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SUMMARY

Metrology in general and issues such as traceability and measurement uncertainty in particular
are new to most analytical chemists and many remain to be convinced of their value. There is
a danger of the cultural gap between metrologists and analytical chemists widening with
unhelpful consequences and it is important that greater collaboration and cross-fertilisation is
encouraged. This paper discusses some of the similarities and differences in the approaches
adopted by metrologists and analytical chemists and indicates how these approaches can be
combined to establish a unique metrology of chemical measurement which could be accepted
by both cultures.

INTRODUCTION

Metrology in general and issues such as traceability and measurement uncertainty in particular
are new to most analytical chemists and many of those who have been exposed to the
concepts remain to be convinced of their value. Some are highly sceptical or even
antagonistic. The gap in thinking between metrologists and analytical chemists (there are not
many people who consider themselves both) is partly due to misunderstandings, partly due to
use of different concepts and partly due to differences in terminology. There is a danger of
the cultural gap widening with unhelpful consequences and it is important that greater
collaboration and cross fertilisation is encouraged. There is also a need for a promotional
programme to sell metrological ideas to chemists and to involve more analytical chemists in
metrology work.

The science of measurement, called metrology, has been largely developed by physicists and
applied to physical measurements such as mass, length or time. Metrologists are trained in
different university (physics) departments, work in different national standards laboratories or
calibration laboratories, read different technical journals and serve different customers to
those encountered by most analytical chemists. This all leads to different ways of thinking
and not an insignificant amount of rivalry.

As a chemist who has come to metrology relatively late in life I have to admit to being a
convert. Metrology clearly applies to chemical measurements just as it does to all other types
of measurements. It offers concepts, disciplined strategies and systems which help ensure that
measurements are traceable to a firm reference point, preferably the international system of
units, SI. The problem is that whilst in many ways chemical measurements are like physical
measurements in other respects they are fundamentally different. As a result it is not entirely
clear how to develop traceability in chemistry but recent work gives reason to hope that the
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fog is clearing1. Thus at best the present situation can be described as under development.
We can not yet claim to have completed the design of a chemical measurement system let
alone put it in place but there is an emerging consensus, in some circles at least, about the key
issues. A skeletal framework is in the making and some of the building blocks are nearing
completion. Recent progress has been made by groups of chemical converts to metrology and
physicists who have cultivated an interest in chemical measurement. This progress has been
underpinned by developments in the broader fields of analytical chemistry and quality
assurance. We need to sell the ideas to the wider chemical community but it is a bit like
trying to sell a partly built house in a muddy field. It does not look very attractive. None the
less that is what must be done because we need strong input from the chemical community to
complete the house.

Some of the sentiments expressed by analytical chemists include: "chemistry is far. too
complicated to fit into the straight jacket of (physical) metrology", "metrology is not
concerned with the real world and only applies to model systems or situations where
resources are unlimited"; "metrology is an attempt by physicists to take over chemical
standards work".

We need to build bridges between the two cultures so that we can construct a system of
metrology which addresses the real problems of analytical chemistry and provides the support
that those working in routine analytical laboratories need at a price they can afford.

This paper discusses some of the similarities and differences and indicates how metrology and
analytical chemistry can be combined to establish a unique metrology of chemical
measurement which could be accepted by both cultures. There is a second potential cultural
divide, namely between laboratory scientists and enthusiasts of quality systems. The debate
concerning the relative contributions to quality of science, people issues and systems is
important but is only peripheral to the topic of this paper2.

WHY IS METROLOGY OF CHEMICAL MEASUREMENT A NEW ISSUE?

Metrology has existed for at least 100 years but with a few exceptions it is only during the last
5-10 years that it has been linked with chemistry. Physicists have been preoccupied with
physics and either not aware of on interested in the problems of chemistry.

On the other side analytical chemists have for over 150 years been making measurements and
have developed their own concepts, terminology and systems, many of which are essentially
the same or equivalent to those used by metrologists. To build bridges it is necessary to
explore the differences and the similarities. The two approaches are compared in Table 1.
The foundations of chemical measurement were laid by 19th century scientists who
established the principles of chemical stoichiometry leading to atomic and molecular masses.
Even early descriptions of the mole recognised the particulate nature of matter and provided a
link between atomic and molecular entities and a macro measure which can be determined by
mass measurement. Gravimetric, volumetric and electrochemical techniques provided early
chemists with tools for measuring the amounts of specific substances in matrices ranging from
pure chemicals to complex mixtures such as minerals or metallic alloys. By a combination of
physical separation and selective chemical reactions it was possible to detect, identify and
measure specific substances in a mixture. The concept of the mole, atomic weights and
chemical stoichiometry were everyday tools of the analytical chemist. Primary standard
substances such as sodium carbonate were used to calibrate the process3. High levels of
accuracy were achievable and the measurement systems were capable of providing data of



sufficient quality to serve the needs of science and industry. This satisfactory situation
continued until the 1960s when the world became a much more complex place. It is also
worth noting that there is nothing in the above description that is incompatible with the
metrological approach.

TABLE 1 Comparison of Analytical Chemists' and Metrologists' Approach to
Measurement

Traditional AC Approach
Standard Method
Precision
Comparability
Fitness for purpose
Recognises importance of
• Identification
• Sample prep/separation
• Measurement

Metrology Approach
Traceable link to reference
Uncertainty
Traceability
Excellence
Recognises importance of
• -
• -
• Measurement

Since the second world war, there has been an accelerating development of an array of new
measurement techniques based on chromatographic separation, spectrometry and now
biosciences. It is now possible, for example, to detect single atoms and routinely measure
trace constituents down to 1 part in 1012. Complex analytes such as dioxins, which have
many isomers differing little one from another, can be separated, identified and measured at
very low levels and all this can be performed on a variety of matrices such as vegetation of fly
ash.

Much of modern chemical measurement is concerned with trace analysis at levels that were
unthinkable a few decades ago. This development has been driven partly by new
measurement technology and partly by the needs of society, ranging from the need to support
high technology industries to underpinning environmental concerns, food safety and forensic
work. Whilst the new techniques offer wonderful possibilities there are many complicating
factors which are often not fully taken into account. These include sample homogeneity and
stability, contamination and chemical or spectroscopic interferences. As a result errors in
excess of one and sometimes two order of magnitude are not uncommon. This problem took
some time to be appreciated4 and it was not until the mid to late 1980s that it was seriously
addressed5'6.

Quality problems come in many forms ranging from inadequate training, to poor science and
simple human error such as data transcription errors. A good deal of attention is now being
given to these issues which are encapsulated in the Valid Analytical Measurement Principles
developed in the UK7 and summarised in Table 2. A great deal of work is in progress in many
parts of the world with different groups giving different levels of emphasis to different issues.
For example, some people place emphasis on training whilst others are primarily concerned
with quality systems and accreditation. A small but growing international group
(EURACHEM, EUROMET, CITAC, CCQM, IUPAC, ISO) see the heart of quality
improvement as being metrological issues such as traceability and measurement uncertainty.
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TABLE 2 Valid Analytical Measurement Principles

Work to an agreed customer requirement
Use validated methods and equipment
Use qualified and competent staff
Participate in independent assessment of technical performance
(proficiency testing)
Ensure comparability with measurements made in other
laboratories (traceability and measurement uncertainty)
Use well defined QC and QA practices

Thus in summary the late start on metrology of chemical measurement can be attributed to the
following: lack of interaction between physicists and chemists; the existence of a chemical
measurement system which served the needs of chemistry well until recent years. A third
reason can be added, namely it is not easy to apply the full rigour of metrological principles to
chemistry and some of the quality issues of chemical measurement could be considered to lie
outside the field of metrology.

RECENT DEVELOPMENTS

The feasibility of establishing a metrology system to underpin chemical measurement is under
investigation by a number of international networking groups such as EURACHEM
EUROMET, CITAC, CCQM, ISO, IUPAC and AOAC International. These activities are
supported by input from government laboratories, academe and industry and projects ranging
from research into new methods and reference materials to interlaboratory studies,
conferences, workshops, papers and guides are in progress. A number of countries (UK,
USA, Canada, Mexico, Germany, The Netherlands, France, Italy, Sweden, Russia, Japan,
Korea and Australia are known to the author) have or are building up robust chemical
metrology programmes. The Commission of the European Community through its Joint
Research Centre and Framework Programme is also keenly interested in such work.
Although there is much to do, good progress is being made. Some examples of significant
developments are summarised below.

EURACHEM

• Traceability Workshop 1992
• Measurement Uncertainty Guide
• Strategy papers for the Commission of the European Community

CITAC

• Directory of reference materials in the pipe line
• Directory of chemical metrology activities worldwide
• Definition of criteria for establishing traceability to the mole
• Working level interlaboratory comparisons



CCQM

• Definition of primary method of measurement and studies of the potential of
selected methods such as IDMS, gravimetry, etc

• Interlaboratory studies concerned with gas, trace elements and trace organic
analysis

This work has led to a growing number of papers on the subject1'6'8"1 and a growing
conference activity. The Analyst, for example, has published two papers discussing
traceability in 1996 which could be a first for that journal and at the Pittsburgh Conference in
Chicago in March 1996 there were at least three sessions concerned with traceability. In
1995 in New Orleans there was just one session led by CITAC. Traceability is also one of the
core interests of the new journal, "Accreditation and Quality Assurance" published by
Springer. This all adds up to something of an explosion of interest and rapid progress can be
expected.

Authors have approached the issue of traceability from different perspectives and constructed
apparently different models. It is this author's view that none of the models published to date
offer a comprehensive description but each provides an element of a framework within which
the debate can be conducted and an international chemical measurement system constructed.
The fact that different authors use different similes and place emphasis on different issues
enriches rather than impoverishes the overall description. This author has written and
lectured on the traceability of chemical measurements for six years and in a recent paper1 has
attempted to build on the work of others and describe an international chemical measurement
system. That paper, written primarily for analytical chemists, discusses the relevance of the
concept of traceability to trace analysis and reviews developments leading to a conceptual
model for analytical chemistry. It also reports some recent work concerned with reference
measurements and considers future needs.

STANDARD METHODS AND TRACEABILITY

Analytical chemists have traditionally defined their measurements in terms of the method
used. It has been implicitly and sometimes explicitly recognised that systematic biases occur
which are difficult to estimate and as a result a pragmatic approach has been taken. Providing
the method essentially measures only the substance of interest, and providing everyone uses
exactly the same method then it is possible to obtain comparable data which is "fit for
purpose", that is, adequate for decision making. Such methods provide a means of studying
changes with time or of correlating results with other parameters such as functionality or
hazard. Methods are validated with regard to performance characteristics such as specificity,
limit of detection, and ruggedness. This approach when carried out in a rigorous manner
approximates to the metrological requirement. However, measurement uncertainty is not
normally fully evaluated, particularly with regard to systematic effects and also, the processes
within the method are not normally fully understood in metrological terms.

The process of method validation is often carried out by interlaboratory study which
comprehensively covers random effects but only covers some systematic effects related to
factors such as incomplete extraction, matrix interferences, sample contamination from
reagents, and reference material purity. One of the best known and respected international
analytical chemistry organisations, AOAC International, employs method validation based on
interlaboratory study for the production of "official methods".
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Thus, generally, no attempt is made to achieve absolute accuracy or to anchor the
measurements to anything more solid than a "standard method". The gaps in metrological
terms are the absence of a full uncertainty budget and lack of clarity concerning the nature of
the traceability reference. Such measurements could, however, be considered to be traceable
to the standard method and in many instances there exists the potential for traceability to SI
even if the strength of the link (measurement uncertainty) is not high.

One of the problems of the standard method is that it is difficult to fully standardise all
important components of the methods. Variations in the type of equipment, reagents,
standards, and even small differences in how the operations are performed can have a
significant effect on the result and it is for this reason that a higher form of traceability is to be
preferred.

PRECISION AND MEASUREMENT UNCERTAINTY

Because of the difficulty in addressing systematic effects it has been the norm in analytical
chemistry to limit consideration of measurement quality to precision statements based on
replicate measurements. Clearly full treatment of measurement uncertainty as recommended
by ISO18 is to be preferred. The EURACHEM Guide19, "Quantifying Uncertainty in
Analytical Measurements" demonstrates through worked examples that it is not so difficult to
address systematic effects and shows how to estimate the total uncertainty. This approach
involves a number of new ideas for analytical chemists. For example, the explicit listing of all
the factors that can contribute to uncertainty followed by the estimation of the magnitude of
these factors is completely different to the normal analytical method of grouping uncertainties
together and estimating precision from repeat measurements within the laboratory and
between laboratories. These bottom up and top down approaches would, of course, be
equivalent providing valid statistical methods are used, estimates of component uncertainties
are realistic and the top down approach encompasses all significant factors. The second novel
approach for chemists is the explicit use "professional judgment" as a means of estimating
uncertainty components where more objective assessment is not feasible or data is not
available. The important idea is that virtually any professional judgment is better than no
estimate. Also analytical chemists have been implicitly making such judgments for years. The
bottom up approach provides the means of identifying the major contributions to uncertainty
and thus the factors that need to be controlled to reduce uncertainty. The approach makes
the processes much more transparent, so that if an important factor has been overlooked it is
more likely to be recognised.

Measurement uncertainty is gaining some popularity within analytical chemistry circles but not
without a fight. The RSC Analytical Methods Committee, for example, has commented
adversely on the negative associations of the term "measurement uncertainty"20. The concern
is mainly about the effect on customer relations and the need to project a more positive
image. "Level of confidence" has been suggested as an alternative to measurement
uncertainty. Although not unimportant the terminology is secondary to the concept and the
need to promote a more realistic and more robust attitude to the quantitative estimate of data
quality. Measurement uncertainty is the only serious contender for a harmonized approach
and it is the approach being fostered by accreditation bodies. It also provides a means of
market differentiation in an increasingly commercial analytical world.

Measurement uncertainty provides one of the keys to the harmonization of analytical
chemistry and metrology. It provides a rational basis for assessment of analytical quality and
a bridge to an improved system of traceability. The challenge is to raise the level of analytical



performance and, for example, eliminate the situation where results from different laboratories
vary by one and sometimes two order of magnitude.

COMPARABILITY AND TRACEABILITY

From a functional viewpoint comparability is the primary requirement and traceability is a tool
to help achieve comparability. From a metrological point of view traceability is at the heart of
measurement and provides the basis for valid measurements which are comparable. As
discussed above, although the terminology is not much used by analytical chemists, many
chemical measurements can be considered to be traceable to a standard method. In other
instances measurements can be considered to be traceable to a reference material, either in the
form of a pure calibration substance or a matrix reference material, where the concentration
of the anlayte has been certified. The degree to which reference materials provide a universal
reference depends on the linkage to the amount of substance, the mole.

In some instances traceability to the mole is not possible because the analyte is not fully
defined in structural terms but rather defined by a method and functional characteristics, such
as fat or fibre in food. In other cases the measurement of a fully defined analyte, such as lead,
is specified in terms of a method, such as the use of simulated stomach acid to extract lead
from paint used on toys. The measurement of interest is the amount of lead extractable under
conditions which simulate human digestion.

As argued previously1, in most cases of chemical measurement, traceability to SI, including
the mole, is both feasible and desirable but this view is not shared by all chemists.

It is probably not by chance that metrologists have shied away from the task of tackling
analytical chemistry. The scale and complexity of the task is rather daunting. The mole is, by
definition, the amount of a specified substance and there are millions of different substances.
Hence there are millions of different traceability chains and identification and separation are
crucial issues as is the full treatment of chemical interferences such as matrix effects as
discussed in a later section. Progress on gaining support for metrology in chemistry is
dependent on the development of a conceptual model and systems which deal effectively with
these issues.

Another of the points of contention is the relevance of the mole. In former days (< 1970)
analytical chemists relied on classical wet chemical techniques such as titrimetry and
gravimetry which required use of the mole on a daily basis. Today most (routine) chemical
measurements are made by comparing the intensities of signals generated by a measuring
instrument, such as a gas chromatography, for sample and reference solutions. The solutions
are prepared on the basis of mass per unit volume. This is clearly of great practical
convenience but working and thinking in mass units buries the underlying particulate nature of
matter. Atoms and molecules react not masses, and spectrometry signal intensities are
determined by transitions within particulate matter and are not mass related properties.
Amnesia amongst some chemists about the fundamental importance of atomic weights and the
mole leads some chemists to claim that these issues are not important in chemical
measurements and that traceability to the method, reference material or the kilogram is all that
is required10. Clearly, as indicated above and argued more fully elsewhere, the mole is the
fundamental unit of chemical measurement and is the preferred traceability reference.

A typical chemical measurement method will involve a number of steps as illustrated in
Figure 1. Maintenance of measurement traceability requires maintenance of all the links with
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particular attention to the weak links. In many cases the weak links are related to sample
preparation and separation, rather than the end measurement. Hence traceability of the end
measurement on its own is of limited value. Analytical chemists understand this requirement
which is an integral part of the traditional analytical chemistry approach.

Validation, calibration and quality control are essential to the realisations of traceability

Sample

! Sub Sample
v I " ' *

Digestion
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Derivatization
Separation

QC
4 1 Material

4

-4

Matrix
I RM

Blank

Spiked Sample

i
Measurement 4 Calibration RM

Calculation of result Factors
i '

Reporting of result

FIGURE 1 Steps in a Typical Analytical Measurement

Traceability involves a number of different types of links as illustrated in Figure 2.

Laboratories I Primary I Validation

Reference Materials Secondary

Methods Working Level

FIGURE 2 Traceabiliry Links

Calibration

Quality Control

A hierarchy of laboratories are needed to support working level laboratories but little of that
structure is yet in place. The expectation is that the work of CCQM and others will
demonstrate the added value of such a system of linked laboratories and that demonstrator
projects will help optimise the design of laboratory networks. Currently, resource limitations
are compounded by a iack of will in most parts of the analytical chemical community.
Hierarchies, where one group is deemed to be better than another, are not popular in 20th
century society and particularly in an analytical chemistry world where it is not clear that the
more eminent laboratories are actually any better than the more humble ones. Hence the need
for objective measures such as measurement uncertainty linked to stable references and an
attitude where metrology is seen as a service rather than an elite form of activity.



Problems associated with comparability of analytical measurements have fostered a pragmatic
fitness for purpose attitude which is satisfied with local agreement. The need for agreement
across national boundaries is relatively new and is driven by trade and environmental
concerns. These developments plus the growing need to study long term trends are stretching
the pragmatic approach to its limits and will favour the more rigorous metrological approach.
There is also a keen interest in the use of analytical measurements to improve industrial
output and to reduce costs. Metrology will provide the basis for understanding the
relationship between measurement quality and measurement cost and between measurement
quality and overall economic benefit.

SEPARATION AND IDENTIFICATION

Compared with other forms of measurement analytical chemistry involves an extra dimension,
namely the identification of the specific substance which is to be measured. Thus there are
two basic questions that are asked: "What is it?" and "How much?". Sometimes a third
question is asked: "How is the substance distributed within the sample?". There are millions
of different substances, ranging from elements to molecular species, some of which exist in
different isomeric forms. The differences between substances can be small, compounding the
measurement problems. The first question, "What is it?" is often the most important. For
example if a person suspected of carrying drugs is found to possess heroin, the confirmation
that the white powder is heroin is much more important than whether the suspect was
carrying 100 or 101 grams. Similarly, a rough idea of the distribution of trace levels of
volatile elements at the crystal boundaries of super alloys is much more important than an
accurate measure of the average concentration. In summary quantitative measurement with a
small uncertainty is often either not needed or is not the most important issue.

Quantitative measurement is dependent on the correct identity of the substance of interest.
There are many instances of the wrong amount of the wrong substance being determined!
Both the identification of specific substances and their subsequent quantitative measurement
are dependent on separation of the substances of interest from other substances. This may be
effected by either physical separation based on differing chemical properties, such as
precipitation of an insoluble substance, distillation or chromatographic separation.
Alternatively, or in addition, separation by exploiting some specific spectroscopic property
may be employed. For example, atomic emission spectroscopy can be used to identify
specific elements even when present at very low concentration in complex matrices. The
intensities of spectral peaks, providing they are uniquely associated with the substance of
interest, can be used to determine the amount of substance. Matrix materials can enhance or
sometime suppress measurement signals and interferences derived from chemical or
spectroscopic effects are commonplace. The presence of a similar substance which generates
a similar signal to the analyte can interfere as can a large amount of a very different substance
that has no interfering signal but gives rise to an enhanced background. The permutations can
be enormous as can the scale of the interferences. Hence effective separation is the key to
chemical analysis and metrology must fully address this and associated issues.

THE WAY FORWARD

As indicated above a great deal of progress has been made on many fronts and these
developments can be expected to continue. Even faster progress would be achieved if
metrologists had a better understanding of chemistry and if chemists had a better
understanding of metrology. Some of the key areas where further work is required are:
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• continue to work on developing concepts, models, methods and systems which aid the
achievement of traceability for working level measurements

• establish demonstrator projects to optimise the design of traceability networks and to
demonstrate the added value

• concentrate effort on addressing the large uncertainties, for example sampling, sample
preparation and separation

It must also be noted that even after 25 years the SI unit, the mole, is not much used by
analytical chemists and the quantity, "the amount of substance", is virtually never used.
Perhaps we need to look again at both the definition and the terminology21?

ACKNOWLEDGMENTS

Some of the work described in this paper was carried out with the financial support of the
DTI UK Government Valid Analytical Measurement initiative.

ABBREVIATIONS

CITAC Cooperation on International Traceability in Analytical Chemistry
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