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The main task of applied analytical chemistry is the determination of the type and
concentration of the substances contained in solids, liquids or gases. Therefore, the
precision and accuracy of the result, which are sometimes predefined, must be sui-
table for the subject under investigation. This is generally accomplished by direct
comparison with known references — frequently along a chain of comparisons.
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Thus measurement results can be traced back to so-called standards. In this con-
text, traceable basic standards are e.g. substance quantity, length, mass, time, cur-
rent strength and temperature.

When calibrating a measuring device, a functional correlation between a known
concentration and a measurement signal is established (calibration function). The
calibration of measurement devices plays a key role when carrying out quantitative
determinations and ensures the quality of the analytical results.

In order to achieve sufficient reliability, repetition of the measurements with sev-
eral known concentrations of preferably traceable standards is required. Unknown
concentrations are determined by converting the calibration function into an analy-
sis function (inverse function), with the help of which a concentration is calculated
from the measurement signal. Conclusions on the uncertainty can be drawn from
the calibration experiments and from further information (e.g. round robin tests)
gleaned from the specifically applied analytical methods (see “Preliminary Re-
marks“, Vol. 13, chapter “Quality assurance at workplace measurements” 2012).
The calibration thus essentially determines the reliability of the entire analytical
method.

Note:

In the past the terms calibration and gauging were often used synonymously. The
differences are described below, in order to show that official gauging does not play a
significant role in the context of workplace measurements. A definition of the term
official gauging can be found in the German 'Measurement and Official Gauging
Law' (Mess- und Eichgesetz [1]). Here it is stated that: “Gauging is each official or
officially required testing, assessment and labelling of a measurement device, in con-
nection with the permission to continue using the measurement device for its in-
tended purpose and under the appropriate conditions of use for a further period un-
til renewed official gauging is required.” Thus official gauging establishes whether a
measurement device or a measurement aid (e.g. so-called test or calibration weights)
stays within predefined error limits and whether it can be assumed that this will
remain the case throughout the entire period until renewed official gauging is re-
quired. Thus it becomes clear that an official gauging, e.g. of an atomic absorption
spectrometer, is practically impossible when this definition is applied.

Calibrations are carried out before the background of different investigations. As
part of the development of a measurement method, for example, a calibration of
the analytical basic procedure is carried out. In this case the concentration range, in
which there is a linear relationship between the concentration of the analyte and
the respective measurement signal, can be determined. The calculation of the scat-
ter of the measurement values around the calibration curve offers the possibility of
calculating analytical parameters such as the limit of detection (LOD) and the limit
of quantification (LOQ) [2].

Further aspects have to be considered in the case of a calibration that is to be
carried out for the purpose of evaluating samples, which have been taken as part of
a validated measurement method. The composition of the calibration solutions
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should then correspond to that of the respective samples as closely as possible. The
concentration range, for which the calibration is carried out, depends on the con-
centration range, over which the measurement method is expected to deliver un-
ambiguous results. Due to the fundamental importance of the calibration of mea-
surement devices for the determination of concentrations of hazardous substances
at workplaces a special chapter is dedicated to this subject. As a general rule mea-
suring institutions that perform workplace measurements must carry out their own
various calibrations and take any errors arising from them into consideration.

Note:

The employer, who carries out or commissioned workplace measurements, must
ensure or check the competency of the contracted measuring institution. A measuring
institution can establish its competency through the national accreditation body e.g.
by accreditation as stipulated in standard EN ISO/IEC 17025 [3]. An accreditation
gives rise to the presumption of the accuracy of the results obtained from workplace
measurements, according to § 7 Section 10 of the German Hazardous Substance Or-
dinance (Gefahrstoffverordnung) [4]. However, accreditation is not mandatory.
Competency can also be proven by other means such as by a quality management
system or by participation in round robin tests.

2 Traceability and reference materials

2.1 Traceability

Traceability is the property of a measurement result that can be traced back to
national or international measurement standards via an uninterrupted chain of cali-
brations [3]. This means that all links of the chain of calibration — from the current
test object to the legally defined basic reference quantity for the measurement para-
meter — have been documented in a traceable manner. The unbroken chain of
comparison measurements is also known as a traceability chain. In this manner
traceability serves the purpose of determining or ensuring the accuracy of measure-
ments. Measurements mainly consist of comparisons of an unknown quantity,
whose value is being sought, with a standard, whose value is regarded as being
known. Therefore, for instance the results from routine methods should be trace-
able to the results of reference methods, and these in turn should be verifiably
traceable to the results of definitive methods. Traceability is usually ascertained by
the use of certified reference materials.

Hence traceability is primarily a process, by which information can be retraced to
its source. It includes information required for result confirmation, such as detailed
specifications for the measurement method and the reference materials to be used
as well as all the various pertinent uncertainties. It should be noted that traceability
in quantitative chemical analysis (chemical metrology) is more difficult to achieve
than in physical metrology due to the complexity of the entire analytical process
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[5]. Chemical analyses require the comparison of important characteristics of the
sample with known characteristics of reference materials. This comparison can
either be carried out directly or indirectly with the help of devices that have been
calibrated using one or several accepted reference values.

Therefore, for instance, in the chemical analysis of a sample consisting of several
components several reference materials may be required if reference values are re-
quired at different concentrations for each component. On the other hand, the ma-
trix that contains the analytes can cause severe interference to the analytical results.
This shows that exact requirements and procedures (standard operating proce-
dures), which are necessary to ensure the traceability, can be very problematic.
Strictly speaking, perfect reproduction of accuracy in chemical analysis can only be
achieved with the help of very detailed standard operating procedures. Each proce-
dural instruction should be regarded as a fundamental component of the respective
analytical procedure and therefore become an integral part of an internationally
standardised method.

2.2 Reference materials

A reference material is a substance or an object, for which one or several properties

have been sufficiently well determined to enable validation of a measurement sys-

tem. Its composition should closely match that of the sample under investigation.
There are various types of reference materials, such as e.g. [6]:

¢ Certified reference material that is supplied and certified by a recognised orga-
nisation (in Germany e.g. certified reference materials are available from the
Physikalisch-Technische Bundesanstalt (PTB) [The National Metrology Insti-
tute of Germany]).

¢ External reference material that is provided from someone other than the user.

¢ Internal (in-house) reference material that has been produced by the users for
their own purposes.

Reference materials can be solid, liquid or gaseous substances. Their chemical and
physical properties are important for the accuracy and comparability of analytical
results. Likewise composition, homogeneity and stability of the reference materials
are of great relevance in chemical analyses. Reference materials are essential for
carrying out chemical analyses, as these are mainly based on comparative measure-
ments (relative procedure). In such procedures the measurement system generates
a signal, which must then be referenced to a known value (calibration). Reference
materials, whose measurement signals are equivalent to exact contents or concen-
trations, are necessary for this comparison.
Reference materials must be characterised in the following manner:

¢ Exact specification of the content of the analyte, including the confidence inter-
val.
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¢ Specification of the validated measurement procedure for conducting certifica-
tion.
¢ Information for the purpose of metrological traceability.

The manufacturer supplies a certificate that contains information on tested proper-
ties, their variations and on the certification procedure with each certified reference
material [5, 7, 8, 9]. Reference standards (e.g. gauged weights) [6] or reference ma-
terials [3] are preferably used for the validation of test procedures.

Reference materials for workplace air samples are not available in practice. Only
reference materials for individual substances or mineral substance mixtures with
certified metal contents are commercially available. In the case of the latter it is
essential to know which analytical procedure was used to obtain the measurement
values. Often, for example, the digestion procedures are not comparable with those
recommended for workplace measurements (see “Preliminary Remarks“, Vol. 9,
chapter “Sampling and determining aerosols and their chemical components®
2005). For this reason, the use of reference materials in workplace measurements
has only played a minor role to date.

3 Requirements for calibration standards

3.1 Quality of the chemicals for the preparation of calibration solutions

Chemicals to be used as starting materials for the preparation of calibration solu-
tions must fulfil the following requirements:

¢ Highest possible purity.
¢ Content information with associated uncertainty.
¢ Information on type and quantity of contaminants.

The quality (purity, concentration) of the substances used must be taken into con-
sideration when preparing calibration solutions. The following procedure is recom-
mended in this case.

The content information can be written as e.g. = 99%. In this case the user must
decide whether the content that deviates from 100% should be taken into considera-
tion when calculating the concentration of the calibration solution prepared from
this chemical. The manufacturers guarantee that for contents such as this the pro-
portion of the chemical exceeds 99% in each case. The error in the concentration of
the calibration solutions is so small that no correction is necessary. However, a cor-
rection of the concentration should be carried out when the content is less than
99%. The procedure must always be described in the documentation of the method.
In the case of chemicals, whose content differs markedly from 100% according to
the specification, an analysis certificate for the respective batch should be obtained
from the manufacturer so that the concentration can be calculated using the actual



204 Air Monitoring Methods

content. The uncertainty associated with content information is generally not stated
by the manufacturer.

Note:

Analysis certificates can be accessed online from some manufacturers when the
batch number is provided.

A calibration should always be checked by testing a control sample prepared sepa-
rately from the calibration solution. If a certified material is used in this investiga-
tion then the accuracy of the calibration can also be checked. As certified materials
are not available for all analytical investigations, only a limited check of the accu-
racy can be carried out. In order to at least carry out a plausibility check, a calibra-
tion can be checked with an independently prepared reference standard, which is
sourced from another preparation if possible.

3.2 Preparation of calibration standards

It should be ensured that the individual solutions and devices have reached the
appropriate temperatures, for which the devices used have been calibrated. Devia-
tions can lead to errors in volume measurements. Furthermore, calibration solu-
tions should contain the chemicals used in the preparation of the sample solution
in the same concentration or a concentration similar to that of the analytical sam-
ple. Preparation of the solutions must avoid contamination.

Calibration standards must be prepared from materials with known analyte con-
tent. Such materials can be e.g.:

¢ Pure substances (e.g. metals, solvents, derivatives).
¢ Solutions and substance mixtures.

Calibration stock solutions are initially prepared, from which the calibration stan-
dards are obtained by dilution. The calibration standards have to be checked for
stability under defined storage conditions.

3.3 Labelling and storage of calibration standards

Calibration standards must be stored in suitable containers taking the manufac-
turer/supplier’s instructions or other specifications into consideration. Calibration
stock solutions and calibration standards have to be labelled unambiguously and
stored separately from the samples. The label contents must provide information
on the type of analyte and its concentration as well as the date of preparation and
the period of use. The labelling of standards must also conform to TRGS 201 [10].
Exact instructions for handling calibration stock solutions and calibration standards
must be included in the standard operating procedures.
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The stability of calibration standards and calibration functions can be determined
with control standards that have been independently (separately) prepared. In this
case deviations must be within defined limits that have been derived from the cali-
bration curve, control charts or justified by empirical values. It is advisable to also
carry out a trend test [11] when checking the storage stability.

3.4 Preparation of dilutions

Calibration solutions that cover the working range of the analytical method are re-
quired for quantitative determinations. These are generally prepared by dilution of a
stock solution that contains the analyte in a known concentration. In the case of dilu-
tion series a differentiation must be made between the stepwise dilution, for which
each diluted solution is prepared by dilution of the previous step dilution (serial dilu-
tion), and those in which all the dilution steps are prepared directly from the starting
(stock) solution (parallel dilution). Vessels and working aids of known accuracy,
which may need to be calibrated if necessary, must be used for all working steps.

It is important to minimise errors when preparing stock and calibration solu-
tions. Therefore e.g. balances of sufficient accuracy (0.01 mg) and volumetric ves-
sels of the highest quality (class A) should be used. The pipettes used must be reg-
ularly checked [12], whereby the permissible tolerances are stated in ISO 8655 [13]
in the case of piston pipettes. Pipettes that do not meet the minimum requirements
listed in Table 1 should not be used. The specific data for a pipette can be found in
the manufacturer’s certificate. Requirements for tolerances for pipettes are stated in
ISO 648 [14] and those for volumetric flasks in ISO 1042 [15].

Table 1 Permitted tolerances for pipettes with frequently used volumes [13]

Nominal volume Error limits (+)
Accuracy Precision
[pL] [%] [pL] [%] (uL]
2 4 0.08 2 0.04
10 1.2 0.12 0.8 0.08
200 0.8 1.6 0.3 0.6
1000 0.8 8 0.3 3

1 The acceptable error limits with respect to the nominal volume apply to the entire usable volume
of the pipette. This means that e.g. the systematic measurement deviation for a piston pipette with
a usable range of 100 to1000 uL for each measured volume is not more than + 8 uL.

Serial dilution. If calibration solutions are prepared by serial dilution from the
stock solution, then a procedure with as little variation as possible and with the
greatest accuracy possible should be chosen when planning the dilution steps. The
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dilution error increases with the number of dilutions as well as with the magnitude
of the dilution step. Dilution factors of more than 1:100 per dilution step should
not be exceeded. In the case of very large dilutions from the stock solution it must
be checked whether the error is less if diluting in one or several steps. Even though
the total error of serial dilution is added according to the law of error propagation,
this can nevertheless be smaller than in a one-step dilution.

Parallel dilution. Parallel dilution with dilution factors much greater than 1:100
should only be carried out when e.g. interfering reactions due to the substances
used or evaporation can be anticipated. In cases such as these, the error in a one-
step dilution can be less than the errors caused by such possible interferences.

4 Calibration functions

4.1 Determination of the calibration functions

Prior to the quantitative determination of the content of analytical samples the re-
lationship between the content x (concentration) and the corresponding measure-
ment signal y must be determined. This is carried out using so-called calibration
functions y = fix). For this purpose a number of calibration standards are prepared,
which undergo multiple analysis.

When determining calibration functions, the following conditions should be
complied with [16]:

¢ The calibration points should be distributed at equidistant intervals over the
working range for the content x.

¢ The error for the content x must be small in comparison to the error of the
measurement signals y.

If the functional relationship is determined in the form of x =f{y), then this is the
so-called analytical function, which is inverse to the calibration function. This ana-
Iytical function is implemented in numerous analytical systems by the evaluation
algorithm. A distinction is made between first-, second-, third-degree etc. polyno-
mials in the calibration function, depending on the respective form of the relation-
ship y = flx). A calibration function (Equation (1)) of the type:

y=a+b-x (1)

is described as linear, i.e. a first-degree polynomial. However, if the type of the func-
tion (Equation (2)) is:

y=a+b-x+c.x>+.. )

then it is described as a higher degree polynomial for the calibration function. Here
a, b, ¢, etc. are the polynomial coefficients. The coefficient a is conventionally also
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called the absolute term or intercept. In the case of a first-degree polynomial, b is
known as the slope (gradient).

The quality of a calibration function can be assessed by the residual variance. In
this case the residual variance reduces with the increasing degree of the polynomial,
i.e. a greater accuracy of the degree of fit of the calibration function to the calibra-
tion points x,y on which it is based is produced. However, it should be pointed out
that it is not the highest possible, but only the required degree of the corresponding
polynomial that should be used for the determination of a calibration function. The
quality of the fit (residual variance) should be equivalent to the quality of the mea-
surement signals (reproducibility variance). Therefore experience has shown that a
first- or second-degree polynomial is completely adequate as a calibration function.

Calibration functions can often also be represented by a logarithmic function.
This particularly applies, if measurement ranges are very large. In contrast to the
calibration functions obtained with Equations (1) and (2), where the absolute error
of the measurement signals are largely constant, a constant relative error is found
in the measurement range. The calibration function is calculated as follows accord-
ing to Equation (3):

logy=loga+b-logx (3)

After taking the corresponding logarithm of the pairs of values (x, ), such a cali-
bration function can also be calculated by means of linear regression. It should be
noted that exponentiation can lead asymmetrical confidence intervals arising from
the results.

A further significant point to be considered when determining the calibration
function is the so-called origin (x =0, y = 0), i.e. the coordinate origin. The assump-
tion that the calibration function runs through this point (0,0) is only justified, if it
can be proven by an appropriate statistical test that the absolute term is not signifi-
cantly different from 0. For this purpose the quotient from the absolute term and
its standard deviation are calculated and compared with a previously stipulated test
parameter of the t-distribution [17]. If the determined quotient is less than the test
value, then a calibration function according to Equation (4), can be used as follows:

y=b.x (4)

4.2 Verification of the calibration by means of control charts

Analytical systems can change their response characteristics over the course of
time, e.g. through matrix effects, contamination of the working materials and age-
ing of the separation columns. This leads to systematic deviations or even to a
change in the fluctuation range of the analytical signal. In order to recognise the



208 Air Monitoring Methods

influence of these changes on the analytical results, measurements with reference
samples are carried out and recorded on quality control charts. The results of the
screening are presented in tabular as well as graphic form. Graphic presentation
enables early recognition of significant as well as slowly and continuously develop-
ing quality changes. An example of a graphic presentation is the Shewhart control
chart shown in Figure 1.

concentration
30 -} - - -
| |26 - | - . | ___
12} %)
= =
X X € €
ol |~ ; = =
4 & > =
3 = kS [
c €
c
< 9]
= o
| o b |- — -
 _ 3¢ 4 - - - e ——

sample or date

Figure 1 Shewhart chart (see Section 9.3.4 of the ‘General Introduction’, Chapter 9 ‘Quality
assurance’ 2000) with Z as the average and ¢ as the standard deviation of the measured values

The use of the Shewhart control chart is based on the assumption that the results
of the screening are normally distributed. In order to determine the limits the stan-
dard deviation and mean value of the pre-analytical period are calculated. The alert
limit, which is allowed to be exceeded once, has a distance of twice the standard
deviation from the mean value. The control limit, which when exceeded requires
immediate measures to be taken, has a distance of three times the standard devia-
tion from the mean value.

The following ‘out-of-control situations’, which require immediate action, must
be considered:

¢ A value outside the control limit.
¢ Two out of three consecutively recorded values outside the action limit.
¢ Seven consecutively recorded values to one side of the mean value line.
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¢ Seven consecutively recorded values with an ascending trend.
¢ Seven consecutively recorded values with a descending trend.

If several data points are close to the action limit, then action is required.

The cause for the ‘out-of-control situation’ must be investigated and rectified
prior to processing further samples. Only when control samples that fall within
alert limits have been recorded can further processing of real samples continue.
Further details on establishing, maintaining and evaluating control charts are de-
scribed in Section 9.3 of the ‘General Introduction’, Chapter 9 ‘Quality assurance’
2000 of this method collection.

The calibration should be checked prior to each sample series by analysing a con-
trol sample. The control sample, which is independently prepared from the calibra-
tion solution, contains the substances to be determined using the analytical method
or at least individual substances, which are representative for the substance groups
to be determined in the method in each case. The concentrations of the weighed-in
substances should lie within the working range prescribed by the valid limit or em-
pirical values. If an 'out-of-control situation’ occurs, then the measurement system
must be stopped and the cause for the deviation must be searched and eliminated.
Renewed release can only occur after the requirements of the control chart have
been fulfilled. The scatter of the results of these investigations of the measurement
system is included in the determination of the uncertainty.

Maintaining a control chart for the analytical device does not make much sense
for rarely performed investigations, as on the one hand the data pool is too small to
compile the distribution function and on the other the calibration is often not con-
sistent over the long intervening intervals. In this case the analytical device must be
calibrated anew in each case and the calibration must be checked with an indepen-
dently prepared control sample.

4.3 Blank value correction

The blank value corresponds to the measurement signal (measurement value) of a
sample without the analyte to be investigated being present in the sample. It repre-
sents the background of a measurement and in most cases contains several compo-
nents.

Blank value of the analytical device. In many cases an analytical device pro-
duces a signal even when no sample is present. This usually very small signal is
known as the device background or the blank value of the analytical device.

Method blank value. The measurement value of a blank sample that is subjected
to the complete measurement procedure, excluding sampling during the collection
phase, and that contains all the reagents described in the method — except the ana-
lyte to be determined — is known as a method blank value.
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Typical examples of methods influenced by blank values are the determination of
diesel engine emissions, aldehydes, inorganic acids, alkaline and alkaline earth hy-
droxides, cooling lubricants as well as phthalates. The blank values occurring in
these cases can arise from a variety of sources, e.g. from the collection medium as
well as from reagents, or due to transport or storage conditions. Blank values cause
systematic errors and must be subtracted from the sample measurement value be-
fore calculating the final result. This is known as blank value correction. The blank
value is preferably calculated from multiple determinations.

4.4 Calibration in the presence of matrix effects

The entirety of the concomitant substances in a sample solution is known as the
sample matrix, and the influences on the measurement signal arising from this are
called the matrix effect. Matrix effects are caused by the presence of associated ma-
terial in the analytical sample, which become more or less strongly enriched in the
sample during the measurement procedure — from sampling to sample preparation,
right up to analytical measurement — or can alter the physical properties of the
sample. Matrix effects can be of a chemical or physical nature.

Matrix effects can be compensated for by an appropriate course of action during
calibration. This includes e.g. the internal standard method and the standard addi-
tion method (see Section 6). In this manner e.g. the internal standard method can
be used. However, this method works only in the case of linear response character-
istics. In this instance the internal standard is a substance, whose behaviour in ana-
lytical devices is similar to that of the analyte to be determined.

The intensity ratio between the measurement signal of the analyte and that of the
added internal standard is consistently measured. If, for example, ionisation occurs
during determination by atomic spectrometry, the internal standard is influenced
to a similar extent, so that this results in compensation. Furthermore, different ato-
misation yields are compensated in the spectral source.

If different matrix effects cannot be compensated from one sample to the next,
even through the use of internal standards, then the standard addition method
should be applied [18].

4.5 Validity of calibrations

The validity of calibrations can be checked most simply by maintaining mean value
control charts (see Section 4.2). However, this procedure is only suitable for analy-
tical systems, which show a signal that is stable over time. This is the case with e.g.
photometers and gas chromatographs with flame ionisation detectors. In the case
of gas chromatographs with mass spectrometric detection calibration is generally
less stable over time than in gas chromatographs with flame ionisation detectors.
Therefore, these devices must be calibrated more frequently. Calibration each
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working day is necessary e.g. for atomic absorption and atomic emission spectro-
metry.

In order to facilitate decisions on measures to be taken and time intervals that
shall apply Document 71 SD 4 027 “Leitlinien und Beispiele fiir Uberwachungsfristen
von Priif-/Messmitteln fiir Laboratorien in den Bereichen Gesundheitlicher Ver-
braucherschutz, Agrarsektor, Chemie und Umwelt sowie Veterindrmedizin und Arz-
neimittel” (Guidelines and examples for monitoring test intervals and measurement
aids for laboratories in the fields of health consumer protection, agriculture, chem-
istry and the environment as well as veterinary medicine and pharmaceuticals) is-
sued by the National Accreditation Body for the Federal Republic of Germany
[Deutschen Akkreditierungsstelle] [19] can be consulted.

5 Calibration of measuring devices

All measuring devices, including devices for measuring ambient conditions that
have a significant influence on the measurement results must be calibrated before
being put into operation as stipulated in the requirements for the traceability of the
measurement results according to EN 17025 [3]. Measurement results are traced
back to the SI units by means of the calibration. The measuring devices include e.g.
balances, syringes, piston pipettes and their tips, burettes, dispensers as well as the
measurement systems used for checking relative humidity, temperature and atmo-
spheric pressure.

Information on the measuring devices, i.e. on the type of device, manufacturer,
serial and inventory number, the certificates and specifications of the manufacturer,
the dates of receipt and release as well as an internal identification, with which the
respective device is permanently labelled, should be recorded at a central location —
e.g. in a database. Measuring devices of the same type are organised in device
groups, for which clear rules for carrying out the respective tests are specified. After
the initial testing upon receipt, during which compliance with the required specifi-
cations is checked, a control chart can be established if necessary. Relevant instruc-
tions must be taken into consideration for this purpose [19]. The alert or control
limits can be adopted from empirical values, such as the control charts of similar
measurement systems. The deviation and scattering determined during the investi-
gations can be used for calculation of the uncertainty of the analytical result.

Balances must be calibrated in an accredited test laboratory at least every two
years. The calibration certificate, issued after testing is complete, states the uncer-
tainty at different test loads and the time period until the next test. Furthermore,
the balances have to be checked every working day with certified calibration
weights and the results recorded in the respective control chart. The calibration
weights are checked and certified at an accredited test laboratory at maximum in-
tervals of four years [19].

The conformity of volumetric measuring devices with pistons, such as piston pip-
ettes, direct displacement pipettes, piston burettes, dilutors or dispensers can be
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gravimetrically traced back to the mass [12]. The standard provides information
and specifications for carrying out the test, such as the duration and number of the
test cycles, the test liquid, the test volume, the necessary resolution of the balance
as well as the metrological conditions during the measurement. In the case of small
volumes this test can also be carried out photometrically [20].

Pressure, temperature or relative humidity measuring devices — if they have a
significant influence on the measurement result — must be calibrated at regular
intervals at an accredited test laboratory. The checked measurement range and the
uncertainty are recorded on the calibration certificate issued following the check.

6 Calibration of analytical methods

Adjustments of the sampling systems (pumps) and calibrations of the determina-
tion procedures must be carried out for the measurement procedures used for
workplace measurements.

The calibration of the measurement procedure has to be adapted to the respec-
tive task. Suitable calibration ranges must be specified, taking the sensitivity of the
analytical system and the available sampling system as well as normative require-
ments with regard to the concentration ranges to be monitored into consideration.

6.1 Pump adjustment

In the case of personal sampling the sampling pumps must fulfil the requirements
of standard ISO 13137 [21] for flow rates of up to 20 L/min. It is advisable to utilise
pumps as described in appendix C of this standard.

¢ The pump must be regularly checked, at least annually by recording the charac-
teristic curve of the pump.

¢ Pumps show a run-in behaviour. Therefore it is advisable to let pumps run for a
certain time (up to 30 min) until their volume output is constant before use.

¢ The pumps must be adjusted to the desired flow rate prior to each sampling.
The flow rate should be set according to the sampling system used — consisting
of the pump, sampling head and collection medium. It must be ensured that
the collection medium used for calibration originates from the same manufac-
turer's batch as the collection media used in the workplace measurements.

¢ Immediately before sampling, the flow rate of the sampling system used must
be determined.

¢ Immediately after sampling, the flow rate must be checked. Deviations greater
than + 5% with respect to the set flow rate are not acceptable. In this case it is
advisable to check the flow rate with the loaded sampling system.

¢ It is not permissible to use the pumps adjusted for one collection medium for
another collection medium under the assumption that the flow rate will be the
same. Adjustment must always be performed anew.
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The following measurement devices with external calibration can be used for the
adjustment of pumps:

¢ Thermal flow meters (mass flow meters)
¢ Rotameter flow meters

¢ Soap bubble flow meters

¢ Dry-piston flow meters

¢ Gas meters

It is advisable to calibrate these devices annually.

6.2 Calibration of measurement procedures

Analytical procedures require calibrations for:

¢ specification of the working range (concentration range) and for
¢ determination of the characteristics of the method.

The characteristics of the method must be determined according to the normative
requirements. In this case the important standards are EN 482 [23], EN 1076 [24],
EN 838 [25], EN 13890 [26], EN 13936 [27] as well as DIN 32645 [2].

6.2.1 Determination of the working range

The required minimum measurement range of a measurement method according
to EN 482 [23], in which the method should produce unambiguous results, is be-
tween a tenth and twice the limit value.

In order to determine the calibration range, the minimum measurement range as
well as the sensitivity of the analytical system must be taken into consideration.
Taking the sampling time, the flow rate during sampling and the sample prepara-
tion steps into account, it is possible to calculate which minimum concentration in
the measurement solution must be determined with certainty. The concentration
of the lowest calibration standard may not exceed this minimum concentration.
The calibration range established in this manner will be henceforth referred to as
the working calibration.

Note:

Experience has shown that the calibration range should not be greater than one to
two orders of magnitude and consist of at least five calibration points.

6.2.2 Limit of quantification

The limits of detection (LODs) and limits of quantification (LOQs) are important
characteristics for the evaluation of an analytical method. The scattering of the
measurement values of a calibration experiment can be used to determine them
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(calibration line method) [2]. The blank value method, which is also described in
DIN 32645 [2], using the scattering of the measurement values of a measurement
sample of very low concentration, which is analysed under repeatability conditions,
is not considered more closely here.

Starting at the lowest calibration concentration, calibration is performed over
one order of magnitude, whereby the calibration concentrations are distributed at
regular intervals from the lowest up to the highest concentration (equidistant). A
total of n=10 calibration solutions are tested — with duplicate determinations if
possible. The evaluation of the calibration data pair concentration vs. the measure-
ment signal is carried out according to Section 4.1. The calibration curve used must
be linear and free of outliers. Important test methods can be found e.g. in [28, 29].
The LOD is approximately a third of the LOQ.

6.2.3 Characteristics of the method from the working calibration

The following characteristics of the method are determined from the working cali-
bration as specified in Section 6.2.1:

¢ The standard deviation or coefficient of variation of the method.
¢ The confidence interval for the analytical results.

Calculation of the standard deviation or coefficient of variation of the meth-
od. The measure for the scattering of the measurement values around the line of
best fit is the residual standard deviation (see Equations (5) and (6)).

s, = || =) 5

with

5/,‘ =a—+ bx,‘ (6)

where

sy is the residual standard deviation

Vi are the measurement values of the calibration samplesi=1... N

Vi is a value calculated from the calibration function for the standard concen-
tration x;

N is the number of calibration concentrations

a,b  are the function coefficients
is the concentration of the calibration samples i=1 ... N
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The standard deviation of the method s, is calculated from the residual standard
deviation as a measure for the scattering of the concentrations around the line of
best fit using Equation (7) as follows:

Sy
x0 — 7
S$x0 b ( )

Finally, the coefficient of variation of the method V[, which is a relative measure
of the scattering based on the median value of the calibrated concentration range
(see Equation (8)), can be calculated. It is a value that is well suited for comparing
precisions of different analytical methods with one another.

s

Vio = =2 % 100 (8)
x

where

X is the mean value of the calibration concentrations

If the distribution of the calibration points is not equidistant when determining
the characteristics of the method, then determination of the characteristics of the
method is not possible.

6.2.4 Determination of the confidence interval for the analytical results

On the basis of the calibration data the range can be calculated, in which the analy-
tical result  lies for a measurement signal y with a given statistical certainty. This
range is known as a confidence interval.

According to Equations (9) and (10) the result of an investigation is then:

X+ VB(%) 9)

with

VB(E) = 510 % £ p X 1|+~ + (%) (10)
= Sx0 Lf.p M N Z(xl _ x)z

where

x is the concentration of a sample obtained from the analytical function

VB(x) is the confidence interval for the concentration X

5x0 is the standard deviation of the method

tp is the value in the table of the ¢-distribution with f=N — 2 and P =95%

(two-sided)

M is the number of the repeat measurements of a sample
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6.3 Calibration procedures

6.3.1 Standard addition

The standard addition procedure is aimed at minimising instrumental errors and
matrix effects — above all in the low concentration range [18]. This method is also
described as the spike addition method or spiking. This calibration procedure con-
sists of adding a defined amount of the analyte (standard) in pure form to the sam-
ple to be investigated and measuring the increase in the analytical signal (at least
three different concentrations).

This type of calibration is preferably used, in particular for unknown, complex or
frequently changing sample matrices. The prerequisites for using the standard addi-
tion method are a linear relationship between the concentration and the measure-
ment signal as well as a homogeneously divisible analytical sample. The sample is
divided into aliquots in the standard addition method. One aliquot is measured
without addition; different amounts of the analyte (standard) are added to the other
aliquots and these are also measured.

Figure 2 shows the graphic evaluation according to the standard addition meth-
od. The measurement points of a regression curve are calculated according to Sec-
tion 4.1. The intersection of this curve with the abscissa is equivalent to the concen-
tration of the non-spiked sample. This intersection is equivalent to the starting con-
centration of the analyte in the sample (as an amount). The advantage of the stan-
dard addition method, i.e. that matrix effects can be corrected, is counterbalanced
by an increase in the amount of work required and possible problems in exceeding
the linear range.

added standards
0,6 -

analytical signal

0,5

unknown sample
without added

0,3 4
standard

0,2
concentration
of unknown
sample

0,1

o)
r T T )

-15 -10 -5 0 5 10 15
concentration of added analyt mg/L

Figure 2 Example of a standard addition with five spiked quantities
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Note:

In order to establish whether a matrix effect is present, a single spiking of one aliquot
of the sample to be investigated can be carried out. The original sample and the
spiked sample are evaluated using an external calibration curve. A deviation be-
tween recovered (actual value) and calculated spiking (theoretical value) is an indi-
cation of the occurrence of a matrix effect. The standard addition method should be
used in the case of a proven matrix effect.

6.3.2 Calibration with external standards

Calibration using the external standard method is frequently used in similar ana-
lyses with similar or uniform samples. The reason for the popularity of this calibra-
tion procedure lies in its simplicity and, in some steps, its automatic applicability.
The composition of the solutions used for calibration should be equivalent to that
of the analytical solutions.

As two principally completely independent analytical steps are brought together
in the analysis, some requirements must be imposed on the method.

¢ All the analytical steps must be reproducible.
¢ The recovery must be known, taken into consideration and may not be subject
to any matrix effects.

Note:

In the case of gas chromatographic measurement procedures the use of solvents with
low boiling points should be avoided in this calibration type, as errors in volume can
occur due to evaporation.

If these conditions are satisfied, the calibration can be carried out by creation of the
calibration function as described in Section 4.1. At least five calibration solutions
are prepared for this purpose in concentration steps as equidistant as possible over
the designated working range of the method and measured in the same manner as
the sample solutions. The calibration function is obtained using the method of least
squares. The inversion of this function can be used as an analytical function for the
calculation of the substance concentrations in the sample solution.

When applying the external standard method, standard solutions must be regu-
larly analysed alongside the sample solutions, in order to control the stability of the
measurement system. Control charts have been successfully used in these cases
(see Section 4.2).

6.3.3 Calibration with internal standards

The calibration and evaluation according to the internal standard method is used in
order to avoid not only systematic errors, such as sample loss during preparation or
errors in volume dosing, but also random errors, such as measurement errors
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through fluctuating device parameters. For this purpose the internal standard must
ideally behave like the analyte for the entire analytical run, i.e. it should have prop-
erties chemically and physically similar to the analyte. Equation (11) below is pro-
posed for a linear analytical function to enable calibration and evaluation. The sig-
nal ratios of the analyte to the internal standard are plotted versus the concentra-
tion ratios of the analyte to the internal standard.

SA Ca

L _a+b L 11
Srs Crs (1)
where

S4  is the measurement signal of the analyte

Sis  is the measurement signal of the internal standard
¢,  is the concentration of the analyte

¢is  is the concentration of the internal standard

When selecting the internal standard, it must be ruled out that the internal stan-
dard is already present as a blank value or becomes enriched — in the same manner
as the analyte — during sampling. This can almost always be achieved with isotope-
labelled analytes, which are used as internal standards. They are ideal internal stan-
dards with regard to the chemical behaviour or the physico-chemical properties of
the substance. As the signals of the analytes and of the internal standard are regis-
tered simultaneously in the analytical determination, they do not influence one an-
other. The use of isotope-labelled analytes as internal standards is recommended in
analytical determination using mass spectrometric detection.

The internal standard should be added as early as possible to the calibration or
sample solution. It is advisable to ensure that the concentration of the internal stan-
dard in the calibration and sample solutions is the same. The addition of the inter-
nal standard when preparing the desorption solution has proved successful. The
calibration solution and the control solution are prepared alongside the desorption
solution for the maintenance of the control chart. The signal strength of the inter-
nal standard should also be recorded in the control chart. This allows timely detec-
tion of changes in the analytical system as well as changes in concentration of the
internal standard in the desorption solution (e.g. through evaporation of the solu-
tion). The concentration of the internal standard should be chosen, so that the an-
ticipated analytical signal is of approximately the same magnitude as that of the
internal standard.

In the case of thermal desorption the internal standard is added after condition-
ing of the adsorption tubes in the laboratory before sampling. For this purpose, e.g.
in the case of Tenax TA as an adsorption material, a few microlitres of a methanolic
solution of the internal standard are dosed onto the glass wool plug above the sor-
bent and then nitrogen is passed through the tube for 10 minutes at a flow rate of
approx. 50 mL/min to evaporate the methanol. Collection tubes prepared in this
manner are used for sampling or calibration. For the purpose of calibration, for
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example, the solution of the calibration mixture (a few pL) is applied to a prepared
tube.

The collection tubes can also be loaded with a test gas.
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