\J

RESEARCH &
SYMPOSIUM 2017

BIUST Research and Innovation Symposium 2017 (RDAIS 2017)

Botswana International University of Science and Technology

Palapye, Botswana, 12-14 June 2017

ISSN: 2521-229X
ISBN: 978-99968-0-608-7

Scientific methodology in Analytical Chemistry

Jens E.T. Andersen, Botswana International University of Science and Technology

College of Science
Department of Chemical and Forensic Sciences
Palapye, Botswana

e-mail: andersenj@biust.ac.bw

Abstract— Ever since the work of Robert Boyle, scientists
have used the same methodology to obtain new information
about mechanisms of nature. Together with other scientists at the
time, Robert Boyle suggested that all scientific discussions could
be settled by means of experiments. Without proper tools of
statistics, it was difficult to arrive at any conclusive decisions in
many cases. However, later discoveries of statistical tools have
limited dissemination of flawed discoveries of nature but to a
great number of scientists, these results have not been understood
or recognized. This poses a major issue in science and it can be
shown that some publications do not meet requirements of
credibility and reliability, owing to scientific misconduct.
Journals thrive on scientists who wish to publish results where
data have been seriously manipulated. At present time, it seems
like scientific methodology has been forgotten, which may explain
the lack of ground breaking development in science? The quest
for quality assurance in science is greater than ever, and
initiatives of the European Commission constitute the first steps
towards an environment that might bring back scientific
methodology to science. Unfortunately, guidelines published by
the European Commission do not underpin scientific
methodology, and it has become evident that science and industry
use two different concepts of scientific methodology that cannot
both be true. Therefore, it is suggested to improve the guidelines
of the European Commission to a level of simplicity and
transparency that allows scientists to perform reliable method
validations and obtain correspondence between experimental
uncertainty and predicted uncertainty, which is so fundamental
to scientific methodology. It is proposed that new methods of
quality assurance should be embraced by not only analytical
chemistry but also by other fields of science.
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misconduct

Introduction

Imagine that scientist present only the best results they
obtained during series of measurements aimed at solving a
scientific issue. Clearly, all results obtained under such
conditions relate to the statistical concept of precision whereas
the real aim of science is to obtain information about trueness
and accuracy [1,2]. If only the best results were shown in
scientific publications, it would be a legitimate question to ask;
what happened to all the other data? Such data may be denoted
as dark data, and it would be interesting to know the magnitude
of dark data that exist in the scientific production.

RESULTS AND DISCUSSION
Dark data

It is well known and almost an accepted fact that scientists
are not able to reproduce results that are presented in coloured
flyers with description of apparatuses, specifications and
supreme performance. Under most circumstances, it is
generally accepted that precision is slightly lower in the
analytical laboratory as opposed to more controlled conditions
that may be encountered only in manufacturer’s laboratories. A
slight decrease of precision is not really an issue and it rarely
affects determination of figures of merits [3] that are obtained
during the course of method validations [4]. The overall
performance of most methods is acceptable, particularly with
respect to qualitative analysis. Quantitative analytical
chemistry is a completely different area of research where
precision may reach unacceptably low levels [5]. However,
there are instances where it becomes necessary to start thinking
about how the technology and software are actually working
together, and how it affects precision. Manufacturers of
graphite-furnace atomic absorption spectrometry (GF-AAS)
and electrothermal atomic absorption spectrometry (ET-AAS),
prefer to allow for only certain data to be part of measurements
Data that deviate by more than 5 % (default) must be excluded
from the data set. Suppose that the inherent precision of that
type of apparatus result in deviations of e.g. 60 % [6]; this
would make the likelihood of re-calibration very high. Further,
it would make it almost impossible to construct a calibration
curve with many data points because the risk would be high of
an outlier lowering the precision to below 95 % that would
trigger the re-calibration. Accordingly, scientists use only a few
data to construct calibration curves. Therefore are expected
excessive amounts of dark data with such technologies.

Now, in the description of these technologies was not
mentioned the sample but it is evident that the risk is high of
large deviations from expected values. If a calibration curve
were obtained by repeated re-calibrations, the correspondence
between expected value and the value obtained by the
calibration curve, would be entirely random. However, when
such repetitions are performed in great numbers, a value
obtained by one of the calibration curves would fit the expected
value quite neatly, and it might be used for publication or
decision making. All the data not shown may then be relegated
to the pool of data generated on days when the apparatus was
not working well or the operator was not concentrating enough
on the work. Thus, either the apparatus or the operator may be
blamed for generation of poor data. Unfortunately, it is not an
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easy task to decide if the apparatus or the operator was the
cause of the problem and methods to distinguish between the
two origins of bad data is currently investigated by science.

Nobody knows the genuine content of a sample with
unknown content, and apparatuses of analytical chemistry can
only be used to give a qualified estimate of the content that is
based on calibrations. To the people not familiar with
analytical chemistry, it is a complete mystery and impossible to
understand how two accredited laboratories are able to obtain
two completely different values, when they used for their
measurements the same type of apparatus and the same sample.
To the scientists, however, it is relatively easy to understand
this deviation because they are familiar with the concept of
uncertainty of measurement. Uncertainty of measurement is the
key to understanding results of any type. It is also easy to
explain to laymen the principle of uncertainty of measurement,
except when it is large. To laymen, it may seem incredible that
a very expensive apparatus does not always provide data of
high precision. Nuclear magnetic resonance spectrometry and
mass spectrometry are notable examples of very expensive
types of apparatuses that are not particularly well suited for
quantitation. More research is needed, in order to elucidate the
mechanisms associated with stability of detector responses,
which constitute the sensing part of the apparatus. Some
reports indicate that detectors, and not operators, are the main
culprits with respect to generation of uncertainty.

Consensus value

The operational calibration is supposed to eliminate day-to-
day variations of the apparatuses’ parameters and the influence
on results. However, in reality something else happens; the
calibration may present excellent results, as can be recognized
by a very straight line and a low standard deviation of the
sample. Many calibration data would result in narrow
confidence lines and narrow confidence limits of the sample
[7]. Frequently, the value obtained for the sample differs
significantly from known value, which should not occur, owing
to the operational calibration. The known value may be
obtained from measurements of a certified reference material,
so in the case of any deviation, there is reason to expect that
something was wrong with the measurements. Interestingly, in
the majority of scientific publications, authors find complete
correspondence between measured and certified values where
both were associated with very low standard deviations. This is
quite disturbing because many authors failed to notice that the
certified value was obtained after elimination of numerous
outliers. Therefore, it should not be possible to reproduce the
certified value, unless the same number and magnitude of
outliers were deleted from the laboratory trials, which
obviously is very unlikely or impossible.

Unfortunately, the correspondence is less pronounced
between laboratories analyzing samples of unknown content.
However, since nobody knows the exact content of a sample of
truly unknown content, everybody is right. Therefore, the
correct way forward is to average values combined of all
laboratories , and resultant average value is denoted as the
consensus value [7]. Most frequently, the uncertainty of the
consensus value exceeds by far the uncertainty for an average
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value of a single laboratory. Contents of specific molecules of
blood samples are truly unknown and the values of
fundamental constants of nature are also not known but they
may be estimated by various means of measurements.

International organisations

Issues of lack of correspondence between average values
and uncertainties have been addressed by several international
organizations, such as Bureau des Poids et Mesures (BIPM)
[8], European Analytical Chemistry (Eurachem), Cooperation
of International Traceability in Analytical Chemistry (CITAC),
International ~ Standardization Organization (ISO) and
International Laboratory Accreditation Cooperation (ILAC).
As stated on ISO website “Great things happen when the world
agrees” but, paradoxically, ISO recommends rejection of
outliers in the guide ISO 5725 [9], which is a route to
disagreement (see above). During the past decades, the
European Commission maintained a programme to deal with
issues of analytical chemistry, and it delivered the
organizations Eurachem and CITAC. The now 3rd edition of
the Eurachem/CITAC guide [10] has obtained widespread
recognition in the industry because it underpins traceability and
it provides guidelines to calculation of uncertainty of
measurement and uncertainty budgets. Although the
Eurachem/CITAC guide is a step forward towards introducing
to analytical chemistry the concept of uncertainty, it contains
some serious flaws that, just like ISO 5725 [9], promote
disagreement between results of different laboratories that
analyze same samples. The main issue is concerned with the
uncertainty budget where standard deviation of repetitions is
included in the uncertainty budget. The uncertainty budget is
designed to predict the uncertainty of the content of a sample.
The sample is determined as an average value and a
corresponding uncertainty that is supposed to match that of the
uncertainty budget. Since the two are not separated in the
Eurachen/CITAC guide, disagreement prevails again. Despite
all the efforts and investments international guidelines do not
promote scientific methodology. Scientific methodology is
straightforward in the sense that it only requires that average
values and standard deviations of measurements correspond to
those of predictions and theory. In order to meet the
requirements of scientific methodology, it is recommended that
scientist use only certain sections of the guidelines and never
reject any outliers whatsoever. It is always a good idea to
produce an uncertainty budget for the method validation but
the uncertainty of repeatability should not be included in the
uncertainty budget because that is the parameter that is
supposed to be predicted. However, with reference to
guidelines of ISO, GUM and Eurachem/CITAC, scientists have
the tools to treat data almost as they please, which continues to
create confusion in analytical chemistry. Scientists of analytical
chemistry may feel confused with statistical methods that are
too complicated for everyday use, which excuses them from
applying methods of QA to their investigations. Accordingly,
further simplification is called for.



\J

) RESEARCH &
|
SYMPOSIUM 2017

BIUST Research and Innovation Symposium 2017 (RDAIS 2017)

Botswana International University of Science and Technology

Palapye, Botswana, 12-14 June 2017

Pooled calibrations and scientific methodology

The notion of consensus value is somewhat disturbing
because it is never obtained during e.g. blood testing of patients
and optimization of chemical syntheses. It is imperative to
know the true level of uncertainty for optimization purposes.
Blood testing is an important part of the general practitioners
tools of diagnosis [11] and too much trust given to results of
clinical analysis may jeopardize the validity of diagnosis. This
entails risk of dosing medicine to somebody who is not sick or,
even worse, not dosing medicine to somebody who is actually
sick. Similarly, optimization cannot be performed with any
degree of reliability if it were based upon underestimated
standard deviations (short-term precision).

Usually, the uncertainty of repeated measurements of
samples is larger than the uncertainty that was predicted upon
the basis of calibration lines. This disagreement has been
puzzling to scientist for a long time, and the guidelines of ISO
and Eurachem/CITAC are published with the intent to better
understand and quantify unexpected deviations. Recently, it
was suggested to consider the worst-possible performance of a
given apparatus, in order to model the lowest uncertainty of
repeated measurements of the sample. The idea is to perform a
series of completely independent measurements where the
apparatus is shut down, turned on and calibrated between each
series of measurements, and then calibration lines are pooled
with the purpose of modelling the uncertainty [12]. Pooled
calibrations are thus reserved for calculation of uncertainty of
calibrations, u(cal). Results of individual determinations of the
contents of samples are also pooled and the corresponding
standard deviation of repetitions, u(rep) is calculated [13-15].
When u(cal) corresponds to u(rep), it is said that the system is
in statistical control. For a number of different technologies, it
seems possible to obtain this correspondence, at least within an
order of magnitude. Although this procedure yields elevated
uncertainties, it may be the correct uncertainty overall that also
corresponds to the uncertainty of inter-laboratory testing and
the uncertainty predicted by the Horwitz equation [16].

Certified reference materials

As a substitute for inter-laboratory testing, it has been
generally accepted to validate analytical methods by using
samples of certified reference materials, where the content of
analytes was determined by many independent laboratories
using different technologies. The average value of all
measurements minus outliers is denoted as the certified value
that can be used for comparison with results of other
laboratories [12]. It seems that it becomes difficult to compare
measured values to certified references, when the principle of
pooled calibrations was applied to the measurements. This
indicates that the issue of outliers needs to be considered in
more detail. Occasionally, the uncertainty of determination of
samples of unknown content is so large that it becomes easily
comparable to certified references but this may be regarded as
a token of poor method performance or relegated to influence
of interferences.
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CONCLUSION

In the research area of analytical chemistry, it has been
recognized earlier that it is difficult to obtain correspondence
between uncertainty of calibration and uncertainty of measured
values. However, recent findings indicate that full
correspondence between predicted and observed uncertainty is
the key to understanding research results of analytical
chemistry. By using the principle of pooled calibrations, it
becomes possible to obtain statistical control in analytical
chemistry but at the expense of relatively poor precision. In
many instances, the uncertainty of measurement is
underestimated, owing to rejection of outliers, which hampers
comparison with contents of certified reference materials.
Certified reference has become one of the prime requirements
for method validations and for research to be published in
scientific literature. Since comparison is hampered, it becomes
difficult to maintain the good reputation of analytical
chemistry. Issues with ISO, GUM and Eurachem/CITAC need
to be resolved together with the practice of eliminating outliers
related to CRMs before analytical chemistry can be gaining
more in credibility.
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