances of the measurements of the calibration
solutions over the concentration range. This approach leads to errors at the low end of the calibration curve
(multiples of the Lp;), unless weighted linear regression is used instead of the standard least-squares fitting.
(Weighted linear regression is based on the principle that the weighing factor is inversely proportional to
the standard deviation of the measurement of the calibration solution.)
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In practice, weighed linear regression is hard to carry out properly because the standard deviation needs to

be known

at every concentration involved.

A prerequisite for good results with a two-point calibration is the accurate preparation of the solutions
involved. The blank calibration solution is checked against an independent calibration check solution or by
the analysis of reference solutions.

Guidance on the linear calibration and evaluation of analytical methods is provided by ISO 8466-1. Some
form of weighing can be used where appropriate.

To minimize the risk of contamination, calibration solutions are preferably made by pouring the stock
solutions out of screw-capped bottles or pipetting and weighing. This approach is preferred over the use of
volumetric flasks, because it is hard to keep the rims of these flasks free of analyte.

9.3 Necessary solutions
The following solutions are prepared:

— CB (cplibration blank solution, usually containing only the acid and reference elements added

samp
— CST(
— CSM,
— ICS,.

— CCV]
of pr¢
prepg
meas
the in

origimating from the macro-elements stock solutions;

— LCS
conce
possi
be us

— TS (te
— CCB

— procq

9.4 Me

The analy

e solution);

calibration solution for trace elements, see 8.7);

, (calibration solution for macro-elements, see 8.7);

| (interference check solution(s), see 6.3.2, Table 1, numbefed 1 to m);

continuous calibration verification solution which contains all analytes (if possible, witho
cipitation)] at, for example, half the concentration, of the calibration solutions but inde

lred; the actual concentrations shall be put into the quality control software of the co
strument, which means, for the trace elements, the added amount plus the possible cont:

laboratory check solution, which ‘dan be a representative test sample solution wit
ntrations, or a (certified) reference.material whose nature and composition correspond
ble with those of the test samples;'guidance is given in ISO Guide 30 and ISO Guide 33; th
ed as a calibration check solution (see 9.2);

st sample solutions);
reagent blank solutions).

dural blank.

asurement

sesakecarried out in the following sequence:

o the test

it the risk
pendently

red; it is used to check the initial calibration and-after several test sample solutions lpave been

mputer of
imination

h known
5 as far as
e LCS can

— condid

— CB (to check for memory);

— Cal block 1: CB, CST, CSM; (containing macro-elements with the highest concentrations);

— CB (to check for memory);

— Cal block 2-n: CSM,_,;

— ICS block: ICS;_,, solutions (all or only relevant ones) or ICS mix; update of elemental formulae
when necessary;

— samp

le block: TS;
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— CCB, CCV;
— ICS block: ICS solutions (all or only relevant ones) or ICS mix; no update.

In the sample block, for every 10 to 20 samples, the CCV block is measured: CCB, CCV. Update of calibration
(measurement of CST, CSM;-,) can be done every time (preferred) or only after CCV-fail. LCSs and addition
pairs are measured spread through the sample block.
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