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SUMMARY
Definitions

of

metrology,

chemometrics

and

quality

assurance,

applications of these disciplines in analytical chemistry and their interactions
are discussed.

It is shown that a richness of the content of analytical
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chemistry, as a science and also as a service, is continuously increased by
development of such interdisciplinary connections.
K e y w o r d s : Metrology, Chemometrics, Quality Assurance,

Analytical

Chemistry, Analytical Service

INTRODUCTION
The ongoing development of instrumentation capable of providing fast
and complex analyses prompts users of analytical data to expect accurate
results more rapidly and at a lower cost /1 /. On the other hand, it is known
how such results obtained in different laboratories can be distributed. The
increasing globalization of trade and a growing interdependence among
countries on social issues, for example environmental pollution, illustrate the
need for analytical data that are internationally comparable 121. Therefore,
modern analytical chemistry (as a science) and analytical service (as an
information measuring system /3/) are characterized by an intensive use of
concepts and methods of such general disciplines as metrology, mathematics
and quality assurance /4/.
During the last 30-35 years two new fields of scholarship - chemical
metrology and chemometrics - were formed as a result of interaction of
metrology and mathematics with chemistry. The rate of their development led
to a lack of understanding, by a part of analytical community, of what is
different between metrology, chemometrics and quality assurance and what
can be really achieved in analytical chemistry by using each of them.
Moreover, up till now one can hear, for example, how people muddle
metrology with meteorology (the science dealing with weather and climate)
and metallurgy (the science of metals and alloys) or even think, that
metrology is the science of the "metro" (shortened from "metropolitan
railway").
For these reasons the definitions and applications of chemical metrology,
chemometrics and quality assurance in analytical chemistry are discussed in
the present paper briefly and precisely as far as possible.
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CHEMICAL METROLOGY
According to the International Vocabulary 151 metrology

is the science of

measurement, which includes all aspects both theoretical and practical with
reference to measurements, whatever their uncertainty, and in whatever fields
of science or technology they occur. Naturally, chemistry can be considered
as one of these fields, and quantitative analysis - as a measuring process.
The main concept in metrology is traceabilily:

the property of the result

of a measurement or the value of a (measurement) standard whereby it can be
related to stated reference, usually national or international standards, through
an

unbroken

chain

of

comparisons

(calibrations)

all

having

stated

uncertainties. The concept is often expressed by the adjective "traceable",
and the unbroken chain of comparisons or calibrations is called a "traceability
chain" 15,61.
Calibration

is the set of operations that establishes, under specified

conditions, the relationship between values of quantities indicated by a
measuring instrument or measuring system, or values represented by a
material measure or a reference material, and the corresponding values
realized by (measurement) standards /5,6/.
Reference

material

(RM) is the material or substance one or more of

whose property values are sufficiently homogeneous and well established to
be used for the calibration of an apparatus, the assessment of a measurement
method, or for assigning values to materials 111.
Finally, uncertainty,

mentioned in the definition of traceability above, is

the parameter associated with the result of a measurement that characterizes
the dispersion of the values that could reasonably be attributed to the
measurand (analyte). The parameter may be, for example, a standard
deviation (or a given multiple of it, or the half-width of an interval having a
stated level of confidence). It is clear that the result of the measurement is the
best estimate of the value of the measurand, and that all components of
uncertainty contribute to the dispersion /8,9/.
The history of evolution of metrological

conceptions

in

analytical

chemistry is fairly long (see, for example, /10-15/). Note only, that the first
course of metrology for chemistry students began at the Department of
Chemical Metrology organized by N.P. Kornar, University of Kharkov,
Ukraine (former USSR), in 1967 /16/. It is important that, in spite of the
understanding that quantitative analysis is a measuring process, the direct
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application of "classical" metrology in analytical chemistry had a limited
success /15/.
The

20 lh

General

Conference

of

Weights

and

Measures

(highest

metrological forum of 47 countries signed since 1875 - during the last 125
years - the International Meter Convention) summarized

in 1995 that

formidable difficulties exist in establishing international traceability for
measurements in chemistry. The Conference welcomed the organization of a
Consultative Committee for Amount of Substance in 1993 /17/ and invited
national metrological

laboratories, together with other expert

national,

regional and international organizations, to bring together specialists in
chemical measurement to collaborate with the Committee in establishing
world-wide traceability for measurements in chemistry at their highest level
/18,19/.
Practically

simultaneously,

also

in

1993,

the

Co-operation

on

International Traceability in Analytical Chemistry (CITAC) was formed at
the Pittsburgh Conference with the following aims: 1) to establish fitness for
purpose

in

chemical

measurement,

2)

to

improve

comparability

of

measurements made in different laboratories in different countries, and 3) to
achieve the first and the second by establishing traceability to recognized
reference materials/methods and where appropriate to SI (the International
System of units) /] ,20,21/. So, 1993 can be considered as the year of the
official worldwide recognition of chemical metrology.
Traceability principles in chemical analysis formulated in recent years
122-251 are based on the nature of chemical measurements. The SI unit of
amount of substance, the mole, is not yet widely used in these measurements
/26/. They are dependent on the composition and constitution of the material
(its matrix) and classified in 1221 as
1) measurements that can be expressed as a mole/mole ratio (according to a
stoichiometric reaction of substance A with substance Β 1211),
2) measurements that can be expressed as a mole/kilogram or mole/liter ratio
(of a described substance A in an unspecified substance B),
3) measurements that can only be expressed as kilogram/kilogram

or

kilogram/liter (both A and Β are unspecified, for example particles in air),
and
4) measurements that are described directly in terms of multiples of the
kilogram, the liter, or the mole.
All the measurements (and their results) are expressed in a combination of
basic and derived SI units 151. However, the traceability chain for chemical
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m e a s u r e m e n t s is m u c h more complicated than that usually represented b y the
classical m e a s u r e m e n t pyramid. Such a pyramid provides for the SI unit ( f o r
example,

the

international

prototype

kilogram)

at

its

top,

m e a s u r e m e n t standards (maintained in national metrological

national

institutes

-

N M I s ) at the first level, secondary standards (in calibration laboratories) at
the second

level and so on, according to the increasing

measurement

uncertainty f r o m the t o p to the bottom of the p y r a m i d . A n y analytical service
laboratory m u s t seek for a reference laboratory (possibly N M I ) that is c a p a b l e
of providing m e a s u r e m e n t links of the adequate uncertainty and that provides
the direct bond to the SI. The reference laboratory can in its turn c h o o s e the
traceability quality that it wishes to maintain, with the responsibility

of

fulfilling the c o m p e t e n c e requirements 1221.
T h e practical realization of the traceability of chemical m e a s u r e m e n t s /28/
is " l e a n i n g on the three whales", i.e., it consists o f 1) d e v e l o p m e n t o f
reference

materials

measurement
measurement

and

primary

analytical

standards, 2) validation
(analysis)

uncertainty,

methods

and

of the m e t h o d s
3)

their

and

interlaboratory

use

as

quantifying
international

comparisons of the m e a s u r e m e n t results.

Reference Materials and Primary Methods
Reference materials ( R M s ) have been described since the b e g i n n i n g of
the 20 t h century (see, for example, b o o k s /14,29,30/). T h e r e are p u r e and
matrix reference materials. Pure substance R M s are used for calibration and
evaluation of its uncertainty. The purity of the R M s is established b y the
direct m e a s u r e m e n t of the a m o u n t of the m a i n ingredient; by m e a s u r e m e n t of
all possible impurities and their deduction f r o m 100%; or by such m e t h o d s as
differential scanning calorimetry which provides a direct m e a s u r e o f the
impurities

concentration.

The traceability

of the purity

certification

is

established by describing the traceability of the contributory m e a s u r e m e n t s
/28/.
Matrix R M s are required, as a rule, to validate a m e a s u r e m e n t or m e t h o d
/31, 32/. T h e y must be adequate: match the sample under analysis c o n c e r n i n g
its matrix, concentration and chemical f o r m of the analyte. The R M s are
prepared by gravimetric mixing the c o m p o n e n t s or by characterizing the
analyte a m o u n t in normal production or naturally occurring material. The
f o r m e r provides a more ready route to traceability, but such materials c a n n o t
be sufficiently close to the real samples. Certification of natural or production
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materials by interlaboratory consensus values leaves open the question
concerning traceability, or how the certified value agrees with the true value.
The establishment of traceability of the certified value to SI requires the use
of primary methods of measurement 125, 28/.
Primary methods tie the realization of a SI unit to its definition, or in
other words, the value of a primary measurement standard of a physical
quantity is determined using a primary method. This is the usual application
of a primary method in metrology in general, at the top of the traceability
chain, which is true also for chemical analysis /33/. According to the
definition given by the Consultative Committee for Amount of Substance
/34/, a primary

method of chemical measurement is a method having the

highest metrological qualities, whose operation is completely described and
understood, for which a complete uncertainty statement can be written in
terms of SI units, and whose results are, therefore, accepted without reference
to a standard of the quantity being measured. Gravimetry,

titrimetry,

coulometry, and isotope dilution mass spectrometry are evaluated with regard
to their potential to be the primary methods. Also optical

absorption

spectrometric method and methods based on colligative properties are
considered /33/. Naturally, when students practice these methods, the results
do not show the "highest metrological quality" /35/. So, realization of this
definition should be done very carefully.

Validation and Uncertainty
Method validation
consideration

has

is the procedure of confirming that the method under
performance

capabilities

consistent

with

what

the

application requires /36, 37/. Validation of analytical methods is based on a
series of experiments in order to establish the method selectivity, sensitivity,
repeatability, reproducibility, linearity of calibration, detection limit, limit of
quantitation, and robustness /38-42/. Recovery information is also important
for many analytical methods /43/.
Guidelines for validation of pharmaceutical methods have been published
by the USA Food and Drug Administration /44/, of methods used in
agriculture, food chemistry and related fields - by the Association of Official
Analytical Chemists (AOAC) International /45/; more general guidelines can
be found in /37/. Use of statistics for these purposes is described in the book
/46/. For examples of the method validation according to the AOAC
Peer-Verified Methods Program, see the publications /47-50/.
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The task of the analyst inherently includes evaluation of a m e a s u r e m e n t
uncertainty as the degree of reliability of the m e a s u r e m e n t result /51 /. The
evaluation of uncertainty is neither a routine task nor a purely m a t h e m a t i c a l
one and depends on detailed k n o w l e d g e of the nature of the analyte and of
the m e a s u r e m e n t (analysis) procedure 191. The first step of the evaluation is to
identify the possible sources of uncertainty. The next one is to m a k e an
approximate assessment of the contribution size f r o m each source, expressed
as a standard deviation (uncertainty c o m p o n e n t ) /52Λ The c o m b i n e d standard
uncertainty of the result of measurement is obtained by c o m b i n i n g

the

individual c o m p o n e n t s using their n u m b e r s of degrees of f r e e d o m and normal
or other distribution 1531. When reporting the result of an analysis, it is
r e c o m m e n d e d that the expanded uncertainty be given. This is obtained by
multiplying the standard

uncertainty

by a coverage factor ( f o r

normal

distribution the factor is 2) /52/. If total uncertainty evaluation is possible by
a theoretical analysis, with "pen and paper" only, the design of e x p e r i m e n t
for the method validation can be based on the calculated uncertainty values
and prediction of the validation parameters /54, 55/. On the other hand, by
planning

validation

experiment

with

uncertainty

estimation

in

mind,

uncertainty budget is obtained f r o m the validation data 1561. The problem is,
to what extent can an uncertainty calculation be general 1511.

Interlaboratory Comparisons
Interlaboratory comparisons are conducted for a n u m b e r of purposes:
a) to determine the p e r f o r m a n c e of individual laboratories for specific tests or
m e a s u r e m e n t s (proficiency testing), b) to identify p r o b l e m s in laboratories,
c)

to

establish

measurement

the

effectiveness

methods

(method

and

comparability

validation),

d)

to

of

new

provide

test

or

additional

c o n f i d e n c e to laboratory clients, e) to identify interlaboratory differences,
f) to determine the p e r f o r m a n c e characteristics of a method (collaborative
trials), and g) to assign values to R M s /58, 59/. International interlaboratory
comparisons (intercomparisons) are organized by the Institute for Reference
Materials and M e a s u r e m e n t s according to the International

Measurement

Evaluation Program - I M E P (trace elements in water and h u m a n serum, toxic
elements in polyethylene, etc.) /60-62/, by the Institute for Interlaboratory
Studies (for petroleum and petrochemical laboratories, etc.) /63/, by the
European S c h e m e of the International Laboratory P e r f o r m a n c e Studies for

223

Metrology, Chemometrics and Quality Assurance

Vol. 19, Nos. 3-4, 2000

marine environmental monitoring /64/ and others. Statistical treatment of the
comparison data is discussed in /65/.
High-level intercomparisons are now carried out by national chemical
metrology laboratories in order to evaluate primary methods as a possible
mechanism for establishing traceability to the SI /66/. As a result of
multilateral recognition arrangements between NMls made under the aegis of
the BIPM (Bureau International des Poids et Mesures), NMIs will participate
in key comparisons

of the Consultative Committee on Amount of Substance

at BIPM and /or in other comparisons organized by regional metrological
organizations, such as EUROMET in Europe, NORAMET in North America,
SIM in South Africa, APMP in Asia 1611 and MENAMET in the Middle East
and North Africa region.

CHEMOMETRICS
Application of the metrological

conceptions allows to achieve the

confidence and reliability of analytical results. However, each analyst is
interested

in minimum expenses for this aim. That is possible

when

maximum information is derived from the measurement data /4/. This
problem is decided by the chemometric methods.
Chemometrics

is often defined as the use of mathematical tools to extract

information from chemical data. The first course of chemometrics for
students was begun by B.R. Kowalski at the University of Washington, USA,
in 1974. The first book on the subject, Chemometrics

was published in 1986

/68/.
Development

of

chemometrics

is

similar

to

the

development

of

biometrics, mathematical physics, mathematical geology or mathematical
logic /4/. On the other hand, mathematical methods were used in chemistry
much

earlier

than

the

chemometrics

was

formulated.

For

example,

corresponding student text-books in 1960-1970 in former USSR were the
following/69-71/.

Classical Chemometrics
Historically,
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in the
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of
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a) mathematical design of experiment and optimization

Chemistry

(mathematical

modeling of chemical or physical properties of materials; adjustment of
system parameters for optimal performance of an analytical method),
b) signal resolution and multivariate calibration (for example the theory /72/
to model the measurement uncertainty in multicomponent analysis and
show the conditions where wavelength selection is absolutely essential, or
factor analysis for calibration based on calculating net analyte signal
through an orthogonal projector to an orthogonal space ΙΊ2Ι),
c) pattern recognition, classification and image analysis (developing a
classifier from spectral or chromatographic data for source identification,
detection of odors, presence or absence of disease in an animal or person
from which the sample was taken and so on), and
d) artificial intelligence (expert networks or systems to automate a routine
analysis) /73/.

Process Chemometrics
A new application, named "process chemometrics",

seeks to provide

additional insights into the chemical process data through
a) process modeling (concerned with integrating multiple process data
sources to assess the status, or "health" of the process),
b) process

monitoring

process-relevant

(directed

parameters

toward
through

elucidating

some

measurements,

for

particular
example,

fiber-optic Raman spectroscopic measurements for analysis of fuels for
pump octane number, motor octane number, research octane number, and
Reid vapor pressure /74/),
c) process control (model-based control strategies, especially for nonlinear
processes, for example, pH neutralization process /75/),
d) neural networks (process classifiers), and
e) wavelets (signal compression and denoising) ΙΊ6Ι.
During the last few years a large number of review articles and books
have been written on applications of chemometric methods to various areas
of chemistry /73/.
Naturally, chemometrics and metrology have a partial overlapping (for
example, in analysis of the analytical instrument calibration data, evaluation
of measurement uncertainty, or in design of experiment for the method
validation), but they are different disciplines. Both of them are used in quality
assurance.
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QUALITY ASSURANCE
Quality assurance

in analytical chemistry is a system of activities with the

purpose of providing, at a stated level of confidence, the producers and users
of an analytical result with the assurance that it meets defined standards of
quality 111, 78/.

Quality in Testing Laboratories
Most important standards of quality for analytical (testing) laboratory are
formulated today in the C I T A C Guide /79/ and in the ISO (International
Organization for Standardization) d o c u m e n t 17025 "General

Requirements

for the C o m p e t e n c e of Testing and Calibration Laboratories" /80/. All the
requirements

are divided

into two

groups:

management

and

technical

requirements.
Management

requirements

relate

to

organization

and

management;

quality system; document control; request, tender and contract

review;

sub-contracting of tests and calibrations, purchasing services and supplies;
service to the client; complaints; control of n o n c o n f o r m i n g testing and/or
calibration work; corrective and preventive actions; records; internal audits,
and m a n a g e m e n t reviews.
Technical

requirements

determine

the

factors

which

influence

the

correctness and reliability of the analyses performed by a laboratory and
assure their quality. These factors include contributions f r o m /80/: personnel;
a c c o m m o d a t i o n and environmental conditions; test and calibration methods
including

sampling

and

method

validation;

equipment;

measurement

traceability; sampling, handling and transportation of samples; as well as
reporting the results.
R e c o m m e n d a t i o n s as to how the requirements can be fulfilled, i.e.,
r e c o m m e n d a t i o n s for successful m a n a g e m e n t of the analytical laboratory,
one can find, for example, in books /81-83/.
If an analytical laboratory complies with the requirements of ISO 17025,
its quality system for testing activities also meets the requirements of the
standard ISO 9001 /84/ on the design or development of new methods, and of
the standard ISO 9002 /85/ on the use of standardized analytical methods.
The compliance is checked during the laboratory accreditation.
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Laboratory

accreditation

is a formal recognition of the laboratory's

competence to perform specific tests or types of tests according to the
standards of quality /86, 87/.

Quality in Analytical Research and Development
During the last 3-4 years there has been ever-increasing interest in the
development of a strategy for applying quality management systems in
research and development (R&D) activities in analytical research laboratories
or institutions /88/. The interest is explained by the fact that the value of
R&D strongly depends on the confidence that the customer can have in the
outcome. Therefore, an internationally structured, harmonized, and generally
accepted quality assurance system is necessary not only for routine analyses,
but also for R&D in general /89/.
It is widely accepted that non-routine work does not fit easily into a
highly documented and formalized quality system. For this reason the
corresponding guide /90/ is directed towards best practice rather than
compliance with the international standards /80, 84,85/. However, the guide
/90/ also includes such technical quality elements as calibration

and

traceability (metrology), and use of statistics (chemometrics).
At the completion of the present review, note that the international journal
Accreditation

and Quality Assurance,

multiply cited above, was founded at

Springer-Verlag in 1996. It is a journal specializing in the topics of quality,
metrology, comparability and reliability in chemical measurements. There is
no doubt that these topics are important today, and will be even more
important in the near future.

CONCLUSION
Analytical chemistry (a science and a service) is continuously enriched by
interdisciplinary

interaction

with

metrology, chemometrics

and

quality

assurance, shown schematically in Fig. 1. Naturally, the scheme corresponds
to the analytical point of view. A specialist in quality assurance will say that
analytical chemistry is only a small part of the applications of its science
which should be represented on the scheme by the biggest ellipse. A
metrologist will say the same about metrology, and so will a chemometrist

227

Vol. 19, Νos. 3-4, 2000

Metrology, Chemometrics and Quality Assurance

Chemometrics

Metrology

Fig. 1:

Interaction of analytical chemistry with quality assurance, metrology
and chemometrics.

about chemometrics, who will also be right. So, it is the dialectics of the
development both of analytical chemistry and the interacted disciplines.
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