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Introduction

stry zs the study of matter, mcludmg zts compasztwn, structure,

1.1 What is analytical chemistry

Analytical chemistry can be thought of as comprising two branches, qualitative and
quantitative. Qualitative analysis deals with finding what constituents are in an analytical
sample, and quantitative analysis deals with the determination of how much of a given
substance is in the sample. In the latter case, a history of the sample composition will
generally be known; or else the analyst will have performed a qualitative test. With to-
day’s instrumentation and with the large variety of chemical measurements available,
specificity or sufficient. Selectivity can often be achieved so that the quantitative meas-
urement serves as a qualitative measurement. However, simple qualitative tests are usu-
ally more rapid than quantitative procedures. Qualitative analysis is composed of two

fields: inorganic and organic. The former is usually covered in introductory chemistry
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courses, whereas the latter is best left until after the student has had a course in organic
chemistry. This text deals principally with quantitative analysis. In the consideration of
applications if different techniques, examples are drawn from the life sciences, clinical
chemistry, air and water pollution analysis, occupational health and safety applica-

tions, and industrial analysis.

1.2 Measurement of the analyte

The method employed for the actual quantitative measurement of the analyte will
depend on a number of factors, not the least important being the amount of analyte
present and the accuracy required. Many available techniques possess varying degrees of
selectivity, sensitivity, accuracy and precision, and rapidity. Gravimetric analysis usu-
ally involves the selective separation of the analyte by precipitation, followed by the
very nonselective measurement of mass (of the precipitate) . In volumetric or titrimetric
analysis, the analyte reacts with a measured volume of reagent of known concentration,
in a process called titration. A change in some physical or chemical property of the sam-

ple, for example, an electrical property or the absorption of electromagnetic radiation.

1.3 Range

Analytical methods are often classed according to size of sample. Such classification
is arbitrary and there is no sharp diving line. The analysis may be classed as macro,
semimicro, micro, or ultramicro. Table 1.1 gives approximate classifications according
to sample mass or volume. The volume classifications are those employed in clinical labo-
ratories. Special handing technique and balances for balances for weighing are required

for micro and ultramicro operations.

Table 1.1 Classification of Analytical methods to Size of Sample

Method . Sample mess/mg Sample Volume /pl
Macro >100 >100
Semimicro 10~100 50~100
Micro 1~10 <50
Ultramicro =il

The constituents on the sample may be classified as major (>1%), minor (0.1% ~
1%), or trace (<<0.1%) . A few parts per million of a constituent might be classed as
ultratrace.

An analysis may be complete or partial; that is, either all constituents or only se-

lected constituents may be analyzed. Most often, the analyst is requested to report on a

2 i




specified chemical or chemicals.

1.4 The analytical perspective

Having noted that each field of chemistry brings a unique perspective to the study
of chemistry, we now ask a second deceptively simple question. What is the “analytical
perspective”? Many analytical chemists describe this perspective as an analytical ap-
proach to solving problems. Although there are probably as many descriptions of the an-
alytical approach as there are analytical chemists, it is convenient for our purposes to
treat it as a five-step process:

(1) Identify and define the problem.

(2) Design the experimental procedure.

(3) Conduct an experiment, and gather data.

(4) Analyze the experimental data.

(5) Propose a solution to the problem.

Analytical chemistry begins with a problem, examples of which include evaluating
the amount of dust and soil ingested by children as an indicator of environmental expo-
sure to particulate based pollutants, resolving contradictory evidence regarding the tox-
icity of perfluoro polymers during combustion, or developing rapid and sensitive detec-
tors for chemical warfare agents. At this point the analytical approach involves a collabo-
ration between the analytical chemist and the individuals responsible for the prob-
lem. Together they decide what information is needed. It is also necessary for the analyti-
cal chemist to understand how the problem relates to broader research gdals. The type of
information needed and the problem’s context are essential to designing an appropriate
experimental procedure.

Designing an experimental procedure involves selecting an appropriate method of
analysis based on established criteria, such as accuracy, precision, sensitivity, and de-
tection limit; the urgency with which results are needed; the cost of a single analysis;
the number of samples to be analyzed; and the amount of sample available for analy-
sis. Finding an appropriate balance between these parameters is frequently complicated
by their interdependence. For example, improving the precision of an analysis may re-
quire a larger sample. Consideration is also given to collecting, storing, and preparing
samples, and to whether chemical or physical interferences will affect the analysis. Fi-
nally, a good experimental procedure may still yield useless information if there is no
method for validating the results.

The most visible part of the analytical approach occurs in the laboratory. As part of

the validation process, appropriate chemical or physical standards are used to calibrate
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any equipment being used and any solutions whose concentrations must be known. The
selected samples are then analyzed and the raw data recorded.

The raw data colleéted during the experiment are then analyzed. Frequently the data
must be reduced or transformed to a more readily analyzable form. A statistical treat-
ment of the data is used to evaluate the accuracy and precision of the analysis and to vali-
date the procedure. These results are compared with the criteria established during the
design of the experiment, and then the design is reconsidered, additional experimental
trials are run, or a solution to the problem is proposed. When a solution is proposed,
the results are subject to an external evaluation that may result in a new problem and the

beginning of a new analytical cycle.




Chapter nz

Errors and Data Treatment
in Quantitative Analysis

- Although data handling normally follows the collection of data in an analysis, it
is treated early in the text because a knowledge of statistical analysis will be required as
you perform of the data that are collected and there fore to set limitations on each step of
the analysis. The design of experiments (including size of sample required , accuracy
of measurements required , number of analyses needed , and so forth) is determined
from a proper understanding of what the data will represent.

2.1 Determinate errors

Two main classes of errors can affect the accuracy or precision of a measured quan-
tity. Determinate errors are those that, as the name implies, are determinable and that
presumably can be either avoided or corrected. They may be constant, as in the case of
an uncalibrated weight that is used in all weighings. Or, they may be variable but of
such a nature that they can be accounted for and corrected, such as a buret whose vol-
ume readings are in error by different amounts at different volumes.

The error can be proportional to sample size, or may change in a more complex
manner. More often than not, the variation is unidirectional, as in the case of solubility
loss of a precipitate (negative error) . It can, however, be random in sign. Such an ex-
ample is the change in solution volume and concentration occurring with changes in tem-
perature. Such measurable determinate errors are classed as systematic errors.

Some common determinate errors are:

(1) Instrumental errors These include faulty equipment, uncalibrated weights,

and uncalibrated glassware.

Chapter
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(2) Operative errors These include personal errors and can be reduced by experi-
ence and care of the analyst in the physical manipulations involved. Operations in which
these errors may occur include transfer of solutions, effervescence and “bumping” dur-
ing sample dissolution, incomplete drying of samples, etc. These are difficult to correct
for. Other personal errors include mathematical errors in calculations and prejudice in es-
timating measurements.

(3) Errors of the method These are the most serious errors of an analyst. Most of
the above errors can be minimized or corrected for, but errors that are inherent in the
method cannot be changed unless the conditions of the determination are altered. Some
sources of methodic errors include coprecipitation of impurities, slight solubility of a
precipitate, side reactions, incomplete reactions, impurities in reagents, and so forth,
sometimes correction can be relatively simple, for example by running a reagent
blank. A blank determination is an analysis on the added reagents only. It is standard
practice to run such blanks and to subtract the results from those for the sample. When
errors become intolerable, another approach to the analysis must be made. Sometimes,

however, we are forced to accept a given method in the absence of a better one.

2. 2 Indeterminate errors

The second class of errors includes the indeterminate errors, often called accidental
or random errors. They are revealed by small differences in successive measurements
made by the same analyst under virtually identical conditions, and they cannot be pre-
dicted or estimated. These accidental errors will follow a random distribution; therefore,
mathematical laws of probability can be applied to arrive at some conclusion regarding
the most probable result of a series of measurements.

Indeterminate errors really originate in the limited ability of the analyst to control
or make corrections for external conditions, or in his inability to recognize the appear-
ance of factors that will result in errors. Some random errors stem from the more statis-
tical nature of things, for example, nuclear counting errors. Sometimes, by changing
conditions, some unknown error will disappear. Of course, it will be impossible, to
eliminate all possible random errors in an experiment and the analyst must be content to

minimize them to a tolerable or insignificant level.

2.3 Accuracy and precision

Accuracy is the degree of agreement between the measured value and the true val-

ue. An absolute true value is seldom known. A more realistic definition of accuracy,
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then, would assume it to be the agreement between a measured value and the accepted
true value.

Wu can by good analytical technique, such as making comparisons against a known
standard sample of similar composition, arrive at a reasonable assumption about the ac-
curacy of a method, within the limitations of the knowledge of the “known” sample
(and of the measurements) . The accuracy to which we know the value of the standard
sample is ultimately dependent on some measurement that will have a given limit of cer-
tainty in it. Precision is defined as the degree of agreement between replicate measure-
ments of the same quantity. That is, is the repeatability of a result. Good precision does
not assure good accuracy. This would be the case, for example, if there were a system-
atic error in the analysis. A weight used to measure each of the samples may be in er-
ror. This error does not affect the precision, but it does affect the accuracy. On the other
hand, the precision can be relatively poor and the accuracy, more or less by chance,
might be good, Since all rea.l analyses are unknown, the higher the degree of precision,
the greater the chance of obtaining the true value. It would be fruitless to hope that a
value is accurate if the precision is poor, and the analytical chemist strives for repeat-
able results to assure the highest possible accuracy.

As we shall see later, the more measurements that are made, the more reliable
will be the measure of precision. The number of measurements required will depend on

the accuracy required and on the known reproducibility of the method.

2.3.1 Ways of expressing accuracy

There are various ways and units in which the accuracy of a measurement can be ex-
pressed, an accepted true value for comparison being assumed.

(1) Absolute Error The difference between the true value and the measured val-
ue, with regard to the sign, is the absolute error, and it is reported in the same units
as the measurement. If a 2. 62 g sample of material is analyzed to be 2. 52 g, the abso-
lute error is —0. 01 g. If the measured value is the average of several measurements, the
error is called the mean error. The mean error can also be calculated by taking the aver-

age difference, with regard to sign, of the individual test results from the true value.
Bt (21

(2) Relative Error The absolute or mean error expressed as a percentage of the
true value is the relative error. The above analysis has a relative error of (—0.10/2.62) X
100 % = —3. 8%. The relative accuracy is the measured value or mean expressed as a per-
centage of the true value. The above analysis has a relative accuracy of (2. 52/2. 62) X100 Y=

92. 6 %. We should emphasize that neither is known to be “true” and the relative error

P 7
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or accuracy is based on the mean of two sets of measurements.

E,=%X100% (2.2)

The relative error can be expressed in units other than percentages. In very accurate
work, we are usually dealing with relative errors of less than 1%, and it is convenient
to use a smaller unit. A 1% error is equivalent to 1 part in 100. It is also equivalent to 10
parts in 1000. This latter unit is commonly used for expressing small uncertainties. That
is, the uncertainty is expressed in parts per thousand, written as ppt. The number
23expressed as parts per thousand of the number 6725 would be 23 parts per 6725 or 3. 4

ppt. Parts per thousand is often used in expressing precision of measurement.

2.3.2 Ways of expressing precision

Each set of analytical results should be accompanied by an indication of the preci-
sion of the analysis. Various ways of indicating précision are acceptable.

(1) Average Deviation The average deviation of the measurements of a set is the
mean of the differences of the individual measurements and the mean of the measure-

ments, without regard to sign.

Z": II,"—;

d o (2:3)

n

(2.4

n

—~ e b e Rl 1 <
L A
nia
(2) Standard Deviation The standard deviation, o, of an infinite set of experi-

mental data is theoretically the square root of the mean of the squares of the difference
between the individual measured values, z;, and the mean of the infinite number of

measurements, g (which should represent the “true” value) .

9 2
par /Z(I'T") (2.5)

This equation holds strictly only as n—>oco. In practice, we must calculate the indi-
vidual deviations from the mean of a limited number of measurements, z, in which it is
anticipated that z—pu, although we have no assurance this will be so.

For a set of n measurements, it is possible to calculate n independently variable de-
viations from some reference number. But if the reference number chosen is the esti-
mated mean, z, the sum of the individual deviations (retaining signs) must necessari-
ly add up to zero, and so values of n—1 deviations are adequate to define the nth. That
is, there are only n—1 independent deviations from the mean; when n—1 values have been
selected, the last is predetermined . We have, in effect, used one degree of freedom of the da-

ta in calculating the mean, leaving n—1 degrees of freedom for calculating the precision.
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