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PREFACE

Our goals in writing this textbook are several: (1) to present analytical
chemistry that is both accurate and current; (2) to provide laboratory
procedures that emphasize workable, student-tested experiments; and (3) to
present a readable, consistent level of theory with the student in mind.

We have aimed for a logical and concise style of presentation, illustrated
often by examples that employ real data. The level of the material is designed
for students who have a background in general chemistry and have sufficient
appreciation of the need for high-quality experimental work to benefit from an
intensive course in chemical measurements. Our overall objective is to develop
in students a justified confidence in the quality of their experimental work,
while providing them with the related theoretical background. The questions
and problems at the end of each chapter are intended to serve as a systemic
review of the material. For convenience in use, the examples and experiments
have been set in a different format.

To reflect the practice of teaching a combination of noninstrumental and
instrumental topics in introductory analytical courses, this book treats the two
areas with about equal emphasis. It is designed to provide both the theoretical
basis for analysis and a set of tested experiments on a level consistent with the
description of the principles. No prior analytical experience is assumed; the
book begins with basic analytical operations and builds progressively to
‘current instrumental techniques. Our aim throughout is to give the reader a
sense of the practical and its relation to theory. In explaining the fundamental
basis of titrimetry we illustrate the calculated theoretical curves with data
obtained in the laboratory. Such quantities as formal potentials and
conditional equilibrium constants are of greater practical use than the more
fundamental concepts of standard potential and thermodynamic equilibrium
constants. Similarly, distribution ratios and partition ratios are more useful to
the working analyst than distribution constants. The theory of sampling error
is not only discussed, but its measurement is illustrated by an experiment.

Our experience indicates that student satisfaction- and competence are
enhanced when appropriate attention is paid initially to the fundamental
techniques of measurement of weight and volume. Accordingly, more than
usual detail on these topics is included. Also, we have emphasized
polarography over more advanced electroanalytical methods in the belief that
a student who understands direct-current polarography can quickly
understand the more sophisticated techniques.

The detailed instructions for the procedures have been chosen, tested, and
refined over a period of years. Unknown samples are used throughout; there is
objective evidence that they increase both teaching effectiveness and student
interest. We have attempted to recognize the realities of the marketplace by
deleting a well-worked-out experiment because of the escalating cost of silver



nitrate; in other procedures more dilute solutions of silver are used with; we
trust, minimal loss of instructional benefit.

As far as practical, SI units, with the exceptions listed in Analytical
Chemistry, and the nomenclature, symbols, and abbreviations recommended
by IUPAC have been: adopted. In certain cases awkward situations arise. For
instance, in chromatography the symbol D, is widely used to denote diffusion
coefficient in the mobile phase, while the same symbol is proposed for the
mass distribution ratio. To reduce confusion we use the symbol & for mass
distribution ratio (partition ratio).

The accompanying instructors’ manual gives both philosophy and practical
suggestions on the teaching of introductory analytical chemistry. It provides
information on techniques for the development of workable procedures, valid
samples, and sound grading scales.

Colleagues and associates have been more than liberal with their
assistance. Extraordinary appreciation must be expressed to Lu Ziola and
Phyllis Harris. Ms. Ziola’s knowledge of TEXTFORM programming and
computer typesetting carried the book through to the completion of pages.
This dllowed us to make changes up to the last minute, with a substantial
saving in publication time.* Phyllis Harris enhanced the quality in matters of
style, clarity, and consistency and edited the copy.

Professor Fred Cantwell of the University of Alberta not only taught from
the draft manuscript for a year but also willingly reviewed the manuscript
twice. In both contexts he provided innumerable incisive comments and
suggestions that we deeply appreciate. Dorothy Cox made many contributions,
particularly in the laboratory experiments and discussions, and in writing the
problems.

Appreciation is also expressed to those who reviewed the manuscript, Gary
Asleson of the College of Charleston, James Anderson of the University of
Georgia, and Stanley Pons of the University of Alberta; to Cathy Johnson for
assisting with manuscript preparation, particularly with the figures and
problems; and to Faye Nagle for drafting services. We also wish to thank John
Vondeling and Lee Walters of Saunders for their encouragement and
assistance in allowing us total responsibility for the book including typesetting
at the University of Alberta.

Finally, we acknowledge the contributions of many others, including the
teaching assistants and students with whom we have had the pleasure of
working over the years. We welcome comments, suggestions, and criticisms.

W. E. HARRIS
B. KRATOCHVIL
August, 1980 \
J‘\L:@/w

=

*Writing and entry of material was begun in July, 1979, class material was produced as required
throughout the following academic year, the first draft was completed in May, 1980, the revised
manuscript on August 18, and page composition on September 30.
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1

INTRODUCTION

When it has once been given a man to do some sensible things, afterwards his life is

a little different.
A. Einstein

1-1 THE NATURE OF ANALYTIC_AL CHEMISTRY

Analytical chemistry deals with the identification, characterization, and
measurement of the chemical species present in a sample. It may also be
involved in the characterization of a sample through measurement of its
physical properties, such as the viscosity of an oil or the crystal structure of a
mineral. The scope of modern analytical chemistry is thus extremely broad,
and it continues to expand as society and technology impose new demands on
it. These demands extend from the identification and measurement (typically
at the part-per-billion level) of environmental contaminants in water, air, and
soil, or of impurities in materials for semiconductors in electronics, to
continuous monitoring of the levels of critical substances in the bloodstream
of hospital patients. To meet such demands has required the development of
a host of new analytical techniques and instruments.

Analytical chemistry is a dynamic, challenging field called upon to solve
many kinds of problems with technology that constantly provides new
measurement tools. For example, more and more substances are being found
whose concentration levels in the human body serve as indicators of health or
of specific disorders. In pharmacology, accurate adjustment of a drug dose for
an individual may necessitate the determination of its levels in the
bloodstream. Because these measurements must be made rapit}ly and in large
numbers, the development of efficient automated methods is important.
Thus the role of an analytical chemist is essential not only to chemical
science but also to allied areas in biology, food science, medicine,
biochemistry, and engineering.

That part of analytical chemlstry dealing with the measurement of the
quantity of a substance present in a material is termed quantitative analysis,
and is the area considered in this book. Training in this area includes more
than an introducticn to various methods of analysis. It involves evaluation of
problems from the standpoints of proper acquisition of samples, selection of

1



2 CHAPTER 1 INTRODUCTION

analytical methods, consideration of possible interfering substances, and
sound interpretation of results. It also fosters an appreciation of the care
necessary in laboratory operations and provides experience in logic and
planning that is valuable in all fields.

1-2 ANALYTICAL CHEMISTRY AND PROBLEMS IN SOCIETY.
PUBLIC PERCEPTIONS OF TOXICITY

2
Analytical chemistry sitg at the core of all regulations designed to protect che public
from chemical exposure that may present a significant health risk.
J. G. Rodricks

Analytical chemistry, because it permeates almost every aspect of society,
has profound implications for human welfare. An example is the analysis of
materials for chemicals of possible toxicity to man. Threats to health,
whether perceived or real, are of intense concern to the public. In the setting,
monitoring, and enforcing of regulations regardmg toxic substances,
analytical chemistry plays a key role.

When foods were tested in past decades for toxic materials, they were
presumed safe if such materials were not detected. Today, all foods can be
shown to contain detectable amounts of a host of toxic materials. Such
information is unsettling to the public. Nevertheless, food now is probably
generally safer and of better quality than ever before. What has happened?
To clarify this seeming contradiction, two terms relating to toxicity and one
concerning the limit of analytical measurement should be described. The
fatality limit" is the level of chemical exposure that when maintained for any
length of time results in death. This limit depends on the nature of the
chemical, the type of exposure, and on individual human factors such as size,
age, general health, and smoking habits. The toxicity limit is the limit where
well-being -is first noticeably affected. This limit also depends on the
chemical, the type of exposure, and individual human factors. It cannot be
sharply defined. For benzene the toxicity limit is about 25 ppm, for the
refrigerant gas freon about 1000 ppm, and for the fungal metabolite aflatoxin
about 0.03 ppm.

Between the fatality limit and the toxicity limit an individual’s health is
affected. For the many chemicals essential to normal health (including water,
oxygen, potassium, fluoride, selenium, and chromium) intake must not be
reduced too far or health is affected by deficiency, which in the limit is fatal
also.

The detection limit is the minimum amount of a substance that can be
determined by a laboratory test procedure. This limit depends on the state of
the art in ‘analytical laboratories. The ‘detection limit is completely
independent of the other two and is continually being lowered as knowledge

'Both fatality and toxicity limits may be either acute or chronic. The acute limit is that for an
exposure of short duration; the chronic limit is for exposures of long duration. Chronic limits are
lower than acute limits. Types of exposure include inhalation, ingestion, and skin contact.
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Figure 1-1. Schematic diagram illustrating the relation between the fatality and
toxicity limits and the changing detection limits with time for mercury.

of chemistry improves and more sensitive instrumentation is developed.

The difference between detection limit and fatality or toxicity limit is
not significant as long as the detection limit is below the toxicity limit. One
of the greatest differences exists for the detection of radioactive substances,
where the detection limit is billions of times lower than the toxicity limit.
The levels of radioactivity normally present in our bodies from such atoms as
carbon-14 and potassium-40 are easily measurable by present techniques.

Two or three decades ago, detection limits and toxicity limits for many
materials were in the same range. But now detection limits have dropped far
below toxicity limits. Unfortunately, misinterpretation of these greatly
decreased detection limits has resulted in serious abuses in the use and
interpretation of modern analytical information.

EXAMPLE 1-1

‘ Twenty years ago detection and toxicity limits for mercury were about the same,
and the detection of mercury in food was cause for justifiable concern. Since then
detection limits have been dramatically lowered. Figure 1-1 depicts schematically
the relation between the fatality limit, toxicity limit, and changing detection
limits for mercury. A decade ago calls for the banning of food products were made
because mercury had been detected in them — even though the amount was well
below the toxicity limit.

Toxicity limits are established from the evaluation of numerous medical
records. As indicated in Figure 1-1, the toxicity curve in the region of the toxicity
limit shows a gradual rather than a sharp change, indicating the limit to be
somewhat arbitrary. This applies to all substances. The value of this limit is
unlikely to change substantially in the future. On the other hand, as analytical
knowledge and techniques improve, detection limits will undoubtedly continue to
fall, but never reach zero.

The general public and even many scientists have been slow to recognize
the significance of the dramatic changes in detection limits brought about by
improved analytical methods. Instead of being reassured by more precise
information on levels of potentially hazardous substances, they have often



