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Preface

he tenth edition of Fundamentals of Analytical Chemistry is an introductory

textbook designed primarily for a one- or two-semester course for chemistry
majors. Since the publication of the ninth edition, the scope of analytical
chemistry has continued to evolve, and thus, we have included many applications
to biology, medicine, materials science, ecology, forensic science, and other related
fields. As in previous editions, we have incorporated many spreadsheet applica-
tions, examples, and exercises. We have revised older treatments to incorporate
contemporary instrumentation and techniques. Our companion supplement,
Applications of Microsoft® Excel® in Analytical Chemistry, Fourth Edition, provides
students with a tutorial guide for using spreadsheets in analytical chemistry and
introduces many additional spreadsheet operations. Both instructors and students
should sign in at www.cengage.com to access this supplement.

We recognize that courses in analytical chemistry vary from institution to insti-
tution and depend on the available facilities and instrumentation, the time allocated
to analytical chemistry in the chemistry curriculum, and the unique instructional
philosophies of teachers. We have, therefore, designed the tenth edition of Funda-
mentals of Analytical Chemistry so that instructors can tailor the text to meet their
needs and students can learn the concepts of analytical chemistry on several levels: in
descriptions, in pictorials, in illustrations, in interesting and relevant features, and in
using online learning.

Since the production of the eighth edition of this text, the duties and responsibil-
ities for planning and writing new editions have fallen to two of us (FJH and SRC).
While making the many changes and improvements cited previously and in the
remainder of the preface, we have maintained the basic philosophy and organization
of the nine previous editions and endeavored to preserve the same high standards
that characterized those texts.

Objectives

The primary objective of this text is to provide a thorough background in the
chemical principles that are particularly important to analytical chemistry. Second,
we want students to develop an appreciation for the difficult task of judging the
accuracy and precision of experimental data and to show how these judgments
can be sharpened by applying statistical methods to analytical data. Third, we aim
to introduce a broad range of modern and classic techniques that are useful in
analytical chemistry. Fourth, we hope that, with the help of this book, students
will develop the skills necessary to solve quantitative analytical problems and,
where appropriate, use powerful spreadsheet tools to solve problems, perform
calculations, and create simulations of chemical phenomena. Finally, we aim to
teach laboratory skills that will give students confidence in their ability to obtain
high-quality analytical data and that will highlight the importance of attention to
detail in acquiring these data.

Coverage and Organization

The material in this text covers both fundamental and practical aspects of
chemical analysis. We have organized the chapters into Parts that group together

Copyright 2022 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



x PREFACE

related topics. There are seven major Parts to the text that follow the brief intro-
duction in Chapter 1.

Part I covers the quality of analytical measurements and comprises five chap-
ters. Chapter 2 reviews the basic calculations of analytical chemistry, including
expressions of chemical concentration and stoichiometric relationships. Chapters
3-5 present topics in statistics and data analysis that are important in analyti-
cal chemistry and incorporate extensive use of spreadsheet calculations. Analysis
of variance (ANOVA) is included in Chapter 5, and Chapter 6 provides details
about acquiring samples, standardization, and calibration.

Part II covers the principles and application of chemical equilibrium systems
in quantitative analysis. Chapter 7 explores the fundamentals of chemical equi-
libria. Chapter 8 discusses the effect of electrolytes on equilibrium systems. The
systematic approach for attacking equilibrium problems in complex systems is
the subject of Chapter 9.

Part I1I brings together six chapters dealing with classical gravimetric and volu-
metric analytical chemistry. Gravimetric analysis is described in Chapter 10. In
Chapters 11-5, we consider the theory and practice of titrimetric methods of
analysis, including acid-base titrations, precipitation titrations, and complexo-
metric titrations. We take advantage of the systematic approach to equilibria and
the use of spreadsheets in the calculations.

Part IV is devoted to electrochemical methods. After an introduction to elec-
trochemistry in Chapter 16, Chapter 17 describes the many uses of electrode
potentials. Oxidation/reduction titrations are the subject of Chapter 18, while
Chapter 19 presents the use of potentiometric methods to measure concentra-
tions of molecular and ionic species. Chapter 20 considers the bulk electrolytic
methods of electrogravimetry and coulometry, and Chapter 21 discusses voltam-
metric methods, including linear sweep and cyclic voltammetry, anodic stripping
voltammetry, and polarography.

Part V presents spectroscopic methods of analysis. The nature of light and its
interaction with matter are explored in Chapter 22. Spectroscopic instruments
and their components are the topics covered in Chapter 23. The various appli-
cations of molecular absorption spectrometric methods are discussed in some
detail in Chapter 24, while Chapter 25 is concerned with molecular fluorescence
spectroscopy. Chapter 26 covers various atomic spectrometric methods, includ-
ing plasma and flame emission methods and electrothermal and flame atomic
absorption spectroscopy. Chapter 27 on mass spectrometry provides an introduc-
tion to ionization sources, mass analyzers, and ion detectors. Both atomic and
molecular mass spectrometry are included.

Part VI includes five chapters dealing with kinetics and analytical separations.
We investigate kinetic methods of analysis in Chapter 28. Chapter 29 introduces
analytical separations including ion exchange and the various chromatographic
methods. Chapter 30 discusses gas chromatography, while high-performance lig-
uid chromatography is covered in Chapter 31. The final chapter in this Part,
Chapter 32, introduces several miscellaneous separation methods, including
supercritical fluid chromatography, capillary electrophoresis, and field-flow frac-
tionation.

The final Part VII consists of five chapters dealing with the practical aspects of
analytical chemistry. These chapters are posted on the companion site for the book. We
consider real samples and compare them to ideal samples in Chapter 33. Methods for
preparing samples are discussed in Chapter 34, while techniques for decomposing and
dissolving samples are covered in Chapter 35. Chapter 36 discusses the chemicals and
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equipment used in analytical laboratories and includes many photographs of analytical
operations. The text ends with Chapter 37, which provides detailed procedures
for laboratory experiments that cover many of the principles and applications
discussed in previous chapters.

Flexibility

Because the text is divided into Parts, there is substantial flexibility in the use of
the material. Many of the Parts can stand alone or be taken in a different order. For
example, some instructors may want to cover spectroscopic methods prior to electro-
chemical methods or separations prior to spectroscopic methods.

Highlights

This edition incorporates many features and methods intended to enhance the
learning experience for the student and to provide a versatile teaching tool for
the instructor.

Equations that we feel are the most important have been
highlighted with a light blue screen for emphasis and ease of review.

Generally the principles of chemical analysis developed here
are based on college algebra. A few of the concepts presented require basic differential
and integral calculus.

A large number of worked examples serve as aids in understand-
ing the concepts of analytical chemistry. In this edition, we title the examples for eas-
ier identification. As in the ninth edition, we follow the practice of including units
in chemical calculations and using the factor-label method to check correctness. The
examples also are models for the solution of problems found at the end of most of
the chapters. Many of these use spreadsheet calculations as described next. Where
appropriate, solutions to the worked examples are clearly marked with the word
Solution for ease in identification.

Throughout the book we have introduced spreadsheets
for problem solving, graphical analysis, and many other applications. Microsoft Excel
on the PC has been adopted as the standard for these calculations, but the instruc-
tions can be easily adapted to other spreadsheet programs and platforms. Many other
detailed examplesare presented in our companion supplement, Applications of Microsoft*®
Excel® in Analytical Chemistry, Fourth Edition. We have attempted to document each
stand-alone spreadsheet with working formulas and entries.

References to our supplement Applications of Microsoft®
Excel® in Analytical Chemistry, Fourth Edition, are given as Exercises in Excel in the
text. These are intended to direct students to examples, tutorials, and elaborations of
the text topics.

An extensive set of questions and problems is included at
the end of most chapters. Answers to approximately half of the problems are given at
the end of the book. Many of the problems are best solved using spreadsheets. These
are identified by a spreadsheet icon |:= placed in the margin next to the problem.

Most chapters have a challenge problem at the end of the
regular questions and problems. Such problems are intended to be open-ended,
research-type problems that are more challenging than normal. These problems may
consist of multiple steps, dependent on one another, or may require library or Web
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searches to find information. We hope that these challenge problems stimulate discus-
sion and extend the topics of the chapter into new areas. We encourage instructors to
use them in innovative ways, such as for group projects, inquiry-driven learning assign-
ments, and case study discussions. Because many challenge problems are open-ended
and may have multiple solutions, we do not provide answers or explanations for them.

A series of boxed and highlighted Features are found throughout the
text. These essays contain interesting applications of analytical chemistry to the
modern world, derivation of equations, explanations of more difficult theoretical
points, or historical notes. Examples include “W. S. Gosset (Student)” (Chapter 5),
“Antioxidants” (Chapter 18), “Fourier Transform Spectroscopy” (Chapter 23),
“LC/MS/MS” (Chapter 31), and “Capillary Electrophoresis in DNA Sequenc-
ing” (Chapter 32).

We feel strongly that color photographs, drawings, pic-
torials, full-color molecular models, and other visual aids greatly assist the learn-
ing process. Hence, we have included new and updated visual materials to aid
students. Full-color photographs taken exclusively for this book by renowned
chemistry photographer Charles Winters are intended to illustrate concepts,
equipment, and procedures that are difficult to illustrate with drawings.

Where appropriate, we have attempted to make the
figure captions quite descriptive so that reading the caption provides a second level of
explanation for many of the concepts. In some cases, the figures can stand by them-
selves much in the manner of a Scientific American illustration.

In most chapters we have included a brief Analytical
Chemistry Online feature at the end of the chapter. In these features, we ask the
student to find information on the web, do online searches, visit the websites of
equipment manufacturers, or solve analytical problems. These Analytical Chemistry
Online features and the links given are intended to stimulate student interest in ex-
ploring the information available on the internet.

Near the end of the book we have included a glossary that defines the most
important terms, phrases, techniques, and operations used in the text. The glossary
is intended to provide students with a means for rapidly determining a meaning
without having to search through the text.

Included in the appendixes are an updated guide to the
literature of analytical chemistry; tables of chemical constants, electrode potentials, and
recommended compounds for the preparation of standard materials; sections on the
use of logarithms and exponential notation and normality and equivalents (terms that
are not used in the text itself); and a derivation of the propagation of error equations.
The endpapers of this book provide a full-color chart of chemical indicators, a periodic
table, a full-color diagram illustrating the important regions of the electromagnetic
spectrum, a 2019 IUPAC table of atomic masses, and a table of molar masses of com-
pounds of particular interest in analytical chemistry based on the 2019 atomic masses.

DOIs have been added to most references to
the primary literature. These universal identifiers greatly simplify the task of locating
articles by a link on the website www.doi.org. A DOI may be typed into a form on
the home page, and when the identifier is submitted, the browser transfers directly
to the article on the publisher’s website. For example, 10.1351/goldbook.C01222
can be typed into the form, and the browser is directed to the IUPAC article on con-
centration. Alternatively, DOIs may be entered directly into the URL blank of any
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browser as http://dx.doi.org/10.1351/goldbook.C01222. Please note that students
or instructors must have authorized access to the publication of interest.

What’s New in the Tenth Edition

Readers of the ninth edition will find numerous changes in the tenth edition in
content as well as in style and format.

Each chapter now
ends with a Chapter Summary, Key Terms, and Important Equations to help students
better focus on what they have learned from the chapter.

Inclusive and diverse analytical chemists from a variety of
careers are featured in many chapters so that all students can see what types of careers
they might pursue after studying analytical chemistry.

All techniques and instrumentation, including photographs, have been
updated for this edition to preserve the currency of the text.

Skoog is now printed fully in color, to ensure that all images and figures
are visible for students and to improve the readability and clarity for students.

Figures and colors have been reviewed for accessibility, and alt text has
been added to all digital content and the PowerPoint slides.

About 40% of end-of-chapter exercises have been revised with
new numbers and variables.

Several changes in content have been made to strengthen the book.

¢ Chapter 2 provides a basic introduction to the construction and use of spread-
sheets. Many detailed tutorials are included in our supplement, Applications of
Microsoft® Excel® in Analytical Chemistry, Fourth Edition.

* The chapters on statistics (Chapters 3—5) have been updated and brought into con-
formity with the terminology of modern statistics. Analysis of variance (ANOVA) has
been included in Chapter 5. ANOVA is very easy to perform with modern spread-
sheet programs and quite useful in analytical problem solving. These chapters are
closely linked to our Excel supplement through Examples, Features, and Summaries.

* References to the analytical chemistry literature have been updated and corrected
as necessary.

Obur style and format have continued to evolve to make the text
more readable and student friendly.

* We have attempted to use shorter sentences, a more active voice, and a more
conversational writing style in each chapter.

* More descriptive figure captions are used whenever appropriate to allow a
student to understand the figure and its meaning without alternating between
text and caption.

¢ Full-color molecular models are used liberally in most chapters to stimulate
interest in the beauty of molecular structures and to reinforce structural con-
cepts and descriptive chemistry presented in general chemistry and upper-level
courses.

 New figures have replaced obsolete figures of past editions.

* Photographs, taken specifically for this text, are used whenever appropriate to
illustrate important techniques, apparatus, and operations.

* Marginal notes are used throughout to emphasize recently discussed concepts, to
reinforce key information, or to serve as study aids.
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xiv PREFACE

OWLv2

Move students beyond memorization of chemistry concepts to a higher level of
thinking with OWLv2. This powerful platform empowers students to learn chem-
istry through richly dynamic problems, detailed feedback, and interactive learning

modules. With OWLv2, students practice at their own pace, receive meaningful

feedback, and access learning resources to help them achieve better grades.

Master chemistry one concept at a time. OWLv2 Algorithmic Mastery learn-
ing activities enable students to work at their own pace to promote understand-
ing over memorization.

Learning tools for every type of student. Adaptive review modules guide reme-
diation, while interactive study tools and resources aid conceptualization, prac-
tice, and review.

With OWLv2, students have access to exam preparation tools; detailed, step-by-
step explanations; a mobile-compatible MindTap eReader; and real-time grades
and progress.

Access analytics in real time. Track course progress using detailed analytics along-
side detailed student progress insights with the comprehensive OWLv2 gradebook.
Learning Management System (LMS) integration. OWLv2 integrates with
Blackboard, Brightspace, Canvas, Moodle, and other common LMSs to provide

seamless integrations.

The Skoog OWLv2 course has been revised for the tenth edition.
Targeted feedback. Over thirty percent of Skoog problems in OWL now come
with targeted feedback on common errors that students make. The targeted feed-
back explains why the student’s answer is incorrect and guides them toward a
correct solution.
Content audit. All Skoog OWL exercises and activities were reviewed and
updated to ensure that they relate directly to the text.
Solutions in OWL. All OWL end-of-chapter exercises now show the complete
solution after the student answers a question wrong two times.
Laddered Assessments. Conceptual mastery modules are combined with more
traditional homework questions into one structured learning path, organized by
topic at the chapter level.
OWLv2 Help. Resources have been streamlined and improved to make it easier
for instructors and students to master OWL.

Instructor and Student Resources

Additional instructor and student resources are available online. Instructor assets
include the following:

Part VII: Practical Aspects of Chemical Analysis (Chapters 33-37)

Guide to Teaching Online

a Transition Guide from the ninth edition to the tenth edition

an Educator’s Guide

Lecture Notes PowerPoint® slides

Image Library PowerPoints®

an updated and accuracy-checked Solutions and Answer Guide (formerly the
Instructor Solutions Manual)

the supplement Applications of Microsoft® Excel® in Analytical Chemistry, Fourth
Edition
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Student assets include the following:
* Part VII: Practical Aspects of Chemical Analysis (Chapters 33-37)
e the supplement Applications of Microsoft® Excel® in Analytical Chemistry, Fourth
Edition
* a Student Solutions Manual
Both instructors and students should sign in at www.cengage.com to access the
online resources.
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This is the second edition of Fundamentals of Analytical Chemistry written
without the skill, guidance, and counsel of our senior coauthors Douglas A. Skoog
and Donald M. West. Doug died in 2008, and Don followed in 2011. Doug was
Don’s preceptor while he was a graduate student at Stanford University, and they
began writing analytical chemistry textbooks together in the 1950s. They produced
twenty editions of three best-selling textbooks over a period of 45 years. Doug’s
vast knowledge of analytical chemistry and consummate writing skill coupled with
Don’s organizational expertise and attention to detail formed an outstanding writing
team. We aspire to maintain the high standard of excellence of Skoog and West as
we continue to build on their legacy. In honor of their manifest contributions to the
philosophy, organization, and writing of this book and many others, we have chosen
to list their names above the title.

Finally, we are deeply grateful to our wives Vicki Holler and Nicky Crouch for
their counsel, patience, and support during the several years of writing this text
and preparing it for production. Unfortunately, Nicky passed away from pancreatic
cancer in 2016.

E. James Holler
Stanley R. Crouch

Copyright 2022 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



Analytical chemistry is a measurement science consisting of a set of powerful ideas and methods that
are useful in all fields of science, engineering, and medicine. Some exciting illustrations of the power
and significance of analytical chemistry have occurred, are occurring, and will occur during NASA's rover
explorations of the planet Mars. On July 4, 1997, the Pathfinder spacecraft delivered the Sojourner rover
to the Martian surface. Analytical instruments returned information on the chemical composition of rocks
and soil. Investigations by the lander and rover suggested that Mars was at one time in its past warm and
wet with liquid water on the surface and water vapor in the atmosphere. In January 2004, the Mars rovers
Spirit and Opportunity arrived on Mars for a 3-month mission. A major result from Spirit’s alpha particle
X-ray spectrometer (APXS) and Mossbauer spectrometer was finding concentrated deposits of silica and, at
a different site, high concentrations of carbonate. Spirit continued to explore and transmit data until 2010,
outliving even the most optimistic predictions. Even more amazing, Opportunity continued to travel the
surface of Mars and, by March, 2012, had covered more than 21 miles exploring and transmitting images of
craters, small hills, and other features.

In late 2011, the Mars Science Laboratory aboard the rover Curiosity was launched. It arrived on
August 6, 2012, with a host of analytical instruments on board. The Chemistry and Camera package
includes a laser-induced breakdown spectrometer (LIBS, see Chapter 26) and a remote microimager.
The LIBS instrument will provide determination of many elements with no sample preparation. It can
determine the identity and amounts of major, minor, and trace elements and can detect hydrated
minerals. The sample analysis package contains a quadrupole mass spectrometer (Chapter 27), a gas
chromatograph (Chapter 30), and a tunable laser spectrometer (Chapter 23). Its goals are to survey
carbon compound sources, search for organic compounds important to life, reveal the chemical and

NASA/JPL-Caltech

Perseverance Rover using drill and robotic arm to collect samples.
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2 CHAPTER1 The Nature of Analytical Chemistry

isotopic states of several elements, determine the composition of the Martian atmosphere, and search
for noble gas and light element isotopes.!

At the end of July 2020, the Mars 2020 Rover mission was launched. The Perseverance Rover that is
part of this mission will focus on questions concerning the potential for life on Mars. It will seek signs of
conditions on Mars in the past that indicate the presence of life. Core samples taken by the rover drill will
be collected and stored for possible return to Earth for analysis in the future. The mission will also obtain
information relevant to future human Mars explorations including possible habitation of the planet. It
will explore producing oxygen from the Martian atmosphere, finding subsurface water, and characterizing
Martian weather and other environmental conditions that could influence living and working on the
planet. Perseverance successfully landed on Mars on February 18, 2021.

hese examples demonstrate that both qualitative and quantitative information are
Qualitative analysis reveals required in an analysis. Qualitative analysis establishes the chemical identity of the
the identity thhe clements and species in the sample. Quantitative analysis determines the relative amounts of these spe-
oIS fin & smple, cies, or analytes, in numerical terms. The data from the various spectrometers on the rovers
NN Ge el S e contain both types of information. As is common with many analytical instruments, the gas
the amount of each substance in a chromatograph and mass spectrometer incorporate a separation step as a necessary part of
sample. the analytical process. With a few analytical tools, exemplified here by the APXS and LIBS ex-
periments, chemical separation of the various elements contained in the rocks is unnecessary
since the methods provide highly selective information. This text explores quantitative meth-
ods of analysis, separation methods, and the principles behind their operation. A qualitative
analysis is often an integral part of the separation step, and determining the identity of the
analytes is an essential adjunct to quantitative analysis.

1A The Role of Analytical Chemistry

Analytical chemistry is applied throughout industry, medicine, and all the sciences.

Analytes are the components of a
sample that are determined.

To illustrate, consider a few examples. The concentrations of oxygen and of
carbon dioxide are determined in millions of blood samples every day and used
to diagnose and treat illnesses. Quantities of hydrocarbons, nitrogen oxides, and
carbon monoxide present in automobile exhaust gases are measured to determine
the effectiveness of emission-control devices. Quantitative measurements of ionized
calcium in blood serum help diagnose parathyroid disease in humans. Quantitative
determination of nitrogen in foods establishes their protein content and thus their
nutritional value. Analysis of steel during its production permits adjustment in
the concentrations of such elements as carbon, nickel, and chromium to achieve
a desired strength, hardness, corrosion resistance, and ductility. The mercaptan
content of household gas supplies is monitored continually to ensure that the
gas has a sufficiently obnoxious odor to warn of dangerous leaks. Farmers tailor
fertilization and irrigation schedules to meet changing plant needs during the
growing season, gauging these needs from quantitative analyses of plants and soil.
Quantitative analytical measurements also play a vital role in many research
areas in chemistry, biochemistry, biology, geology, physics, and the other sciences.
For example, quantitative measurements of potassium, calcium, and sodium ions

"For details on the Mars Science missions and the rovers Curiosity, see http://www.nasa.gov.
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1A The Role of Analytical Chemistry 3

in the body fluids of animals permit physiologists to study the role these ions play
in nerve-signal conduction as well as muscle contraction and relaxation. Chemists
unravel the mechanisms of chemical reactions through reaction rate studies. The rate
of consumption of reactants or formation of products in a chemical reaction can be
calculated from quantitative measurements made at precise time intervals. Materials
scientists rely heavily on quantitative analyses of crystalline germanium and silicon in
their studies of semiconductor devices whose impurities lie in the concentration range
of 1 X 107%to 1 X 1077 percent. Archacologists identify the sources of volcanic
glasses (obsidian) by measuring concentrations of minor elements in samples taken
from various locations. This knowledge in turn makes it possible to trace prehistoric
trade routes for tools and weapons fashioned from obsidian.

Many chemists, biochemists, and medicinal chemists devote much time in the
laboratory gathering quantitative information about systems that are important and
interesting to them. The central role of analytical chemistry in this enterprise and
many others is illustrated in Figure 1-1. All branches of chemistry draw on the ideas
and techniques of analytical chemistry. Analytical chemistry has a similar function

Chemistry
Biochemistry
Inorganic Chemistry
Organic Chemistry

Physics
Astrophysics
Astronomy
Biophysics

Physical Chemistry

Molecular Biology
Zoology

Geology

Geophysics
Geochemistry
Paleontology
Paleobiology

Chemistry

Medicine
Clinical Chemistry
Medicinal Chemistry
Pharmacy
Toxicology

Agriculture

Agronomy Materials Science
Animal Science Metallurgy
Crop Science Polymers

Food Science
Horticulture
Soil Science

Solid State

FIGU‘RE 1-1 The relationship between analytical chemistry, other branches of chemistry, and the other sciences. The central
location of analytical chemistry in the diagram signifies its importance and the breadth of its interactions with many
other disciplines.

Copyright 2022 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



EPA (Environmental Protection Agency)

4 CHAPTERI1

Dr. Ann Richard completed her Ph.D.
at the University of North Carolina at
Chapel Hill, specializing in physical
chemistry. Using her computational
chemistry skill set, she accepted a
postdoctoral position at the U.S. Envi-
ronmental Protection Agency (EPA),
where she has worked since 1984. Dr.
Richard is currently a researcher for

the EPAs Center for Computational
Toxicology and Exposure where one of
her roles is to use computer models to
predict the toxicity of molecules toward
both humans and animals. She also
combines chemistry, computer science,
and data management in the area
known as cheminformatics. Dr. Richard
manages a large toxicity database and
oversees a toxicity testing system
utilizing testing plates the size of an
iPhone. This system can analyze over
1,500 chemical compounds at one time.
Computational toxicology has changed
testing procedures, reducing testing of
these compounds on animals.

The Nature of Analytical Chemistry

with respect to the many other scientific fields listed in the diagram. Chemistry is
often called the central science; its top-center position and the central position of an-
alytical chemistry in the figure emphasize this importance. The interdisciplinary na-
ture of chemical analysis makes it a vital tool in medical, industrial, government, and
academic laboratories throughout the world.

1B Quantitative Analytical Methods

We compute the results of a typical quantitative analysis from two measurements.
One is the mass or the volume of sample being analyzed. The second measurement is
of some quantity that is proportional to the amount of analyte in the sample such as
mass, volume, intensity of light, or electrical charge. This second measurement usually
completes the analysis, and we usually classify analytical methods according to the
nature of this final measurement. Gravimetric methods determine the mass of the
analyte or some compound chemically related to it. A volumetric method measures
the volume of a solution containing sufficient reagent to react completely with the
analyte. Electroanalytical methods measure electrical properties such as potential,
current, resistance, and quantity of electrical charge. Spectroscopic methods explore
the interaction between electromagnetic radiation and analyte atoms or molecules or
the emission of radiation by analytes. Finally, in a group of miscellaneous methods,
we measure such quantities as mass-to-charge ratio of ions by mass spectrometry, rate
of radioactive decay, heat of reaction, rate of reaction, sample thermal conductivity,
optical activity, and refractive index.

1C A Typical Quantitative Analysis

A typical quantitative analysis includes the sequence of steps shown in the flow
diagram of Figure 1-2. In some instances, one or more of these steps can be omitted.
For example, if the sample is already a liquid, we can avoid the dissolution step.
Chapters 1 through 32 focus on the last three steps in Figure 1-2. In the measurement
step, we measure one of the physical properties mentioned in Section 1B. In the
calculation step, we find the relative amount of the analyte present in the samples. In
the final step, we evaluate the quality of the results and estimate their reliability.

In the paragraphs that follow, you will find a brief overview of each of the nine
steps shown in Figure 1-2. We then present a case study to illustrate the use of these
steps in solving an important and practical analytical problem. The details of this
study foreshadow many of the methods and ideas you will explore as you study ana-
lytical chemistry.

1C-1 Choosing a Method

The essential first step in any quantitative analysis is the selection of a method as de-
picted in Figure 1-2. The choice is sometimes difficult and requires experience as well
as intuition. One of the first questions that must be considered in the selection process
is the level of accuracy required. Unfortunately, high reliability nearly always requires
a large investment of time. The selected method usually represents a compromise be-
tween the accuracy required and the time and money available for the analysis.

A second consideration related to economic factors is the number of samples that
will be analyzed. If there are many samples, we can afford to spend a significant
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amount of time in preliminary operations such as assembling and calibrating instru-
ments and equipment and preparing standard solutions. If we have only a single sam-
ple or a just a few samples, it may be more appropriate to select a procedure that
avoids or minimizes such preliminary steps.

Finally, the complexity of the sample and the number of components in the sam-
ple always influence the choice of method to some degree.

1C-2 Acquiring the Sample

As illustrated in Figure 1-2, the second step in a quantitative analysis is to acquire
the sample. To produce meaningful information, an analysis must be performed
on a sample that has the same composition as the bulk of material from which it
was taken. When the bulk is large and heterogeneous, great effort is required to
get a representative sample. Consider, for example, a railroad car containing 25 tons

1C A Typical Quantitative Analysis

5

FIGURE 1-2

Flow diagram showing the steps in

a quantitative analysis. There are a
number of possible paths through these
steps. In the simplest example repre-
sented by the central vertical pathway,
we select a method, acquire and pro-
cess the sample, dissolve the sample in
a suitable solvent, measure a property
of the analyte, calculate the results, and
estimate the reliability of the results.
Depending on the complexity of the
sample and the chosen method, various
other pathways may be necessary.

A material is heterogeneous

if its constituent parts can be
distinguished visually or with the aid
of a microscope. Coal, animal tissue,
and soil are heterogeneous.
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6 CHAPTER1

An assay is the process of
determining how much of a given
sample is the material by its indicated
name. For example, a zinc alloy is
assayed for its zinc content, and its
assay is a particular numerical value.

We analyze samples, and we
determine substances. For
example, a blood sample is
analyzed to determine the
concentrations of various
substances such as blood gases
and glucose. We, therefore, speak
of the determination of blood
gases or glucose, not the analysis
of blood gases or glucose.

The Nature of Analytical Chemistry

of silver ore. The buyer and seller of the ore must agree on a price, which will be
based primarily on the silver content of the shipment. The ore itself is inherently
heterogeneous, consisting of many lumps that vary in size as well as in silver content.
The assay of this shipment will be performed on a sample that weighs about 1 gram.
For the analysis to have significance, the composition of this small sample must be
representative of the 25 tons (or approximately 22,700,000 g) of ore in the shipment.
Isolation of 1 gram of material that accurately represents the average composition
of the nearly 23,000,000 g of bulk sample is a difficult undertaking that requires a
careful, systematic manipulation of the entire shipment. Sampling is the process of
collecting a small mass of a material whose composition accurately represents the bulk
of the material being sampled. Sampling is discussed in more detail in Chapter 6.

The collection of specimens from biological sources represents a second type of
sampling problem. Sampling of human blood for the determination of blood gases
illustrates the difficulty of acquiring a representative sample from a complex bio-
logical system. The concentration of oxygen and carbon dioxide in blood depends
on a variety of physiological and environmental variables. For example, applying a
tourniquet incorrectly or hand flexing by the patient may cause the blood oxygen
concentration to fluctuate. Because physicians make life-and-death decisions based
on results of blood gas analyses, strict procedures have been developed for sampling
and transporting specimens to the clinical laboratory. These procedures ensure that
the sample is representative of the patient at the time it is collected and that its integ-
rity is preserved until the sample can be analyzed.

Many sampling problems are easier to solve than the two just described. Whether
sampling is simple or complex, however, the analyst must be sure that the laboratory
sample is representative of the whole before proceeding. Sampling is frequently the
most difficult step in an analysis and the source of greatest error. The final analytical
result will never be any more reliable than the reliability of the sampling step.

1C-3 Processing the Sample

As shown in Figure 1-2, the third step in an analysis is to process the sample. Under
certain circumstances, no sample processing is required prior to the measurement
step. For example, once a water sample is withdrawn from a stream, a lake, or an
ocean, the pH of the sample can be measured directly. Under most circumstances,
the sample is processed in one of the several different ways. The first step in process-
ing the sample is often the preparation of a laboratory sample.

Preparing a Laboratory Sample

A solid laboratory sample is ground to decrease particle size, mixed to ensure homo-
geneity, and stored for various lengths of time before analysis begins. Absorption or
desorption of water may occur during each step, depending on the humidity of the
environment. Because any loss or gain of water changes the chemical composition of
solids, it is a good idea to dry samples just before starting an analysis. Alternatively,
the moisture content of the sample can be determined at the time of the analysis in a
separate analytical procedure.

Liquid samples present a slightly different but related set of problems during the
preparation step. If such samples are allowed to stand in open containers, the solvent
may evaporate and change the concentration of the analyte. If the analyte is a gas
dissolved in a liquid, as in our blood gas example, the sample container must be
kept inside a second sealed container, perhaps during the entire analytical procedure,
to prevent contamination by atmospheric gases. Extraordinary measures, including
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sample manipulation and measurement in an inert atmosphere, may be required to
preserve the integrity of the sample.

Defining Replicate Samples

Most chemical analyses are performed on replicate samples whose masses or vol-
umes have been determined by careful measurements with an analytical balance or
with a precise volumetric device. Replication improves the quality of the results and
provides a measure of their reliability. Quantitative measurements on replicates are
usually averaged, and various statistical tests are performed on the results to establish

their reliability.

Preparing Solutions: Physical and Chemical Changes

Because many classical methods and most instrumental techniques use solution
samples, most analyses are performed on solutions of the sample made with a suit-
able solvent. Ideally, the solvent should dissolve the entire sample, including the
analyte, rapidly and completely. The conditions of dissolution should be sufficiently
mild that loss of the analyte cannot occur. In our flow diagram of Figure 1-2, we
ask whether the sample is soluble in the solvent of choice. Unfortunately, many ma-
terials that must be analyzed are insoluble in common solvents. Examples include
silicate minerals, high-molecular-mass polymers, and specimens of animal tissue.
With such substances, the analyst follows the flow diagram to the box on the right
and performs some rather harsh chemistry. Converting the analyte in such materials
into a soluble form is often the most difficult and time-consuming task in the an-
alytical process. The sample may require heating with aqueous solutions of strong
acids, strong bases, oxidizing agents, reducing agents, or some combination of such
reagents. It may be necessary to ignite the sample in air or oxygen or to perform a
high-temperature fusion of the sample in the presence of various fluxes. Once the
analyte is made soluble, then ask whether the sample has a property that is pro-
portional to analyte concentration and that we can measure. If it does not, other
chemical steps may be necessary, as shown in Figure 1-2, to convert the analyte to a
form that is suitable for the measurement step. For example, in the determination of
manganese in steel, the element must be oxidized to MnO,~ before the absorbance
of the colored solution is measured (see Chapter 24). At this point in the analysis, it
may be possible to proceed directly to the measurement step, but more often than
not, eliminate interferences in the sample before making measurements, as illus-
trated in the flow diagram.

1C-4 Eliminating Interferences

Once we have the sample in solution and converted the analyte to an appropriate
form for measurement, the next step is to eliminate substances from the sample that
may interfere with measurement (see Figure 1-2). Few chemical or physical proper-
ties of importance in chemical analysis are unique to a single chemical species. In-
stead, the reactions used and the properties measured are characteristic of a group of
elements of compounds. Species other than the analyte that affect the final measure-
ment are called interferences, or interferents. A scheme must be devised to isolate
the analytes from interferences before the final measurement is made. No hard and
fast rules can be given for eliminating interference. This problem can certainly be the
most demanding aspect of an analysis. Chapters 29-32 describe separation methods
in detail.

1C A Typical Quantitative Analysis 7

Replicate samples, or replicates,
are portions of a material of
approximately the same size that
are carried through an analytical
procedure at the same time and in
the same way.

A flux is a material, often an
alkali metal salt, that is mixed
with the sample and heated to
form a fused salt.

An interference or interferent is

a species that causes an error in an
analysis by enhancing or attenuating
(making smaller) the quantity being
measured.
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8 CHAPTERI1

The matrix, or sample matrix, is the
collection of all the components in
the sample containing an analyte.

Techniques or reactions that work
for only one analyte are said to be
specific. Techniques or reactions
that apply to only a few analytes are
selective.

Calibration is the process of
determining the proportionality
between analyte concentration and a
measured quantity.

An analytical result without an
estimate of reliability is of no
value.

The Nature of Analytical Chemistry

1C-5 Calibrating and Measuring Concentration

All analytical results depend on a final measurement X of a physical or chemical
property of the analyte, as shown in Figure 1-2. This property must vary in a known
and reproducible way with the concentration ¢ of the analyte. Ideally, the measure-
ment of the property is directly proportional to the concentration, that is,

L‘A:/CX

where # is a proportionality constant. With a few exceptions, analytical methods re-
quire the empirical determination of % with chemical standards for which ¢ is known.?
The process of determining # is thus an important step in most analyses; this step is

called a calibration. Calibration methods are discussed in some detail in Chapter 6.

1C-6 Calculating Results

Computing analyte concentrations from experimental data is usually relatively easy,
particularly with computers. This step is depicted in the next-to-last block of the
flow diagram of Figure 1-2. These computations are based on the raw experimental
data collected in the measurement step, the characteristics of the measurement in-
struments, and the stoichiometry of the analytical reaction. Samples of these calcula-
tions appear throughout this book.

1C-7 Evaluating Results by Estimating Reliability

As the final step in Figure 1-2 shows, analytical results are complete only when their
reliability has been estimated. The experimenter must provide some measure of the
uncertainties associated with computed results if the data are to have any value.
Chapters 3—5 present detailed methods for carrying out this important final step in
the analytical process.

1D An Integral Role for Chemical Analysis:

Feedback Control Systems

Analytical chemistry is usually not an end in itself but is part of a bigger picture in
which the analytical results may be used to help control a patient’s health, to control
the amount of mercury in fish, to control the quality of a product, to determine the
status of a synthesis, or to find out whether there is life on Mars. Chemical analysis
is the measurement element in all these examples and in many other cases. Consider
the role of quantitative analysis in the determination and control of the concentration
of glucose in blood. The system flow diagram of Figure 1-3 illustrates the process.
Patients suffering from insulin-dependent diabetes mellitus develop hyperglycemia,
which manifests itself in a blood glucose concentration above the normal concentration
range of 65 to 100 mg/dL. We begin our example by determining that the desired
state is a blood glucose level below 100 mg/dL. Many patients must monitor their
blood glucose levels by periodically submitting samples to a clinical laboratory for
analysis or by measuring the levels themselves using a handheld electronic glucose
monitor.

?Two exceptions are gravimetric methods, discussed in Chapter 10, and coulometric methods, con-
sidered in Chapter 20. In both these methods, £ can be computed from known physical constants.
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The first step in the monitoring process is to determine the actual state by col-
lecting a blood sample from the patient and measuring the blood glucose level.
The results are displayed, and then the actual state is compared to the desired state,
as shown in Figure 1-3. If the measured blood glucose level is above 100 mg/dL,
the patient’s insulin level, which is a controllable quantity, is increased by injection
or oral administration. After a delay to allow the insulin time to take effect, the
glucose level is measured again to determine if the desired state has been achieved.
If the level is below the threshold, the insulin level has been maintained, so no
insulin is required. After a suitable delay time, the blood glucose level is measured
again, and the cycle is repeated. In this way, the insulin level in the patient’s blood,
and thus the blood glucose level, is maintained at or below the critical threshold,
which keeps the metabolism of the patient under control.

The process of continuous measurement and control is often referred to as a
feedback system, and the cycle of measurement, comparison, and control is called
a feedback loop. These ideas are widely applied in biological and biomedical sys-
tems, mechanical systems, and electronics. From the measurement and control of the
concentration of manganese in steel to maintaining the proper level of chlorine in a
swimming pool, chemical analysis plays a central role in a broad range of systems.

FIGURE 1-3

Feedback system flow diagram. The
desired system state is defined, the
actual state of the system is measured,
and the two states are compared. The
difference between the two states is
used to change a controllable quantity
that results in a change in the state of
the system. Quantitative measurements
are again performed on the system, and
the comparison is repeated. The new
difference between the desired state
and the actual state is again used to
change the state of the system if neces-
sary. The process provides continuous
monitoring and feedback to maintain

the controllable quantity, and thus the
actual state, at the proper level. The text
describes the monitoring and control

of blood glucose as an example of a
feedback control system.

FEATURE 1-1

Deer Kill: A Case Study Illustrating the Use of Analytical Chemistry to Solve a Problem in Toxicology

Analytical chemistry is a powerful tool in environmental inves-
tigations. This feature describes a case study in which quantita-
tive analysis was used to determine the agent that caused deaths
in a population of white-tailed deer in a wildlife area of a na-
tional recreational area in Kentucky. We begin with a descrip-

picted in Figure 1-3.

The Problem

context as an integral part of the feedback control system de-

tion of the problem and then show how the steps illustrated
in Figure 1-2 were used to solve the analytical problem. This
case study also shows how chemical analysis is used in a broad

The incident began when a park ranger found a dead white-tailed
deer near a pond in the Land Between the Lakes National Recre-
ation Area in western Kentucky. The ranger enlisted the help of a

(continued)
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