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Errors in Chemical Analyses

It is impossible to perform a chemical analysis that is totally free of errors, or
uncertainties. All one can hope is to minimize these errors and to estimate their
size with acceptable accuracy. In this and the next two chapters, we explore the
nature of experimental errors and their effects on the results of chemical analyses.

The consequence of errors in analytical data is illustrated in Figure 2-1, which
shows results for the quantitative determination of iron(lll). Six equal portions of
an aqueous solution that contained exactly 20.00 ppm of iron(lll) were analyzed
in exactly the same way. Note that the results range from a low of 19.4 ppm to a
high of 20.3 ppm of iron(III). The average Jc of the data is 19.8 ppm.

Every measurement is influenced by many uncertainties, which combine to
produce a scatter of results like that in Figure 2-1. Measurement uncertainties can
never- be completely eliminated, so the true value for any quantity is always
unknown.' The probable magnitude of the error in a measurement can often be
evaluated, however. We can then define limits within which the true value of a
measured quantity lies at a given level of probability.

It is seldom easy to estimate the reliability of experimental data. Nevertheless,
we must make such estimates whenever we collect laboratory results because
data of unknown quality are worthless. . On the other hand, results that are not
especially accurate may be of considerable value if the limits of uncertainty are
k n o w n .

Unfortunately, there is no simple and widely applicable method for determin
ing the reliability of data with absolute certainty. The evaluation of experimentaldata often requires an effort that is comparable to that involved in their acquisi
tion. Reliability can be assessed in several ways. Experiments designed to reveal
the presence of errors can be performed. Standards of known composition can be
analyzed and the results compared with the known composition. A few minutes inthe library to consult the literature of analytical chemistry can be profitable.
Calibrating equipment-enhances the quality of data. Finally, statistical tests can be
applied to the data. None of these options is perfect, so in the end we have to make
judgments as to the probable accuracy of our results. These judgments lend to
become harsher and less optimistic with experience.

Parts per million (ppm). that is. 20,(K) pans of
irondll) per million parts of solution.

The true value of a measurement is never
known exactly.

Unfortunately many people do not understand these truths. For example, when asked by a defense
^ homicide investigation what the rate of error in a blood test was. the assistantaistnct attorney replied that their testing laboratories had no percentage of error because "they have

not committed any enxirs" (San Francisco Chronicle. June 29. 1994. p. 4).
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The median is the middle result when replicate data are arranged in order of
size. There are equal numbers of data that are larger and smaller than the median.
For an odd number of results, the median can be evaluated directly. For an even
number, the mean of the middle pair is used.

E X A M P L E 2 - 1

Calculate the mean and median for the data shown in Figure 2-1.

_ 19.4 -I- 19.5 + 19.6 •-!- 19.8 + 20.1 + 20.3
m e a n = x

6
= 19.78 =« 19.8 ppm Fe

Because the set contains an even number of measurements, the median is the
average of the central pair:

19.6 + 19.8
m e d i a n = = 1 9 . 7 p p m F e

The med ian i s the m idd le va lue in
a set of data that has been

arranged in order of size. The
median is used advantageously
when a set o f data conta ins an

outlier—that is, a result that
differs significantly from the rest
of the da ta in the se t . An ou t l ie r

can have a significant effect on the
mean of the set but has a lesser

e f f e c t o n t h e m e d i a n .

See Maihcad Applicalions
for Analytical Chemistm,
pp. 15-18.

Ideally, the mean and median are identical. Frequently they are not, however,
particularly when the number of measurements in the set is small.

2 A - 2 P r e c i s i o n

Precision describes the reproducibility of measurements — that is, the closeness
of results that have been obtained in exactly the same way. Generally, the preci
sion of a measurement is readily determined by simply repeating the measure
m e n t .

Three terms are widely used to describe the precision of a set of replicate data:
standard deviation, variance, and coefficient of variation. All of these terms are a
function of the deviation from the mean, which is defined as

Precision Is the closeness of data to
o t h e r d a t a t h a t h a v e b e e n

obtained in exactly the same way.

deviation from the mean = di = |a:; — a-] (2-2)

The relationship between deviation from the mean and the three precision terms is
given in Section SB.

Note that deviations from the mean are cal
culated without regard to sign.

2A-3 Accuracy

Figure 2-2 illustrates the difference between accuracy and precision. Accuracy Accuracy is the closeness of a result
indicates the closeness of the measurement to its true or accepted value and is fo 'ts true or accepted value,
expressed by the error. Note the basic difference between accuracy and precision.
Accuracy measures agreement between a result and its true value. Precision de
scribes the agreement among .several results that have been measured in the same
way. Precision is determined by simply replicating a measurement. On the other
hand, accuracy can never be determined exactly because the true value of a
quantity can never be known exactly. An accepted value must be used instead. '

Accuracy is expressed in terms of either absolute or relative error.
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cally. Errors that result from a known physical handicap can usually be avoided
by a careful choice of method.

2B-4 Detection of Systematic Method Errors

Bias in an analytical method is particularly difficult to detect. We may take one or
more of the following steps to recognize and adjust for a systematic error in an
analytical method.

Analysis of Standard Samples
The best way of estimating the bias of an analytical method is by the analysis of
standard reference materials—materials that contain one or more analytes with
exactly known concentration levels. Standard reference materials are obtained in
several ways.

Standard materials can sometimes be prepared by synthesis. Here, carefully
measured quantities of the pure components of a material are measured out and
mixed so as to produce a homogeneous sample whose composition is known from
the quantities taken. The overall composition of a synthetic standard material
must approximate closely the composition of the samples to be analyzed. Great
care must be taken to ensure that the concentration of analyte is known exactly.
Unfortunately, the synthesis of such standard samples is often impossible or so
difficult and time-consuming that this approach is not practical.

Standard reference materials can be purchased from a number of governmental
and industrial sources. For example, the National Institute of Standards and
Technology (NIST) (formerly the National Bureau of Standards) offers over 900
.standard reference materials including rocks and minerals, gas mixtures, glasses,
hydrocarbon mixtures, polymers, urban dusts, rainwaters, and river sediments.̂
The concentration of one or more of the components in these materials has been
determined in one of three ways: (1) through analysis by a previously validated
reference method, (2) through analysis by two or more independent, reliable
measurement methods, or (3) through analysis by a network of cooperating labo
ratories, technically competent and thoroughly knowledgeable with the material
being tested.

Several commercial supply houses also offer analyzed materials for method
testing.^

One of the problems you will encounter in using standard reference materials to
establish the presence or absence of bias is that the mean of your replicate analysis
of the standard will ordinarily differ somewhat from the theoretical result. Then
you are faced with the question whether this difference is due to random error of
your measurements or to bias in the method. In Section 4B-1, we demonstrate a
statistical test that can be applied to aid your judgment in answering this question.

Figure 2-4
Standa rd re fe rence ma te r i a l s f r om
NIST. (Photo courtesy of the National
Institute of Standards and Technology.)

A s t a n d a r d r e f e r e n c e m a t e r i a l

(SRM) is a substance prepared
and sold by the National Institute

of Standards and Technology
a n d c e r t i fi e d t o c o n t a i n

specified concentrations of one
or more analytes.

In using SRMs it is often difficult to separate
bias from ordinary random error.

ĉe U.S. Department of Commerce, NIST Standard Reference Materials Catalog, 1992-1993 ed..NIST Special Publication 260. Washington: Government Priming Office. 1992. For a description of
the reference matenal programs of the NIST, see R. A. Alvarez, S. D. Rasberry, and G. A. Uriano,
Anal. Chem., 1982, 54. 1226A; G. A. Uriano, ASTM Standardization News, 1979, 7. 8.
'For sources of biological and environmental reference materials containing various elements see C
Veillon. Anal. Chem.. 1986, 851 A.




