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PREFACE

This book is an analytical chemistry book that has two forms: a
traditional hardcover book, and an electronic version contained
within an analytical chemistry toolkit program. Today’s students,
technicians, and chemist are all familiar with and daily use a com-
puter. Many textbooks are being converted to online and elec-
tronic versions where students study the electronic books using
computers or handheld electronics such as Kindles. The book
begins with an introduction to the laboratory including safety,
glassware, and laboratory basics, and then moves through the
fundamentals of analytical techniques such as spectroscopy
and chromatography, most common laboratory instrumentation,
and examples of laboratory programs such as laboratory informa-
tion management systems (LIMS). The book also includes a
companion teaching, reference, and toolkit program called
ChemTech-ToolKit. The ChemTech-ToolKit program contains
lesson exercises that stress and review over topics covered in
the book, it contains useful calculators, an interactive periodic
table, and a copy of all of the chapters of the book that can be
opened and read on a computer or handheld electronics such
as a Kindle.

The analytical chemist and technician are an invaluable part of
the chemistry laboratory. He or she is charged with performing
analyses, updating records, taking inventory, documenting pro-
jects, keeping the laboratory clean, updating instrumentation
and analyses, making sure the laboratory is safe, and giving sup-
port to the chief chemist are just a brief description of what the
chemist and technician may be charged with. Choosing a career
as a chemist or technician in any type of laboratory such as envi-
ronmental, petroleum, contract, medical, clinical, or biological to
name a few examples can be a very rewarding career. Some posi-
tions are more demanding than others, but most are challenging.
New methods are often needed to be learned or developed. New
instrumentation is needed to be set up and used. The chemist and
technician also need to keep track of the testing that is being per-
formed and documenting results.

The technicians and chemists in laboratories today are also
routinely using computers on a daily basis. Computers are used

to control instrumentation and record the data that is being
produced. The instrument vendors also often have their own soft-
ware used for their instruments that the technician, chemist, or
laboratory worker needs to learn and use on a routine, daily basis.
The personal computer is also used by the chemist and technician
on a daily basis for entering laboratory data and writing reports. It
is pretty safe to say that most students today have been introduced
to the basic operations of the personal computer. A very useful
computer program found in most laboratories today is the LIMS.
LIMS are used to input data; track sample progress; record sam-
ple data such as company, type, and tests needed; and so on. Later
in Chapter 12, we are introduced to a LIMS example that we will
use to log in samples, input data, search samples, approve sam-
ples, and print reports and certificates of analysis (C of A). Also
becoming more common in laboratories are electronic laboratory
notebooks, and we will take a brief look at using them.

This book is a comprehensive study of analytical chemistry as
it pertains to the laboratory analyst and chemist. There are numer-
ous chapters in the book devoted to the basics of analytical chem-
istry and introductions to the laboratory. The book includes an
interactive program called ChemTech-ToolKit for chemists and
laboratory technicians. The program acts as a learning aid as
we move through the various aspects of analytical chemistry lab-
oratory work and the needed skills to be learned. The ChemTech-
ToolKit program has reference tables and an interactive periodic
table. It has a link to a LIMS program that we will learn to use.
The program also has a review of most of the chapters in this
book. The combination of the ChemTech-ToolKit program and
the chapters in this book can help to prepare the student for a
rewarding career as a chemist or a laboratory technician. The
book is also a useful reference for the established chemist or tech-
nician already working in the laboratory.

The ChemTech-ToolKit program is a teaching tool designed
to equip the chemist, the laboratory analyst, and the technician for
a career in the analytical laboratory whether it is a clinical labo-
ratory, an industrial, petrochemical, petroleum, environmental,
college or university, or contract laboratory. The book covers
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the basics of the laboratory including safety, glassware, and bal-
ances. Most of the fundamental aspects of laboratory analysis
are also covered including titrations, chromatography, and instru-
mental analyses. Because the ChemTech-ToolKit program con-
tains key points of most of the chapters, ChemTech-ToolKit can
be used as a reference and toolkit for the chemist and technician
throughout his career. ChemTech-ToolKit progresses from the
basics of laboratory fundamentals in safety and glassware through
advanced laboratory techniques and analyses. The ChemTech-
ToolKit program and the book are a valuable source of reference
material also for the industrial or academic researcher in the
laboratory. The program and book are in a convenient format
for looking up techniques and information in one place for numer-
ous aspects of the laboratory and of samples whether it is the

analyst, chemist, or researcher using them. The book and program
can also be useful as a supplemental learning source for the college
student studying the sciences such as the chemistry, biology, or
premed student. The combination of this book with the Chem-
Tech-ToolKit program would be a perfect approach for a commu-
nity college that is designing a program that would teach and
prepare laboratory technicians for an associate degree, and is an
undergraduate analytical chemistry textbook.

The book also meets the need of an undergraduate or graduate
level analytical chemistry class as all the main topics of analytical
chemistry are covered.

Bryan M. Ham
Aihui MaHam
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1.1 INTRODUCTION—THE ANALYTICAL
CHEMIST AND TECHNICIAN

The analytical chemist and technician are an invaluable part of
the chemistry laboratory. He/she is charged with performing ana-
lyses, updating records, taking inventory, documenting projects,
keeping the laboratory clean, updating instrumentation and ana-
lyses, making sure the laboratory is safe, and giving support to the
chief chemist. Choosing a career as a chemist or technician in any
type of laboratory, such as environmental, petroleum, contract,
medical, clinical, or biological to name a few, can be very reward-
ing. Some positions are more demanding than others, but most
are challenging. New methods are often needed to be learned
or developed. New instrumentation is needed to be set up and
used. The chemist and technician also need to keep track of
the testing that is being performed and documenting results.

1.2 TODAY’S LABORATORY CHEMIST
AND TECHNICIAN

1.2.1 Computers in the Laboratory

The technicians and chemists in laboratories today are also rou-
tinely using computers on a daily basis. Computers are used
to control instrumentation and record the data that are being
produced. The instrument vendors also often have their own

1.44 Making Laboratory Solutions

1.4.5  Titrimetric Analysis

1.4.6  Electrochemistry

1.4.7  Laboratory Information Management System
(or Software) LIMS

1.4.8  Instrumental Analyses—Spectroscopy

1.4.9  Instrumental Analyses—Chromatography

1.4.10 Instrumental Analyses—Mass Spectrometry

1.4.11 Small Molecule and Macromolecule Analysis

1.5 Users of ChemTech

software used for their instruments that the technician, chemist,
or laboratory worker needs to learn and use on a routine, daily
basis. The personal computer is also used by the chemist and
technician on a daily basis for entering laboratory data and writ-
ing reports. It is pretty safe to say that most students today have
been introduced to the basic operations of the personal computer.

1.2.2 Laboratory Information Management
Systems (LIMS)

A very useful computer program found in most laboratories today
is the Laboratory Information Management System (LIMS).
LIMS is used to input data, track sample progress, record sample
data, such as company, type, and tests needed. In Chapter 11, we
will be introduced to a LIMS example that we will use to log in
samples, input data, search samples, approve samples, and print
reports and certificates of analysis (C of A). Also becoming more
common in laboratories are electronic laboratory notebooks, and
we will take a brief look at using them.

1.3 ChemTech—THE CHEMIST AND TECHNICIAN
TOOLKIT COMPANION

1.3.1 Introduction to ChemTech

This textbook is a comprehensive study of analytical chemistry
as it pertains to the laboratory analyst and chemist. There are

Analytical Chemistry: A Chemist and Laboratory Technician’s Toolkit, First Edition. Bryan M. Ham and Aihui MaHam.
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THE CHEMIST AND TECHNICIAN
LABORATORY REFERENCE AND
COMPANION TOOLKIT

EXIT

Close Toolkit Program

Main Menu

Go To Toolkit Main
Menu Options

FIGURE 1.1 The ChemTech programs introduction page when it is first opened. The buttons to the bottom right will exit the program or take

the user to the main menu of ChemTech.

numerous chapters in the textbook devoted to the basics of ana-
lytical chemistry and introductions to the laboratory. This text-
book includes an interactive program called ChemTech for
chemists and laboratory technicians. The program acts as a learn-
ing aid as we move through the various aspects of analytical
chemistry, laboratory work, and the needed skills to be learned.
The ChemTech program has reference tables and an interactive
periodic table. It has a link to a LIMS program that we will learn
to use. The program also has a review of most of the chapters in
this textbook. The combination of the ChemTech program and
the chapters in this textbook can prepare the student for a reward-
ing career as a chemist or a laboratory technician.

1.3.1.1 Opening ChemTech Let us begin by opening Chem-
Tech by inserting the CD/DVD disk that came with the textbook
into your CD/DVD player. The ChemTech program should auto-
matically start, and the main introduction page should look like
that found in Figure 1.1. Go down to the bottom right of the page
and click on the button “Main Menu.” This will open up a page
that includes many of the chapters present in the textbook. A link
to each chapter is located in the box. Clicking on one of the but-
tons next to each chapter will open up pages associated with each
chapter topic. Located to the right of the page are links to calcu-
lators, an interactive periodic table, and some reference tables
(Fig. 1.2).

1.3.1.2 Interactive Periodic Table Let us start by clicking the
interactive periodic table button to open up the table. Once opened,
the page should look like that in Figure 1.3. If you click on an ele-
ment, a new page will open with facts about the element. Ten of

the elements, listed at the bottom of the page, include a rotatable
movie of the element. Click on the carbon “C” element to open its
fact page. Different facts about the element are listed along with
general information about the element. The page should look like
the one in Figure 1.4. This is the same for each of the element
pages in the periodic table. Also included are pictures of various
representations of the elements. Take a few minutes to look at
some of the other element information pages. Always remember
that you can come back to this page for information about the
elements. Click the “Return To Main Menu” button.

1.4 CHAPTER LAYOUT

1.4.1 Glassware, Chemicals, and Safety

Now that we have been introduced to the ChemTech program, we
can begin to look at the other chapters. The textbook is designed
to take the reader through many of the basic aspects of working in
a laboratory. It also teaches the fundamental skills needed of a
chemist and technician in science, including basic mathematics.
An introduction to laboratory glassware, the layout of labora-
tories, and instruments used in the laboratory is covered in early
chapters. Safety in the laboratory is also covered in an early chap-
ter (see Chapter 3) to give the reader an overview of important
aspects of safety in the laboratory.

1.4.2 Basic Math and Statistics

An overview of mathematics used in the laboratory is presented
in Chapter 4. The chapter takes the reader through fundamental
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FIGURE 1.2 ChemTech Main Menu Page. The boxed-in area contains links to the various chapters covered in the textbook. To the right are
links to calculators, reference tables, and an interactive periodic table.
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FIGURE 1.3 Interactive periodic table of the elements. Click on an element link to open a page that includes facts, pictures, and movies about
the elements.
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G5 CARBON (C) ELEMENTAL FACTS

Carbon
tomic number: 6
Atomic weight: 12.011
Symbol: C
Oxidation states: +2, +4, and -4

Carbon (from Latin: carbo “coal”) is a chemical element with symbol C and atomic number 6. As a
member of group 14 on the periodic table, it is nonmetallic and tefravalent — making four electrons
available to form covalent chemical bonds. There are three naturally occurring isotopes, with 12C and 13C
being stable, while 14C is radioactive, decaying with a half-life of about 5,730 years.[11] Carbon is one of
the few elements known since antiquity.[12]

There are several allotropes of carbon of which the best known are graphite, diamond, and amorphous
carbon.[13] The physical properties of carbon vary widely with the allotropic form. For example, diamond is
highly transparent, while graphite is opaque and black. Diamond is the hardest naturally-occurring material
known, while graphite is soft enough to form a streak on paper (hence its name, from the Greek word "??7?
2" which means "to write"). Diamond has a very low electrical conductivity, while graphite is a very good
conductor. Under normal conditions, diamond, carbon nanotubes, and graphene have the highest thermal
conductivities of all known materials.

All carbon allotropes are solids under normal conditions, with graphite being the most thermodynamically

stable form. They are chemically resistant and require high temperature to react even with oxygen. The
most common oxidation state of carbon in inorganic compounds is +4, while +2 is found in carbon
monoxide and other fransition metal carbonyl complexes. The largest sources of inorganic carbon are
limestones, dolomites and carbon dioxide, but significant quantities occur in organic deposits of coal,
peat, oil and methane clathrates. Carbon forms a vast number of compounds, more than any other
element, with almost ten million compounds described to date [14] which in turn are a tiny fraction of such
compounds that are theoretically possible under standard conditions.

Carbon is the 15th most abundant element in the Earth's crust, and the fourth most abundant element in the 2 EXIT

FIGURE 1.4 Carbon element information page. The page contains facts about the element, and pictures.

aspects such as the metric system, conversions such as pounds to
grams, and significant figures. The scientific hand calculator is
next presented to introduce and prepare the student for its use
in the laboratory. The math next moves to statistics in Chapter 5.
Statistics is a common and very useful tool in the analytical
laboratory. The student is taught the basics of statistics while using
ChemTech as a learning aid to help with understanding the
associated calculations and concepts. Plotting and graphing are
techniques that are used every day in the analytical laboratory.

1.4.3 Graphing and Plotting

Chapter 6 introduces the reader to the basic construction and use
of graphs in the laboratory. To aid in the plotting of data, the
ChemTech program is used to construct the graphs. Finally,
for the math portion of the textbook, Microsoft Excel® is intro-
duced in Chapter 7 as a valuable lab tool for spreadsheet calcu-
lation and graphing.

1.44 Making Laboratory Solutions

Making solutions in the laboratory is a necessary skill for the
chemist and laboratory analyst. There are in fact full time positions
that are devoted to making laboratory solutions. We will learn to

make solutions of different concentrations and representations such
as molarity (M), normality (N), and parts per million (ppm). The
program ChemTech will be used to calculate a variety of solutes
and solvents needed to make laboratory solutions. In Chapter 9,
we will look at acid-base theory, and how to measure and calculate
the pH of solutions. Also covered in this chapter is how to make
buffer solutions. The ChemTech program is a useful tool in the
laboratory for calculating the amount of solutions needed to make
some of the most common buffers used in the laboratory.

1.4.5 Titrimetric Analysis

Making buffers and solutions leads us to the analytical technique
of titrations. A very useful and widely employed technique in the
analytical laboratory is the titrimetric (volumetric) method of
analysis. Titrimetric analysis is the process of measuring a sub-
stance of unknown concentration in a solution of interest via
reaction with a standard that we have made that contains a known
substance concentration. If we take a known weight or volume
of our solid or solution of interest, we can calculate the concen-
tration of the unknown from the measured use of our known
concentration solution. The ChemTech program will be used
for a multitude of titrations using various solutions and analyte
measurements.



1.4.6 Electrochemistry

Chapter 11 covers the area of electrochemistry in the analytical
laboratory including oxidation-reduction reactions and the
electrochemical cell. Working with redox equations is covered
along with the important Nernst equation. The fundamentals of
electrochemistry lead us to redox titrations such as potentiometric
titrations.

1.4.7 Laboratory Information Management System
(or Software) LIMS

Chapter 12 covers a program that is utilized in most
laboratories today, the LIMS. LIMS are used to input data,
track sample progress, record sample data such as company,
type, and tests needed. In Chapter 12, we will be introduced
to a LIMS example that we will use to log in samples, input
data, search samples, approve samples, and print reports and
certificates of analysis (C of A). Also becoming more common
in laboratories are electronic laboratory notebooks that are
often coupled with LIMS, and we will take a brief look at using
them.

1.4.8 Instrumental Analyses—Spectroscopy

Chapters 13-20 cover a wide range of instrumental analyses that
the analyst needs to be introduced to. The analytical laboratory
utilizes the phenomenon of the electromagnetic spectrum for
an untold number of analyses. Chemists and technicians in the
analytical laboratory often make use of the special interaction
of molecules with electromagnetic radiation, with the assistance
of analytical instrumentation, such as ultraviolet/visible (UV/Vis)
spectrophotometers, fluorometers, and Fourier transform infrared
spectrometers (FTIR) to measure, identify, and even quantitate
compounds of interest. Analysis of metals is also covered in these
chapters.

1.4.9 Instrumental Analyses—Chromatography

Chapters 21-27 are dedicated to the area of chromatography.
Chromatography is the separation of analyte species using a
combination of a mobile phase and a stationary phase. The
instrumental techniques covered in these chapters involve dif-
ferent types of chromatography, an extremely useful and quite
common technique found in most analytical laboratories that
the technician may find himself working in. The chromato-
graphic techniques covered include: Column Liquid Chroma-
tography (LC), High-Performance Liquid Chromatography
(HPLC), Solid-Phase Extraction (SPE), Thin-Layer Chroma-
tography (TLC), and Gas-Liquid Chromatography (GC).
Chapter 21 starts with the basic theory behind chromatography
and then looks in detail at the aforementioned instrumental
techniques that include the important components of the chro-
matography instrumentation. There are illustrative examples
throughout the chapters to help the technician in mastering each
section followed by a set of problems to be worked at the end of
the chapter.

CHAPTER LAYOUT 5

1.4.10 Instrumental Analyses—Mass Spectrometry

Chapters 28-30 cover the more advanced topic of mass spec-
trometry. We previously looked at the analytical technique of
gas chromatography coupled to a single quadrupole mass spec-
trometer. This is a robust, stable, and well-characterized instru-
mental analysis that has mostly been automated where the
analyst is not called upon for advanced interpretation. The spectra
are searched against a library if needed for identifications.

1.4.10.1 Mass Analyzers In these chapters, we will look fur-
ther at mass spectrometers that are increasingly being used in
laboratories today. These include an electric and magnetic sector
mass analyzer, a time-of-flight mass analyzer (TOF/MS), a time-
of-flight/time-of-flight mass analyzer (TOF-TOF/MS), the hybrid
(hybrids are mass analyzers that couple together two separate
types of mass analyzers) quadrupole time-of-flight mass analyzer
(Q-TOF/MS), a triple quadrupole or linear ion trap mass analyzer
(QQQ/MS or LIT/MS), a three-dimensional quadrupole ion trap
mass analyzer (QIT/MS), a Fourier transform ion cyclotron mass
analyzer (FTICR/MS), and finally the linear ion trap-Orbitrap mass
analyzer (IT-Orbitrap/MS). Also included are discussions of the
two more recently introduced hybrid mass analyzers in use in
laboratories today: the linear quadrupole ion trap Fourier transform
mass spectrometer (LTQ-FI/MS) and the linear quadrupole ion
trap Orbitrap mass spectrometer (LTQ-Orbitrap/MS).

1.4.10.2 Mass Ionization Also covered are the ionization
sources used with the mass spectrometers. Source/ionization
systems include electron ionization (EI), electrospray ionization
(ESI), chemical ionization (CI), atmospheric pressure chemical
ionization (APCI), atmospheric pressure photo ionization (APPI),
and matrix-assisted laser desorption ionization (MALDI). These
ionization techniques produce ions of analyte molecules (often
designated as “M” for molecule), which includes molecular ions
M*(from EI), protonated molecules ([M+H]"), deprotonated
molecules ([M-H]"), and metal ((M+metal]*, e.g., [M+Na]*) or
halide ([M+halide]”, e.g., [M+Cl]") adduct (all possible from
ESI, CI, APCI, APPI, and MALDI).

1.4.11 Small Molecule and Macromolecule Analysis

Chapters 31-33 cover the advanced topics of small molecule
analysis, macromolecule analysis, and proteomics. The study
of a biological system’s compliment of proteins (e.g., from cell,
tissue, or a whole organism) at any given state in time has become
a major area of focus for research and study in many different
fields and applications. In proteomic studies, mass spectrometry
can be employed to analyze both the intact, whole protein and the
resultant peptides obtained from enzyme-digested proteins. The
area of proteomics has been applied to a wide spectrum of phys-
iological samples often based on comparative studies where a
specific biological system’s protein expression is compared to
either another system or the same system under stress. Often in
the past the comparison is made using two-dimensional electro-
phoresis where the gel maps for the two systems are compared
looking for changes such as the presence or absence of proteins
and the up or down regulation of proteins. Proteins of interest are
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cut from the gel and identified by mass spectrometry. More
recently, proteomics is performed using the advanced instrumen-
tation nano-HPLC/nano-electrospray mass spectrometry in con-
junction with bioinformatics software. All will be covered in this
chapter.

1.5 USERS OF ChemTech

The ChemTech program is a teaching tool designed to equip the
chemist, the laboratory analyst, and the technician for a career in
the analytical laboratory whether it is a clinical laboratory, an
industrial, petrochemical, petroleum, environmental, college or
university, or contract laboratory. This textbook covers the basics
of the laboratory, including safety, glassware, and balances. Most
of the fundamental aspects of laboratory analysis are also covered
including titrations, chromatography, and instrumental analyses.

Because the ChemTech program contains key points of most of
the chapters, it can be used as a reference and toolkit for the chem-
ist and technician throughout his/her career. ChemTech pro-
gresses from the basics of laboratory fundamentals in safety
and glassware through advanced laboratory techniques and ana-
lyses. The ChemTech program and this textbook are a valuable
source of reference material also for the industrial or academic
researcher in the laboratory. Both are in a convenient format
for looking up techniques and information in one place for
numerous aspects of the laboratory and of samples whether it
is the analyst, chemist, or researcher using them. They can also
be useful as a supplemental learning source for the college
student studying the sciences, such as the chemistry, biology,
or premed student. The combination of this textbook with the
ChemTech program would be a perfect approach for a commu-
nity college that is designing a program that would teach and
prepare laboratory technicians for an associate degree.
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2.1 INTRODUCTION TO THE LABORATORY

2.1.1 The Scientific Method

Many of us are first introduced to the workings of a simple lab-
oratory as early as the fifth grade. Here, the young students are
introduced to the scientific method:

¢ Ask a Question

* Do Background Research

* Construct a Hypothesis

» Test Your Hypothesis by Doing an Experiment
* Analyze Your Data and Draw a Conclusion

* Communicate Your Results

The experiments usually performed are to produce colors using
pH or perhaps observing a visible reaction of acid with shale mate-
rial (calcium carbonate). In general, the makeup of an analytical
laboratory will consist of the basic components of bench space
to perform work, sinks for access to water, electrical outlets, and
fume hoods to remove harmful vapors. A typical student labora-
tory is depicted in Figure 2.1 offering a benchtop for performing
experiments. Usually located in the middle of the benches
are outlets for water and gases such as methane. Methane is used
for fueling Bunsen burners or Meker burners used for either heat-
ing or burning, which we will look at later in the chapter.

2.2.7  Laboratory Fume Hoods
2.2.8 Drying Ovens

2.2.9 Balances

2.2.10 Refrigerators and Freezers
2.2.11 Test Tubes

2.2.12 Soxhlet Extractions

2.2.13 Vacuum Pumps

2.3 Conclusion

2.2 LABORATORY GLASSWARE

2.2.1 Volumetric Flasks

Glassware is an important and indispensible tool for the analyt-
ical laboratory technician and chemist. Taking time to familiarize
oneself with the different laboratory glassware and their uses
increases safety in the laboratory and also reduces work time
and effort. Let us start by looking at an example of commonly
used laboratory glassware, the volumetric flask. A schematic
of some typical volumetric flasks is shown in Figure 2.2. Note
on the neck of the flask there is a line which circumferences
the neck. This is the fill line. Bringing the volume up to this point
will place into the flask the amount of solvent listed as the
flask’s size. These flasks are extensively used to make standards,
perform dilutions, and adjust volumes.

2.2.2 Beakers and Erlenmeyer Flasks

Some other common glassware used in the analytical laboratory
includes beakers and Erlenmeyer flasks, depicted in Figure 2.3.
While the beakers and flasks do contain graduations on their sides
indicating different volumes, these are only approximate and
should not be used for volumetric analysis where exact volumes
are needed.

Analytical Chemistry: A Chemist and Laboratory Technician’s Toolkit, First Edition. Bryan M. Ham and Aihui MaHam.
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FIGURE 2.1 Example of a typical student laboratory. Note the
bench space for doing experiments on and sinks in the middle for
water and gas outlets.

FIGURE 2.2 Examples of volumetric flasks including 100, 250,
500, and 1000 ml sizes.

2.2.3 Graduated Cylinders

Graduated cylinders and pipettes are used to measure and transfer
volumes. Figure 2.4 depicts examples of graduated cylinders
commonly used in the laboratory, which also range in sizes from
small volume (5 ml) to large volume (1000 ml). Reading the lig-
uid line in a graduated cylinder, a volumetric flask, or a pipette
requires the proper visualization of the “meniscus.” When a solu-
tion is contained within a cylinder such as the neck of a volumet-
ric flask or a graduated cylinder, the liquid due to an electrostatic
attraction to the wall will climb slightly up the surface of the
cylinder in contact with the liquid and form a small curvature
to the surface of the liquid known as the meniscus. The bottom
of the meniscus is used to calibrate the glassware and is also
where the analyst reads the amount of liquid from. Care must
be taken though in reading the meniscus due to an effect known

as parallax error. If the analyst looks down at the meniscus while
reading it, a slight overestimation of the volume is made. By con-
trast, if the analyst looks up at the meniscus while reading it, a
slight underestimation of the volume is made. The correct way
is to look at the meniscus from a point that the eye is level with
the meniscus. These three conditions are depicted in Figure 2.5. It
can be helpful in reading the meniscus by placing a white card
with a black strip on it behind the flask or cylinder and aligning
the top of the black strip with the bottom of the meniscus to make
the bottom of the meniscus clearer. An example of the use of a
white card with a black strip is depicted in Figure 2.6.

2.2.4 Pipettes

Pipettes are used to measure and transfer volumetric amounts of
liquids from samples to flasks, or from flask to flask. Pipettes
come in many forms and volume transfer accuracies. Class
A pipettes are the most accurate pipettes and are usually desig-
nated as “to deliver” or TD their contents volumetrically. Class
A pipettes are made of glass and come in a broad variety of
volumes (e.g., 0.5, 1, 5, and 25 ml). Figure 2.7 depicts some class
A pipettes. The flow can be stopped and controlled by placing the
finger over the top of the pipette. By adjusting the finger slightly,
the flow can be allowed to drain the pipette. Figure 2.8 depicts
two types of common pipette bulbs used in the analytical labora-
tory to draw liquid up into the pipette, and to control the release of
the liquid (there are in fact a numerous amount of bulbs available
that might be used by the analyst; these are just two examples, but
are illustrative in general). Class A pipettes are “to deliver” pip-
ettes; thus, they are allowed to gravity drain. The liquid left in the
tip is not “blown” out but has been calibrated as part of the vol-
ume, and hence it is left in.

2.2.4.1 Steps for Using Pipette Bulb (a)

1. Insert the pipette into the liquid to be transferred keeping
the tip in the liquid at all times while drawing up (if the
tip comes out of the liquid while drawing up, the liquid will
quickly go into the pipette bulb contaminating it and the
liquid).

2. Squeeze the pipette bulb and then place the bulb over the
top of the pipette to make a seal.

3. Slowly and gradually release your squeeze on the bulb in
small, continuous amounts to draw the liquid into the
pipette.

4. Draw the liquid above past the calibration mark and
quickly slide your index finger over the top hole of the
pipette to trap the liquid inside.

5. Keeping hold with your finger on top, pull the pipette out
of the liquid and allow the excess amount of liquid in the
pipette to drain down just to the calibration mark.

6. Wipe excess liquid off the outside of the pipette and drain
the liquid into the receiver flask.

7. Let the liquid gravity drain out. When finished, touch the
pipette tip to the inside glass wall of the receiver flask to
remove the last drop.

8. Clean the pipette and store.



(a)

(b)

FIGURE 2.3 Other common glassware used in the analytical laboratory: (a) beakers and (b) Erlenmeyer flasks.

r—— e

FIGURE 2.4 Examples of graduated cylinders. Pictured are 5, 10, 25, 100, and 500 ml cylinders.
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(b)

FIGURE 2.5 Proper reading of the meniscus. (a) Reading from
above produces an overestimation of the volume. (b) Reading with
the eye level to the meniscus is the most accurate volume reading.
(c) Reading from below produces an underestimation of the volume.

FIGURE 2.6 Example of using a white paper with a black strip for
reading volumetric glassware meniscus.

B TTL S

FIGURE2.7 Class A pipettes with different volumes, and the proper
way to hold the pipette with liquid.

2.2.4.2 Steps for Using Pipette Bulb (b and c)
1. Press the A valve at the top of the bulb and squeeze the
bulb. Let loose of the A valve and the bulb should look like
the one to the left-hand side of Figure 2.8(b).

2. Slide the pipette bulb securely onto the top of the pipette as
depicted in Figure 2.8(c).
3. Insert the pipette tip into the solution to be transferred.

4. Squeeze the B valve to draw the liquid up into the pipette
just to the calibration mark. If passed, the C valve can be
used to drain liquid back down to the calibration mark.

5. Squeeze the C valve to drain the liquid into the receiver
vessel.

Transferring exact, calibrated volumes using class A pipettes
is an important technique and needs to be practiced and mastered
by the analyst. The analyst will also use what are known as
serological pipettes (also called disposable pipettes) that may
be sterile, and usually are “to contain, TC” pipettes where the
entire volume is transferred to the receiving flask. Examples of
serological pipettes are depicted in Figure 2.9(a). Other common
“disposable” pipettes used by the analyst in the analytical
laboratory include glass Pasteur pipettes (Fig. 2.9(b) with



(b)
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FIGURE 2.8 Common pipette bulbs used to draw liquid up into the pipette.

(a)

FIGURE 2.9 Examples of common disposable pipettes. (a) Serological pipettes that are “to contain, TC,” (b) glass Pasteur pipettes and their

bulbs, and (c) plastic transfer pipettes.

associated bulbs) and plastic disposable transfer pipettes shown
in Figure 2.9(c).

2.2.4.3 Autopipettes Finally, many analytical laboratories use
autopipettes where a volume can be dialed in or set to draw from a
solution, and then transferred. Figure 2.10(a) and (b) depicts exam-
ples of autopipettes and their holding rack (Fig. 2.10(a)). These
pipettes use disposable plastic tips that are pushed onto the end
of the pipette before drawing up solution (shown in Fig. 2.10(c)).
Autopipettes are very convenient and work best with aqueous
solutions.

2.2.5 Evaporating Dishes

Evaporating dishes, drying dishes, and watch glasses are also
commonly used in the analytical laboratory, and are depicted
in Figure 2.11. An example of using watch glasses to cover bea-
kers being heated on a hot plate is depicted in Figure 2.12.

2.2.6 Flames and Furnaces in the Laboratory

2.2.6.1 Bunsen Burners Bunsen burners are commonly used
in the laboratory for various analyses; or for heating glassware
to bend, or boiling water in a beaker, or burning samples.

Figure 2.13 shows different views of a laboratory Bunsen burner.
The Bunsen burner is connected with a hose to a natural gas
source, usually located in the middle of the bench.

2.2.6.2 Crucibles Figure 2.14 depicts the use of the Bunsen
burner to heat a crucible. The crucible is on a triangle holder with
aring stand. An example of a triangle burner holder is depicted in
Figure 2.15. Figure 2.16(a) shows a number of rings on a stand
(often called a ring stand) of various sizes. Figure 2.16(b) depicts
aring stand holding a filter funnel. An example of a crucible and
laboratory tongs is depicted in Figure 2.17. The tongs are used to
grab and hold things in the laboratory, such as a crucible after it
has been heated by a Bunsen burner as shown in Figure 2.14.

2.2.6.3 Ashing Samples Crucibles like the ones shown in
these figures are often used to ash a sample. This is where a sam-
ple that has been weighed into the crucible is ignited with a flame
to burn off water and organic compounds to leave inorganic com-
pounds such as sodium, calcium, and potassium, which is called
the ash of the sample. Usually, the sample and crucible are ignited
under a fume hood using the Bunsen burner. After the sample no
longer burns and looks like black soot, the crucible is placed into
a furnace at 550 °C to complete the ashing.
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(a) (b)

FIGURE 2.10 (a) Example of autopipettes in a holding rack. (b) and (c) Plastic disposable pipette tips.

FIGURE 2.12 Example of the use of watch glasses being used to
FIGURE 2.11 Evaporating dishes, drying dishes, and watch glass. cover beakers being heated on a hot plate.
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FIGURE 2.13 Some different views of a laboratory Bunsen burner.

FIGURE 2.14 Bunsen burner heating a crucible. FIGURE 2.15 Triangle burner holder.
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FIGURE 2.16 (a) Examples of ring stands of different sizes. (b)

A filter funnel in a ring stand. (c) A separator funnel in a ring stand.

FIGURE 2.17 Example of a crucible and a pair of laboratory tongs.
The tongs are used to grasp and hold things like a hot crucible.

FIGURE 2.18 A laboratory furnace used for ashing samples.

2.2.6.4 Muffle Furnaces Anexample of a furnace is depicted
in Figure 2.18. These are referred to as muffle furnaces and can
be used for heating at temperatures up to 1200 °C. A common
characterization of a sample is to get the moisture content by dry-
ing the sample in a oven at 105 °C, then the organic content by
burning, and then ashing the sample at 550 °C in the muffle fur-
nace. Finally, the sample is treated at 900-1000 °C in the furnace
to burn off carbonates. The sample can then be reported as having
a moisture content, organic content, and ash content, which is
composed of metals, such as calcium, sodium, and potassium.

2.2.7 Laboratory Fume Hoods

When working with volatile solvents, burning samples in cruci-
bles, heating solutions producing vapors, or any work that may be
evolving fumes, vapors, or smells, the process will be performed
within a fume hood. An example of a laboratory fume hood is
depicted in Figure 2.19. The fume hood consists of a box area
to work in, a front glass hood sash that can be raised and lowered,
and a vent system. The vent system is piping that draws the air out
of the hood and outside air into the hood. Usually, there is a fan
blower motor that is drawing the air out of the hood. There are



FIGURE 2.19 An example of a common laboratory hood. The
compartment is positive vented at the top. A blower is connected
to the vent pipe at the top of the hood.

FIGURE 2.20 A drying oven located to the left of the laboratory
fume hood. These are lower-temperature ovens with temperatures
ranging from 40 to 220 °C.

usually gasses that are plumbed into the side of the hood, and a
small sink in the back of the hood.

2.2.8 Drying Ovens

Located to the left of the laboratory hood is a laboratory drying
oven, depicted in Figure 2.20. These ovens work at low tempera-
tures as compared to the laboratory muffle furnaces. The drying
ovens usually operate at temperatures between 40 and 220 °C.
The two common types are gravity convection and mechanical
convection ovens and vacuum drying ovens. The gravity convec-
tion process is as air is heated, it expands and possesses less
density (weight per unit volume) than cooler air. Therefore, the
heated air rises and displaces the cooler air (the cooler air des-
cends). The method of dry-heat gravity convection produces
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FIGURE 2.21 Examples of analytical balances. Used for precise
weighing of amounts up to approximately 220-260 g depending
upon the make of the balance.

inconsistent temperatures within the chamber and has a very slow
turnover. A mechanical convection oven contains a blower that
actively forces heated air throughout all areas of the chamber.
The flow created by the blower ensures uniform temperatures
and the equal transfer of heat throughout the load. For this reason,
the mechanical convection oven is the more efficient of the
two processes. The vacuum drying oven uses low atmospheric
pressure to aid in the drying process.

2.2.9 Balances

Balances used for weighing things in the laboratory are used on
a daily basis. Examples of balances are depicted in Figures 2.21
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and 2.22. The balances in Figure 2.21 are called analytical
balances and are the most common type found in laboratories.
These are used to weigh chemicals, glassware, crucibles, and
so on, usually between weights of 1 mg and 240 g. The balance
shown in Figure 2.22 is a second type called a top loading bal-
ance. These are used for weighing things that may be heavier than
what needs to be measured on an analytical balance. The weights
being weighed range from 1 g to many different amounts from
500 g to 50 kg. Also, the top loading balances often possess less
precision (0.1 g) than the analytical. The weight display on an
analytical usually goes to four decimal places, or to the 0.1 mg
(e.g., 5.3498 g or 29.4 mg). The top loading balance often will
display weights to one, two, or three decimal places depending
upon the weight.

2.2.10 Refrigerators and Freezers

Other common items in the analytical laboratory include refrig-
erators, such as the one depicted in Figure 2.23, which is actually
an explosion proof refrigerator. Standards, samples, and reagents
are often stored in laboratory refrigerators as illustrated. Freezers
are also commonly used in the laboratory to store standards, sam-
ples, and reagents. The temperature of the laboratory refrigerators
is usually around 3 to 4 °C, the freezers are at —20, —30, and
-80°C.

2.2.11 Test Tubes

We will continue to look at some common glassware and appa-
ratus that the analyst is likely to work with in the laboratory.
Figure 2.24 (a) depicts tests tubes in a tube rack, and a tube holder
used when the tube is hot or when heating the tube over a flame.
Figure 2.24(b) shows some holders filled with rubber stoppers,
and Figure 2.24(c) depicts a holder containing some laboratory
thermometers.

2.2.12 Soxhlet Extractions

Figure 2.25 depicts some glassware called Soxhlet apparatus used
to extract compounds from a matrix. For example, this is used to
extract oil and grease from soil samples. In Figure 2.25(a),
there are five Soxhlet apparatus in series. There is a close-up
view of the Soxhlet apparatus in Figure 2.25(b). The apparatus
comprises a round-bottom reaction flask at the bottom of the
setup. The flask is where the extraction solvent is placed and
heated. The second stage of the setup consists of the Soxhlet
extractor. This is where a large paper thimble is placed that con-
tains the sample. The top of the setup is a condenser where the
heated solvent vapors are condensed and fall onto the sample.
The solvent will fill up the middle Soxhlet part to a certain level
and then drain into the bottom flask taking the extracted com-
pounds with it. This way the extracted compounds are conti-
nuously concentrated in the bottom flask. Finally, the bottom
flask is removed and connected to a solvent rotator evaporator
as shown in Figure 2.26.

FIGURE 2.22 A top loading balance used for larger amounts of the
item to be weighed. Also used when the precision of an analytical
balance is not necessary.

FIGURE 2.23 A laboratory refrigerator used to store standards,
samples, and reagents.
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FIGURE 2.24 (a) Test tubes in a test tube rack. Also included is a test tube holder for holding when the tube is hot or being heated. (b) Rubber
stoppers. (c) Laboratory thermometers.

(a) (b)

FIGURE 2.25 Soxhlet apparatus used to extract compounds from a matrix such as oil and grease from soil samples. (a) Five Soxhlet apparatus
in series. (b) Close-up view of the Soxhlet apparatus composed of a round-bottom reaction flask, a Soxhlet extractor, and a condenser where the
heated solvent vapors are condensed and fall onto the sample.
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FIGURE 2.27 Examples of laboratory vacuum pumps.

The rotovap evaporator depicted in Figure 2.26 is used to
remove large amounts of solvent from a flask such as the one used
for the Soxhlet extraction. The flask is attached to the evaporator at
the bottom right and lowered into a heated water bath. The flask
will rotate in the water bath heating the solvent. The system is also
under vacuum to aid in the evaporation of the solvent. The vacuum
is created by the small pump located to the bottom left of the sys-
tem. The evaporator also has a condenser to condense the solvent
vapor back to liquid to collect in the solvent receiver flask.

2.2.13 Vacuum Pumps

Vacuum pumps are another common apparatus found in the
laboratory. Many instruments require a vacuum pump to keep
components under low pressure: mass spectrometers, X-ray
fluorescence spectrometers, inductively coupled plasma mass

spectrometers, and a few examples of instrumentation that
require vacuum pumps. Figure 2.27 depicts a couple of examples
of vacuum pumps.

2.3 CONCLUSION

The laboratory is a place where the chemist, technician, and analyst
do their work. Like most circumstances of starting to work in a new
place, there is a period of becoming familiar with the laboratory
where the technician begins to feel comfortable in working. At
the beginning, it seems that there is an overwhelming amount of
aspects to being a laboratory technician or analyst, but it is obtain-
able with the proper instruction and training. The following chap-
ters are devoted to training and preparing the technician to begin an
interesting, fun, and very rewarding career.



LABORATORY SAFETY

3.1 Introduction
3.2 Proper Personal Protection and Appropriate Attire
3.2.1 Proper Eye Protection
3.2.2 Proper Laboratory Coats
3.3 Proper Shoes and Pants
3.4  Laboratory Gloves
3.4.1 Natural Rubber (Latex)
3.4.2 Nitrile
3.4.3 Neoprene
3.4.4 Butyl
3.4.5 Polyvinyl Chloride (PVC)
3.4.6 Polyvinyl Alcohol (PVA)
3.477 Viton
3.4.8 Silver Shield/4H

3.5 General Rules to Use Gloves

3.1 INTRODUCTION

The chemistry laboratory is a very interesting place to work. The
chemist, analyst, and technician can have a lot of fulfilling times
enjoying the tasks and duties associated with being an analyst. How-
ever, the practice of safety in the chemistry laboratory is a vital
aspect to keeping a safe, productive, and healthy environment for
everyone. All those working in the laboratory need to realize the
potential hazards of the laboratory and must know the emergency
procedures associated with laboratory accidents. All of the work
or experiments performed in the laboratory need to follow the spe-
cific safety instructions or procedures in place. While there are spe-
cific rules associated with each laboratory, all laboratories follow
the basic core safety and emergency policies that are outlined in this
chapter. As a good housekeeping practice, all the chemicals must be
properly organized (such as alphabetically on shelves or in flame
cabinets for flammable liquids), and labeled clearly. The proper
and appropriate personal protective equipment (PPE) must be worn
atall times in the laboratory. Safety is something that is not only said
in meetings and spoken about during training, but must always be
forefront in the thoughts and awareness of the laboratory worker,
whether a chemist, analyst, or technician.

3.6  Material Safety Data Sheet (MSDS)
3.7 Emergency Eye Wash and Face Wash Stations
3.8  Emergency Safety Showers
3.9 Fire Extinguishers
3.9.1 Types of Fires
3.10 Clothing Fire in the Laboratory
3.11 Spill Cleanup Kits
3.12  Chemicals and Solvents
3.13 First Aid Kits
3.14 Gasses and Cylinders
3.15 Sharps Containers and Broken Glass Boxes
3.16 Occupational Safety and Health Administration (OSHA)

There are some universal and general laboratory safety rules
that must be followed in all chemistry laboratories. In the simplest
terms the most basic safety rules to follow include wearing proper
PPE, insuring to conduct oneself in a safe manner, and to properly
handle samples, chemicals, glassware, and apparatus.

3.2 PROPER PERSONAL PROTECTION AND
APPROPRIATE ATTIRE

3.2.1 Proper Eye Protection

Proper eye protection must be worn at all times in the laboratory.
Safety goggles are the most effective PPE for protecting the eyes
in the laboratory. Goggles are the most effective protection for the
eyes from splashed chemicals. Unlike safety glasses, goggles
cover, and enclose the eyes completely thus giving the maximum
protection from splashed chemicals. Figure 3.1 illustrates proper
safety glasses (a) and goggles (b). Prescription normal everyday
eye glasses from the eye doctor are not considered proper eye
protection. They are not of sufficient strength to protect the
eye from a hard contact such as from flying debris. Contact lenses
alone are never allowed to be worn in a chemistry laboratory.

Analytical Chemistry: A Chemist and Laboratory Technician’s Toolkit, First Edition. Bryan M. Ham and Aihui MaHam.

© 2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc.



20 LABORATORY SAFETY

(@) (b)

FIGURE 3.1 Examples of proper safety glasses (a) and goggles (b).

FIGURE 3.2 Typical white laboratory coat.

Many different chemical vapors may accumulate and then con-
centrate under the lenses, eventually causing serious eye damage.
Special light such as lasers, ultraviolet light, welding and glass-
blowing require the use of specialized glasses which are coated
to block harmful radiation. Prescription safety glasses are
allowed in the laboratory and are often offered as a choice for
safety glasses.

3.2.2 Proper Laboratory Coats

Proper laboratory coats should be worn at all times in the labo-
ratory. The laboratory coat is very important to protect against
chemical spills, chemical splashes, chemical vapors, cold, heat,
and moisture. The coat protects both you and your cloths helping

to minimize the contamination of clothes worn by laboratory
workers. Laboratory coats are available from chemical supply
companies such as VWR International, Laboratory Safety Sup-
ply, Fisher Scientific, and Sigma-Aldrich. Figure 3.2 illustrates
examples of laboratory coats. Laboratory coats must be worn
and stored in the laboratory to prevent spreading chemicals out-
side the laboratory such as wearing the laboratory coat home or in
the car. This can possibly contaminate the car or home with what-
ever chemicals are on the coat. If corrosive or toxic chemicals
contaminate the laboratory coats, the coat should be removed
and disposed as a hazardous chemical waste. Usually, the labo-
ratory that the technician is working at will have a system of
collecting and sending the dirty laboratory coats out for washing
and cleaning.

3.3 PROPER SHOES AND PANTS

Proper shoes and pants must be worn in the laboratory. Closed toe
shoes and long pants are appropriate attire for wear in the labo-
ratory. Sandals and open-toed shoes are never allowed in the lab-
oratory. Splashed chemicals or chemical vapors may contact the
skin creating a potential health hazard to the analyst.

3.4 LABORATORY GLOVES

Appropriate gloves must be worn at all times in the laboratory.
Proper gloves must be worn as long as technicians and analyst
are working with chemicals, burning materials, working with
extreme temperatures as cold, heat, operating abrasive instru-
ments, and any other hazards. Gloves are commercially available
from numerous chemical supply companies. Even though gloves
can protect the skin against hazard, gloves can still be punctured
allowing contact with chemicals. It is important to realize that
gloves can be changed frequently. It is also possible to use
dual-layer gloves if mixtures of corrosive chemicals are involved
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FIGURE 3.3 Common latex and neoprene types of gloves. (a) Glove boxes and (b) and (c) illustrate examples of wearing the gloves to handle

laboratory glassware.

or the analyst is operating instruments requiring different toxic
chemicals.

Gloves are made of different chemical materials for different
protection purposes. Currently, universal glove protection cannot
be provided by any one type of gloves material. It is vital to select
proper gloves to avoid chemicals contacting the skin. The main
concern is the ultimate goal of the protection. It can be against
specific chemicals, concern about dexterity of the gloves, or to
protect from contamination to the final product. The most com-
mon glove materials are both natural and synthetic. Figure 3.3
illustrates common latex and neoprene types of gloves where
(a) shows the glove boxes, and (b) and (c) illustrate examples
of wearing the gloves to handle laboratory glassware.

The most commonly used ones are listed below:

3.4.1 Natural Rubber (Latex)

Latex is naturally produced rubber that is inherently flexible
and resilient. It resists acids, base, alcohols, ketones, and various
salts. It can be used to process food, assemble electronics and
handle chemicals. However, thin latex gloves cannot always pro-
tect the skin while handling chemicals. The disadvantage of latex
gloves is allergic reactions by some people due to proteins in
the natural rubber. Powder-free latex or synthetic latex gloves
are recommended by most Environmental Health and Safety
(EH&S) Departments.
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3.4.2 Nitrile

Nitrile is a synthetic latex rubber that does not produce a protein
allergic reaction in people. Nitrile gloves can replace natural
rubber. Nitrile is highly durable to abrasion, puncture, and cut.
It provides good resistance to certain solvents and acids (for-
maldehyde, isopropanol, methanol, and phosphoric acid), oils,
vegetable, and animal fats. Nitrile material gloves are not recom-
mended to protect against chloroform or acetone.

3.4.3 Neoprene

A synthetic rubber with oil-resistant properties which are better
than those of natural rubber. It can be used in petrochemical
plants.

3.4.4 Butyl

A synthetic rubber with best resistance to ketones (such as ace-
tone, M.E.K.), esters, and highly resistant to corrosive acids. It
actively reacts with halogen compounds. It can be used in the
chemical processing industry, paint, and plastic industries. It is
also resistant to pesticide permeation.

3.4.5 Polyvinyl Chloride (PVC)

A plastic polymer that offers high resistance to inorganic acids,
aromatics, base, and salts but is not recommended for petrochem-
ical products, halogen compounds, ketone chemicals, and alde-
hydes chemicals.

3.4.6 Polyvinyl Alcohol (PVA)

A plastic polymer that highly resists strong solvents such as aro-
matic, aliphatic, ketone, and chlorinated ones that can degrade
natural rubber, neoprene, and PVC gloves. It also has high dura-
bility to abrasion, snags, punctures, and cuts. But PVA becomes
lubricous in aqueous solutions, thus it cannot be used in water
based chemical solutions.

3.4.7 Viton

A synthetic fluoroelastomer that is high resistant to most chemi-
cals and solvents, especially aromatic and chlorinated. It is very
impermeable to oils, lubricants, most mineral acids, hydraulic
fluids, and aqueous solutions. It can be used in aircraft, automo-
bile, and chemical industries.

3.4.8 Silver Shield/4H

A synthetic polymer of five layer laminate of polyehthylene (PE)
and ethylene vinyl alcohol (EVOH). It highly resists most toxic
chemicals, including aromatics, chlorine, ketones, esters, alipha-
tics, and alcohols. It can be used in chemical and petrochemical
industries, medical laboratory, waste disposal (spill cleanup),
photo developing, and hazmat control operations.

All the gloves materials have two properties known as degra-
dation and permeation. Degradation means the gloves material

are broken and the gloves can change shape or degrade more.
Different glove materials have different degradation times due
to contact with chemicals. Permeation means the chemicals break
through the gloves materials from the external to the internal sur-
face. Permeation- and degradation-resistance are the most impor-
tant parameters of various gloves materials. Some other factors
are breakthrough time, useful time, chemical concentration,
contacting time, work application, inherent nature of chemicals,
thermal conditions, and so on.

3.5 GENERAL RULES TO USE GLOVES

1. Select the proper gloves for the proper chemical
environment.

2. Before use check the gloves for apparent physical damage.
3. Never reuse disposable gloves after the first use.

4. When a pair of gloves is taken off, try to fold the exterior
inside to avoid contacting skin.

5. Once a pair of gloves has been removed, wash hands
with soap.

6. Never wear contaminated gloves to touch food, drin-
king, computer, telephone, or outside of the working
environment.

There are other types of gloves such as welding gloves, cut-
resistant gloves, mechanics gloves, high to low temperature
gloves. These are specialized gloves for specific environments.
The authors do not put emphasis on them. If interested, these
gloves can be checked with different gloves manufacturers listed
above.

3.6 MATERIAL SAFETY DATA SHEET (MSDS)

Material safety data sheet (MSDS) is a sheet providing detailed
information of a specific chemical or chemical mixtures regard-
ing the chemical, physical, and safety properties. It is a very
important component for the safety environment and workplace.
It provides detailed safety procedure for employees and emer-
gency personnel to safely expose to the particular chemical.
All MSDS of chemicals should be saved and stored in an
easy to access place for professional workers and emergency
personnel. Much useful information can be obtained from
MSDS such as:

1. Physical and chemical properties (chemical composition,
melting point, boiling point, solubility, density, pH, odor
and flash point, etc).

Health effects.

Toxicological information.

First aid measures.

Stability and reactivity.

Handling and storage.

Al

Disposal considerations.
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MATERIAL EAFETY DATA SHEET

Date Printed: 07/15/2008
Date Updated: 03/06/2009
Vercion 1.6

fSection 1 - Product and Company Informatien

Product Hame

Product RKumber T7394
Brand FLUKA
Coapany

Address

PETROLEUM ETHER HIGH BOILIKG, BP 60-80 C

Sigma-Aldrich
3050 Epruce Etreet

SAINT LOUIE MO 63101 US

Technical Phene:

800-325-5822

Fax: 800-325-5052

Emergency Phone:

314-776-6555

fection 2 - Composition/Information on Ingredient

Subgtance Kame
PETROLEUN ETHER

Ingredient Name

MAPHTHA (PETROLEUM), HYDROTREATED
LIGHT

N-HEXANE

Eynonyms ligroin

CAS ¢ SARA 313
101316-46-5 Yes

CAS # Percent SARA 313
64742-49-0 »= 50 Ko

<= 100
110-54-3 s= 1 Yes

<= 5

Section 1 - Hazards Identification

EMERGENCY OVERVIEW

Flammable (USA) Extremely Flammable (EU). Harmful.

Irritating to eyes, recpiratory system and ckin. Harmful: danger
of zericus damage to health by prolonged exposure through
inhalation. Poooible rick of impaired fertility. Harmful: may
cauce lung damage if owallowed. Vapors may cause drowsiness and

dizzineos.

Target organ(oc): Nerves. Kidneys.

HMIE RATING
HEALTH: 2+
FLAMMARILITY: &

ACTIVITY: ©

NFPA RATING
HEALTH: 2
FLAMMABILITY: 4
REACTIVITY: 0

*additional chronic hazards precent.

For additional information on toxicity, please refer to fection 1ll.

Eection 4 - Firct Aid Measures

FIGURE 3.4 MSDS for petroleum ether.

8. Ecological information.
9. Spill handling procedures.

10. Exposure control/ protective equipment/ personal
protection.

In working in chemical environments, safety and health infor-
mation can be accessible to workers by the MSDS, chemical
product labels, and education/training programs. MSDS provides
not only the particular substance’s chemical and physical proper-
ties but also instructions and procedures for the chemical to be
used properly and safely as well as point out the potential hazards
related to the specific substance. MSDS should be available to all
employees that are potentially exposed to chemicals or hazards.
This is required by the Occupational Safety and Health Admin-
istration (OSHA). MSDS is used for professional workers as well
as accessible to fire departments and emergency officials. All
chemical products are required to label clearly the following:
name of product, name of manufacturer, hazard symbols, hazard
risk phrases, proper use of the product, first aid, and reference to
the MSDS. The product’s label provides brief, clear information
of the chemical, where the detailed technical data are contained
in MSDS.

An example of an MSDS sheet for petroleum ether is illus-
trated in Figure 3.4.

3.7 EMERGENCY EYE WASH AND FACE
WASH STATIONS

The best treatment for chemical splashes of the eye and face is
immediate flushing with copious amounts of water for 15 min
using one of the laboratory eyes and face washes. Figure 3.5 is
an example of an eye wash located at a laboratory sink. When
the wash handle is pushed down the water flows. This is illus-
trated in Figure 3.6. To flush out the eyes the person leans
his face into the stream of water. Eye and Face Washes are
equipped with a stay-open ball valve allowing the water to
continuously flow while flushing out the eyes. All active eye
and face washes should be flushed by laboratory personnel
on a weekly basis by allowing the water to flow for 3 min,
to remove stagnant water from the pipes. Simply having plastic
eye wash bottles is not acceptable as a main eye wash station in
the laboratory. They can be used in office settings outside of
the laboratory.
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FIGURE 3.5 Eyewash located at the sink in the analytical
laboratory.

FIGURE 3.6 Eyewash lever has been activated to flush water.

3.8 EMERGENCY SAFETY SHOWERS

Splashes and spills that cover a larger part of the body than the eyes
or face are to be washed off using the emergency safety shower.
These are showers that spray a shower of water over the entire
body. Figure 3.7 illustrates a safety shower that is also equipped
with an eye wash. Usually the mechanism to use the safety shower
is to stand under the shower head and pull the activation arm down
releasing the shower water. Often there will be an alarm that is acti-
vated when the shower arm is pulled down alerting others that an
emergency has taken place that requires the use of the shower. The
area under and around the safety showers must be free from clutter.
Items are not to be stored in this area. The shower and areas around
it must allow a person to come to the shower without obstruction.

3.9 FIRE EXTINGUISHERS

All laboratories are equipped with different types of fire extin-
guishers at strategic locations. Fire extinguishers are usually

FIGURE 3.7 Safety shower that is also equipped with an eye wash
station.

FIGURE 3.8 The fire triangle listing the three elements required for
a fire, fuel, oxygen, and temperature.

located where they are easily accessible and recognizable in the
case of an emergency. Fire extinguishers are closely regulated
and rated to ensure that they are in proper working order at all times.
The elements required to sustain a fire are illustrated in Figure 3.8 in
what is often referred to as the fire triangle. The fire triangle ele-
ments include fuel to support the fire, oxygen to sustain the fire,
and heat to raise the substance to its ignition temperature. If you
can take away any one of these you can extinguish the fire.

3.9.1 Types of Fires

Not all fires are the same because the fuel involved creates a
different combustion process. The different types of fires require
different agents for disrupting the fire triangle in order to extin-
guish them. The first type of fire is the Class A which is com-
busted from ordinary materials such as paper, wood, clothing,
plastics, and other daily items. The Class A extinguishers
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FIGURE 3.9 (a) Class A water filled fire extinguisher. (b) A foam
fire extinguisher.

CLASSES | TYPES OF
OF FIRES | FIRES

PICTURE
SYMBOL

A Wood, paper, cloth, trash
& other ordinary materials.

B Gasoline, oil, paint and
other flammable liquids.

May be used on fires

c involving live electrical
equipment without

danger to the operator.

Combustible metals and
D combustible metal alloys.

Cooking media (Vegetable
K or Animal Qils and Fats)

FIGURE 3.10 A common laboratory placard illustrating the Classes
of fires, Types of fires, and Picture symbols for each type.

include water extinguishers and foam extinguishers. Figure 3.9
illustrates (a) a Class A water filled extinguisher, and (b) a foam
extinguisher.

Class B types of fires involve flammable liquids such as paint,
organic solvents, gasoline, and petroleum oil. Also included in
Class B are fires involving flammable gasses such as propane
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and butane. Cooking oils and grease are not included in Class
B. A water filled fire extinguisher cannot be used for a Class
B type of fire. The water will splash the liquid that is on fire
and can spread it. Carbon dioxide and dry chemical fire extin-
guishers are used for Class B.

Class C fires involve electrical equipment that is energized.
This can be electrical motors, appliances in the house, and trans-
formers. If the electrical power is removed from the apparatus
that is on fire, than the Class C fire becomes a Class A or B.
Carbon dioxide, dry chemical, and halogenated fire extinguishers
are used for Class C fires.

Class D fires cover fires due to metals such as sodium, potas-
sium, and magnesium. Dry powder fire extinguishers are used for
Class D fires.

Class K fires cover fires in cooking oils and greases. Wet
chemical fire extinguishers are used for Class K fires.

Figure 3.10 illustrates a placard often seen in laboratories list-
ing the Classes of fires, Types of fires, and the Picture symbols
for each type.

3.10 CLOTHING FIRE IN THE LABORATORY

Stop, Drop & Roll, and then remove clothing is a well-known
action if personal clothing catches fire. The act of rolling on
the ground or floor will help to extinguish the flames, especially
if you are alone. If someone else is present covering the person
with a fire blanket will also extinguish the flames.

3.11 SPILL CLEANUP KITS

All laboratories keep spill cleanup kits that are visible and easily
accessible. These kits are used to cleanup small spills that may
take place in the laboratory during the course of a work day.
Generally, there are three types of spills:

1. Large, uncontrollable spills that involve more than 1 gallon
(3.7851) of substance.

2. Small spills that involve less than 1 gallon (3.7851) of
substance.

3. Minor spills that involve amounts less than 100 ml.

There are a variety of spill kits that are available for use in the
laboratory. The most common spill kits are used to cleanup acid
spills, caustic spills, organic solvent spills, mercury spills, and
formaldehyde spills. Figure 3.11 illustrates a common type of spill
kit. The kit includes five agent bottles used for different types of
spills according to the type, such as acid, caustic, or solvent. The
kit also includes gloves for personal protection, labels for proper
identification of spill material, a scoop, and other safety items.

The general steps for cleaning up an accidental spill are as
follows:

1. First step is to keep personal safety in mind. Isolate the
spill area and make sure you have the proper protection
equipment such as gloves, safety glasses, and a respiratory
if needed.
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FIGURE 3.11 Common laboratory spill kit including agent bottles
for spill types, personal protection gloves, a scoop, and other
safety materials.

. Next, try to identify the spill. The most common are

types of spills to identify include acid, caustic, solvent,
or formaldehyde.

. The next step is to select the agent or material to control the

spill. Many of the spill kits have bottles in them labeled for
acid spills and caustic spills. These bottles are filled with
material that will absorb and neutralize the spill. The kits
also have absorbent cloths and pillows used to absorb sol-
vent spills.

. The next step is to treat the spill with the neutralizer/

absorbent. Encircle the spill with the proper cleanup agent;
then mix the agent into the spill with a spatula or mixing
tool supplied in the Kkit.

. If the spill is a solvent spill then place the absorbent pillows

or towels over the spill to soak it up.

. The treated spill is then cleaned up by scooping the agent

treated spill material into a proper disposal bag that is sup-
plied in the spill kit. The absorbent pillows and blankets
that have been used to absorb the solvent spill are also
to be placed into the disposal bags supplied with the spill
kit. Some spill kits have buckets with lids that are used to
dispose of solvent filled absorbent pillows or blankets.

. The bags for disposal need to be properly labeled as spill

cleanup material.

. Clean up the scraper and scooper that were used to clean up

the treated spill by rinsing off.

FIGURE 3.12 Example of spill cleanup kit with a scoop and brush
used for sweeping up spills that have been treated with a spill agent.

FIGURE 3.13 Example of spill cleanup kit that contains absorbent
pillows and disposal buckets.

A second example of an accidental spill kit is illustrated in
Figure 3.12. This spill kit shows a good example of a scoop
and brush used to sweep up a spill after it has been treated with
one of the absorbent agents. Figure 3.13 is a good example
of a spill cleanup kit that has absorbent pillows and buckets
with lids.



3.12 CHEMICALS AND SOLVENTS

The analytical laboratory will keep and store a wide variety of
chemicals and solvents. Dry chemicals and small bottles of

FIGURE 3.14 Storage of chemicals on wooden shelves. Are any
chemicals stored here oxidizers? Note the flammable liquid
loading on the right. This shelving arrangement would not last
should a fire occur even with fire sprinkler activation. (Reprinted
from Journal of Chemical Health and Safety, 15(2), Fred
Simmons, David Quigley, Helena Whyte, Janeen Robertson,
David Freshwater, Lydia Boada-Clista, J.C. Laul, Chemical
storage: Myths vs. reality, 23-30, Copyright (2008), with
permission from Elsevier.)
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nonflammable liquids are often kept on shelves for easy access.
Some places will keep chemicals in a stock room. This is often
the case in schools, community colleges, and universities.
Figure 3.14 is an example of chemicals stored on wooden shelves
in a laboratory. The author of the figure points out that the
arrangement is not the most proper and even that flammables
are stored on the shelves. Storage in this fashion is very suscep-
tible to fires and may result in an accident. Flammable solvents
and chemicals are stored in special laboratory flame cabinets.
These chemicals are not stored with the other chemicals but
are kept in special cabinets. Figure 3.15 illustrates a couple of lab-
oratory flame cabinets used to store flammable solvents and che-
micals. Figure 3.16 is another example of chemicals stored on
shelves in the laboratory. Some observations are that chemicals
are being stored above face level. Many chemicals are stored
above face level have the potential for spilling into a worker’s
face during their removal or placement on the shelf. Some che-
micals shown on the upper shelves have ground glass or cork
stoppers. One should note the good practice of having a lip on
chemical storage shelves to protect from containers falling
off from vibrations due to seismic activity, road traffic, building
work, and so on.

3.13 FIRST AID KITS

First aid kits are always available in laboratories. The kits usually
contain Disposable Gloves, Band-Aids, Gauze Bandage, Gauze
Pads, and Ice Packs. These kits usually also contain topical
creams, liquids, or ointments.

FIGURE 3.15 Examples of laboratory flame cabinets used to store flammable solvents and chemicals.
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FIGURE 3.16 Chemicals stored above face level. (Reprinted from
Journal of Chemical Health and Safety, 15(2), Fred Simmons,
David Quigley, Helena Whyte, Janeen Robertson, David
Freshwater, Lydia Boada-Clista, J.C. Laul, Chemical storage:
Myths vs. reality, 23-30, Copyright (2008), with permission from
Elsevier.)
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FIGURE 3.18 Gas cylinders secured with safety chains. (Reprinted
with permission under the Wiki Creative Commons Attribution-
Sharealike 3.0 Unported License.)
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FIGURE 3.17 An example of gas cylinders used in the laboratory. FIGURE 3.19 Gas cylinders in banks as six-packs and eight-packs.
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3.14 GASSES AND CYLINDERS

Gasses such as helium, hydrogen, oxygen, air, and nitrogen are
commonly used in laboratories usually for supplying gasses to
instrumentation. The gasses are contained in gas cylinders. The
gas cylinders are metal containers that are cylindrical and come
in many sizes. Figure 3.17 illustrates a couple of cylinders that
have been plumbed to instrumentation. There are many different
cylinder sizes and capacities. For example, typically used in the
laboratory is the tallest cylinder at 60in. that has a capacity
of 330 cu ft of gas. The shortest is 18 in with a gas capacity of
22 cu ft. Other sizes include 56 in. (250 cu ft), 48 in. (122 cu ft),
36in. (80cu ft), 27in. (S5cu ft), and 22in. (40cu ft).
Figure 3.18 shows a set of tanks that is secured with chains. For
safety, tanks are never allowed to stand without some type of
securing to prevent them from falling. Sometimes gas cylinders
are ordered and used a six-packs and eight-packs as illustrated
in Figure 3.19. These are banks of the same gas such as six oxygen
cylinders. The advantage of this is that the analyst does not need

to keep changing the cylinder as it runs out of gas. The time for
changing the cylinder has increased by a factor of six or eight.

3.15 SHARPS CONTAINERS AND BROKEN
GLASS BOXES

For the disposal of razor blades, hypodermic needles, syringes
and other sharp items Sharps containers are used. These are typ-
ically red plastic boxes, labeled Sharp container, located through-
out the laboratory. Broken glass is disposed of in “Glass Only”
boxes. These are usually blue and white thick cardboard boxes
that are labeled Glass Only.

3.16 OCCUPATIONAL SAFETY AND HEALTH
ADMINISTRATION (OSHA)

The following is a laboratory safety publication from the OSHA
(Fig. 3.20).
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® Occupational
‘ Safety and Health
Administration

www.osha.gov

Laboratory Safety
Guidance

FIGURE 3.20 A laboratory safety publication from the Occupational Safety and Health Administration (OSHA 3404-11R 2011).
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OSHA

www.osha.gov

Occupational Safety and Health Act of 1970
“To assure safe and healthful working conditions
for working men and women; by authorizing
enforcement of the standards developed under
the Act; by assisting and encouraging the States in
their efforts to assure safe and healthful working
conditions; by providing for research, information,
education, and training in the field of occupational
safety and health.”

This publication provides a general overview of a
particular standards-related topic. This publication
does not alter or determine compliance responsibilities
which are set forth in OSHA standards, and the
Occupational Safety and Health Act of 1970.
Moreover, because interpretations and enforcement
policy may change over time, for additional guidance
on OSHA compliance requirements, the reader
should consult current administrative interpreta-
tions and decisions by the Occupational Safety
and Health Review Commission and the courts.

Material contained in this publication is in the public
domain and may be reproduced, fully or partially,
without permission. Source credit is requested
but not required.

This information will be made available to sensory-
impaired individuals upon request. Voice phone:
(202) 693-1999; teletypewriter (TTY) number: 1-877-
889-5627.

FIGURE 3.20 (Continued)
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Laboratory Safety
Guidance

Occupational Safety and Health Administration
U.S. Department of Labor

OSHA 3404-11R
201

U.S. Department of Labor
Hilda L. Solis, Secretary of Labor

FIGURE 3.20 (Continued)
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OSHA
Occupational Safety and
Health Administration

FIGURE 3.20 (Continued)
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Introduction

More than 500,000 workers are employed in labora-
tories in the U.S. The laboratory environment can
be a hazardous place to work. Laboratory workers
are exposed to numerous potential hazards includ-
ing chemical, biological, physical and radioactive
hazards, as well as musculoskeletal stresses.
Laboratory safety is governed by numerous local,
state and federal regulations. Over the years, OSHA
has promulgated rules and published guidance to
make laboratories increasingly safe for personnel.
This document is intended for supervisors, principal
investigators and managers who have the primary
responsibility for maintaining laboratories under
their supervision as safe, healthy places to work
and for ensuring that applicable health, safety

and environmental regulations are followed.
Worker guidance in the form of Fact Sheets and
QuickCards™ is also provided for certain hazards
that may be encountered in laboratories. There are
several primary OSHA standards that apply to
laboratories and these are discussed below. There
are also other OSHA standards that apply to various
aspects of laboratory activities and these are
referred to in this document.

The Occupational Exposure to Hazardous Chemicals
in Laboratories standard (29 CFR 1910.1450) was
created specifically for non-production laboratories.
Additional OSHA standards provide rules that
protect workers, including those that who in labora-

tories, from chemical hazards as well as biological,
physical and safety hazards. For those hazards that
are not covered by a specific OSHA standard, OSHA
often provides guidance on protecting workers from
these hazards. This document is designed to make
employers aware of the OSHA standards as well as
OSHA guidance that is available to protect workers
from the diverse hazards encountered in laborato-
ries. The extent of detail on specific hazards provid-
ed in this document is dependent on the nature of
each hazard and its importance in a laboratory set-
ting. In addition to information on OSHA standards
and guidance that deal with laboratory hazards,
appendices are provided with information on other
governmental and non-governmental agencies that
deal with various aspects of laboratory safety.

This Laboratory Safety Guidance booklet deals
specifically with laboratories within the jurisdiction
of Federal OSHA. There are twenty-five states and
two U.S. Territories (Puerto Rico and the Virgin
Islands) that have their own OSHA-approved occu-
pational safety and health standards, which may be
different from federal standards, but must be at
least “as effective as” the federal standards.
Contact your local or state OSHA office for further
information. More information on OSHA-approved
state plans is available at:
www.osha.gov/decsp/osp/index.html.
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OSHA Standards

Section 5(a)(1) of the Occupational Safety and
Health Act of 1970 (OSH Act), the General Duty
Clause, requires that employers “shall furnish to
each of his employees employment and a place of
employment which are free from recognized haz-
ards that are causing or likely to cause death or seri-
ous physical harm to his employees.” Therefore,
even if an OSHA standard has not been promulgat-
ed that deals with a specific hazard or hazardous
operation, protection of workers from all hazards or
hazardous operations may be enforceable under
section 5(a)(1) of the OSH Act. For example, best
practices that are issued by non-regulatory organi-
zations such as the National Institute for
Occupational Safety and Health (NIOSH), the
Centers for Disease Control and Prevention (CDC),
the National Research Council (NRC), and the
National Institutes of Health (NIH), can be enforce-
able under section 5(a)(1).

The principal OSHA standards that apply to all non-
production laboratories are listed below. Although
this is not a comprehensive list, it includes stan-
dards that cover the major hazards that workers are
most likely to encounter in their daily tasks.
Employers must be fully aware of these standards
and must implement all aspects of the standards
that apply to specific laboratory work conditions in
their facilities.

The Occupational Exposure to Hazardous Chemicals
in Laboratories standard (29 CFR 1910.1450), com-
monly referred to as the Laboratory standard,
requires that the employer designate a Chemical
Hygiene Officer and have a written Chemical
Hygiene Plan (CHP), and actively verify that it
remains effective. The CHP must include provisions
for worker training, chemical exposure monitoring
where appropriate, medical consultation when
exposure occurs, criteria for the use of personal
protective equipment (PPE) and engineering con-
trols, special precautions for particularly hazardous
substances, and a requirement for a Chemical
Hygiene Officer responsible for implementation of
the CHP. The CHP must be tailored to reflect the
specific chemical hazards present in the laboratory
where it is to be used. Laboratory personnel must
receive training regarding the Laboratory standard,
the CHP, and other laboratory safety practices,
including exposure detection, physical and health
hazards associated with chemicals, and protective
measures.

The Hazard Communication standard (29 CFR
1910.1200), sometimes called the HazCom standard,
is a set of requirements first issued in 1983 by
OSHA. The standard requires evaluating the poten-
tial hazards of chemicals, and communicating infor-
mation concerning those hazards and appropriate
protective measures to employees. The standard
includes provisions for: developing and maintaining
a written hazard communication program for the
workplace, including lists of hazardous chemicals
present; labeling of containers of chemicals in the
workplace, as well as of containers of chemicals
being shipped to other workplaces; preparation and
distribution of material safety data sheets (MSDSs)
to workers and downstream employers; and devel-
opment and implementation of worker training pro-
grams regarding hazards of chemicals and protec-
tive measures. This OSHA standard requires manu-
facturers and importers of hazardous chemicals to
provide material safety data sheets to users of the
chemicals describing potential hazards and other
information. They must also attach hazard warning
labels to containers of the chemicals. Employers
must make MSDSs available to workers. They must
also train their workers in the hazards caused by the
chemicals workers are exposed to and the appropri-
ate protective measures that must be used when
handling the chemicals.

The Bloodborne Pathogens standard (29 CFR
1910.1030), including changes mandated by the
Needlestick Safety and Prevention Act of 2001, re-
quires employers to protect workers from infection
with human bloodborne pathogens in the work-
place. The standard covers all workers with “rea-
sonably anticipated” exposure to blood or other
potentially infectious materials (OPIM). It requires
that information and training be provided before the
worker begins work that may involve occupational
exposure to bloodborne pathogens, annually there-
after, and before a worker is offered hepatitis B vac-
cination. The Bloodborne Pathogens standard also
requires advance information and training for all
workers in research laboratories who handle human
immunodeficiency virus (HIV) or hepatitis B virus
(HBV). The standard was issued as a performance
standard, which means that the employer must
develop a written exposure control plan (ECP) to
provide a safe and healthy work environment, but is
allowed some flexibility in accomplishing this goal.
Among other things, the ECP requires employers to
make an exposure determination, establish proce-
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dures for evaluating incidents, and determine a
schedule for implementing the standard’s require-
ments, including engineering and work practice
controls. The standard also requires employers to
provide and pay for appropriate PPE for workers
with occupational exposures. Although this stan-
dard only applies to bloodborne pathogens, the pro-
tective measures in this standard (e.g., ECP, engi-
neering and work practice controls, administrative
controls, PPE, housekeeping, training, post-expo-
sure medical follow-up) are the same measures for
effectively controlling exposure to other biological
agents.

The Personal Protective Equipment (PPE) standard
(29 CFR 1910.132) requires that employers provide
and pay for PPE and ensure that it is used wherever
“hazards of processes or environment, chemical
hazards, radiological hazards, or mechanical irri-
tants are encountered in a manner capable of caus-
ing injury or impairment in the function of any part
of the body through absorption, inhalation or physi-
cal contact.” (29 CFR 1910.132(a) and 1910.132(h)].
In order to determine whether and what PPE is
needed, the employer must “assess the workplace
to determine if hazards are present, or are likely to
be present, which necessitate the use of [PPE],”

29 CFR 1910.132(d)(1). Based on that assessment,
the employer must select appropriate PPE (e.g., pro-
tection for eyes, face, head, extremities; protective
clothing; respiratory protection; shields and barriers)
that will protect the affected worker from the haz-
ard, 29 CFR 1910.132 (d)(1)(i), communicate selec-
tion decisions to each affected waorker, 29 CFR
1910.132 (d)(1)(ii), and select PPE that properly fits
each affected employee, 29 CFR 1910.132(d)(1){iii).
Employers must provide training for workers who
are required to use PPE that addresses when and
what PPE is necessary, how to wear and care for
PPE properly, and the limitations of PPE, 29 CFR
1910.132(f).

The Eye and Face Protection standard (29 CFR
1910.133) requires employers to ensure that each
affected worker uses appropriate eye or face protec-
tion when exposed to eye or face hazards from fly-
ing particles, molten metal, liquid chemicals, acids
or caustic liquids, chemical gases or vapors, or
potentially injurious light radiation, 29 CFR
1910.133(a).

The Respiratory Protection standard (29 CFR
1910.134) requires that a respirator be provided to
each worker when such equipment is necessary to

protect the health of such individual. The employer
must provide respirators that are appropriate and
suitable for the purpose intended, as described in 29
CFR 1910.134(d)(1). The employer is responsible for
establishing and maintaining a respiratory protec-
tion program, as required by 29 CFR 1910.134(c),
that includes, but is not limited to, the following:
selection of respirators for use in the workplace;
medical evaluations of workers required to use res-
pirators; fit testing for tight-fitting respirators; proper
use of respirators during routine and emergency sit-
uations; procedures and schedules for cleaning, dis-
infecting, storing, inspecting, repairing and discard-
ing of respirators; procedures to ensure adequate
air quality, quantity, and flow of breathing air for
atmosphere-supplying respirators; training of work-
ers in respiratory hazards that they may be exposed
to during routine and emergency situations; training
of workers in the proper donning and doffing of res-
pirators, and any limitations on their use and main-
tenance; and regular evaluation of the effectiveness
of the program.

The Hand Protection standard (29 CFR 1910.138),
requires employers to select and ensure that work-
ers use appropriate hand protection when their
hands are exposed to hazards such as those from
skin absorption of harmful substances; severe cuts
or lacerations; severe abrasions; punctures; chemi-
cal burns; thermal burns; and harmful temperature
extremes, 29 CFR 1910.138(a). Further, employers
must base the selection of the appropriate hand
protection on an evaluation of the performance
characteristics of the hand protection relative to the
task(s) to be performed, conditions present, dura-
tion of use, and the hazards and potential hazards
identified, 29 CFR 1910.138(b).

The Control of Hazardous Energy standard (29 CFR
1910.147), often called the “Lockout/Tagout” stan-
dard, establishes basic requirements for locking
and/or tagging out equipment while installation,
maintenance, testing, repair, or construction opera-
tions are in progress. The primary purpose of the
standard is to protect workers from the unexpected
energization or startup of machines or equipment,
or release of stored energy. The procedures apply to
the shutdown of all potential energy sources associ-
ated with machines or equipment, including pres-
sures, flows of fluids and gases, electrical power,
and radiation.

In addition to the standards listed above, other
OSHA standards that pertain to electrical safety
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(29 CFR 1910 Subpart S-Electrical); fire safety
(Portable Fire Extinguishers standard, 29 CFR
1910.157); and slips, trips and falls (29 CFR 1910
Subpart D - Walking-Working Surfaces, Subpart E -
Means of Egress, and Subpart J - General

Environmental Controls) are discussed at pages 25-

28. These standards pertain to general industry, as
well as laboratories. When laboratory workers are
using large analyzers and other equipment, their

potential exposure to electrical hazards associated
with this equipment must be assessed by employ-

ers and appropriate precautions taken. Similarly,
worker exposure to wet floors or spills and clutter
can lead to slips/trips/falls and other possible
injuries and employers must assure that these haz-
ards are minimized. While large laboratory fires are
rare, there is the potential for small bench-top fires,
especially in laboratories using flammable solvents.
It is the responsibility of employers to implement
appropriate protective measures to assure the safe-
ty of workers.
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Hierarchy of Controls

Occupational safety and health professionals use a
framework called the “hierarchy of controls” to
select ways of dealing with workplace hazards. The
hierarchy of controls prioritizes intervention strate-
gies based on the premise that the best way to con-
trol a hazard is to systematically remove it from the
workplace, rather than relying on workers to reduce
their exposure. The types of measures that may be
used to protect laboratory workers, prioritized from
the most effective to least effective, are:

e engineering controls;

» administrative controls;

* work practices; and

* personal protective equipment (PPE).

Most employers use a combination of control meth-
ods. Employers must evaluate their particular work-
place to develop a plan for protecting their workers
that may combine both immediate actions as well
as longer term solutions. A description of each type
of control for non-production laboratories follows.

Engineering controls are those that involve making
changes to the work environment to reduce work-
related hazards. These types of controls are pre-
ferred over all others because they make perma-
nent changes that reduce exposure to hazards and
do not rely on worker behavior. By reducing a haz-
ard in the workplace, engineering controls can be
the most cost-effective solutions for employers to
implement.

Examples include:
¢ Chemical Fume Hoods; and
« Biological Safety Cabinets (BSCs).

Administrative controls are those that modify work-
ers’ work schedules and tasks in ways that mini-
mize their exposure to workplace hazards.

Examples include:

« Developing a Chemical Hygiene Plan; and

« Developing Standard Operating Procedures for
chemical handling.

Work practices are procedures for safe and proper
work that are used to reduce the duration, frequen-
cy or intensity of exposure to a hazard. When
defining safe work practice controls, it is a good
idea for the employer to ask workers for their sug-

gestions, since they have firsthand experience with
the tasks as actually performed. These controls
need to be understood and followed by managers,
supervisors and workers.

Examples include:

« No mouth pipetting; and

+ Chemical substitution where feasible (e.g.,
selecting a less hazardous chemical for a specific
procedure).

Personal Protective Equipment (PPE) is protective
gear needed to keep workers safe while performing
their jobs. Examples of PPE include respirators (for
example, N95), face shields, goggles and dispos-
able gloves. While engineering and administrative
controls and proper work practices are considered
to be more effective in minimizing exposure to
many workplace hazards, the use of PPE is also
very important in laboratory settings.

It is important that PPE be:

* Selected based upon the hazard to the worker;

+« Properly fitted and in some cases periodically
refitted (e.q., respirators);

» Conscientiously and properly worn;

= Regularly maintained and replaced in accord
with the manufacturer’s specifications;

* Properly removed and disposed of to avoid con-
tamination of self, others or the environment;
and

« |f reusable, properly removed, cleaned, disinfec-
ted and stored.

The following sections of this document are
organized based upon classes of hazards, i.e.,
chemical, biological, physical, safety and other
hazards. The organization of these sections
and/or subsections may differ somewhat. For
instance, OSHA's Laboratory standard is de-
scribed in greater detail than any other standard
in this document. This is because this is the only
standard that is specific to laboratories (i.e., non-
production laboratories). In all other sections,
only those specific aspects of various standards
that are considered most relevant to non-produc-
tion laboratories are discussed. In sections of this
document where there are no specific OSHA
standards that apply, guidance in the form of Fact
Sheets or QuickCards™ may be provided.
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Chemical Hazards

Hazardous chemicals present physical and/or health
threats to workers in clinical, industrial, and aca-
demic laboratories. Laboratory chemicals include
cancer-causing agents (carcinogens), toxins (e.g.,
those affecting the liver, kidney, and nervous sys-
tem), irritants, corrosives, sensitizers, as well as
agents that act on the blood system or damage the
lungs, skin, eyes, or mucous membranes. OSHA
rules regulate exposures to approximately 400 sub-
stances.

Laboratory Standard
(29 CFR 1910.1450)

In 1990, OSHA issued the Occupational Exposure
to Hazardous Chemicals in Laboratories standard
(29 CFR 1910.1450). Commonly known as the
Laboratory standard, it was developed to address
workplaces where relatively small quantities of haz-
ardous chemicals are used on a non-production
basis. However, not all laboratories are covered by
the Laboratory standard. For example, most quality
control laboratories are not covered under the stan-
dard. These laboratories are usually adjuncts of
production operations which typically perform
repetitive procedures for the purpose of assuring
reliability of a product or a process. On the other
hand, laboratories that conduct research and devel-
opment and related analytical work are subject to
the requirements of the Laboratory standard,
regardless of whether or not they are used only to
support manufacturing.

The purpose of the Laboratory standard is to
ensure that workers in non-production laboratories
are informed about the hazards of chemicals in
their workplace and are protected from chemical
exposures exceeding allowable levels [i.e.,, OSHA
permissible exposure limits (PELs)] as specified in
Table Z of the Air Contaminants standard (29 CFR
1910.1000) and as specified in other substance-spe-
cific health standards. The Laboratory standard
achieves this protection by establishing safe work
practices in laboratories to implement a Chemical
Hygiene Plan (CHP).

Scope and Application

The Laboratory standard applies to all individuals
engaged in laboratory use of hazardous chemicals.
Work with hazardous chemicals outside of laborato-
ries is covered by the Hazard Communication stan-

dard (29 CFR 1910.1200). Laboratory uses of chemi-
cals which provide no potential for exposure (e.g.,
chemically impregnated test media or prepared kits
for pregnancy testing) are not covered by the
Laboratory standard.

Formaldehyde is one of the most commonly used
hazardous chemicals in laboratories. The OSHA
Formaldehyde standard (29 CFR 1910.1048) specifi-
cally deals with protecting workers from the hazards
associated with exposure to this chemical. It should
be noted that the scope of the Formaldehyde stan-
dard is not affected in most cases by the Laboratory
standard. The Laboratory standard specifically does
not apply to formaldehyde use in histology, pathol-
ogy and human or animal anatomy laboratories;
however, if formaldehyde is used in other types of
laboratories which are covered by the Laboratory
standard, the employer must comply with 29 CFR
1910.1450.

Program Description

The Laboratory standard consists of five major ele-
ments:

e Hazard identification;

s Chemical Hygiene Plan;

+ Information and training;

¢ Exposure monitoring; and

« Medical consultation and examinations.

Each laboratory covered by the Laboratory standard
must appoint a Chemical Hygiene Officer (CHO) to
develop and implement a Chemical Hygiene Plan.
The CHO is responsible for duties such as monitor-
ing processes, procuring chemicals, helping project
directors upgrade facilities, and advising administra-
tors on improved chemical hygiene policies and
practices. A worker designated as the CHO must be
qualified, by training or experience, to provide tech-
nical guidance in developing and implementing the
provisions of the CHP.

Hazard Identification

Each laboratory must identify which hazardous
chemicals will be encountered by its workers. All
containers for chemicals must be clearly labeled.
An employer must ensure that workers do not use,
store, or allow any other person to use or store, any
hazardous substance in his or her laboratory if the
container does not meet the labeling requirements
outlined in the Hazard Communication standard,
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29 CFR 1910.1200(f)(4). Labels on chemical con-
tainers must not be removed or defaced.

Material Safety Data Sheets (MSDSs) for chemicals
received by the laboratory must be supplied by the
manufacturer, distributor, or importer and must be
maintained and readily accessible to laboratory
workers. MSDSs are written or printed materials
concerning a hazardous chemical. Employers must
have an MSDS in the workplace for each hazardous
chemical in use.

MSDS sheets must contain:

1. Name of the chemical;

Manufacturer’s information;

Hazardous ingredients/identity information;
Physical/chemical characteristics;

Fire and explosion hazard data;

Reactivity data;

Health hazard data;

Precautions for safe handling and use; and
Control measures.

ol e R LE i

The United States is participating in the Global
Harmonization System of Classifying and Labeling
Chemicals (GHS) process and is planning to adopt
the GHS in its Hazard Communication standard.
The GHS process is designed to improve compre-
hensibility, and thus the effectiveness of the Hazard
Communication standard (HCS), and help to further
reduce illnesses and injuries. GHS is a system that
defines and classifies the hazards of chemical prod-
ucts, and communicates health and safety informa-
tion on labels and material safety data sheets
(called Safety Data Sheets, or SDSs, in the GHS).
The most significant changes to the Hazard
Communication standard will include changing ter-
minology: “hazard determination” to “hazard clas-
sification” (along with related terms) and “material
safety data sheet” to “safety data sheet.” The goal
is that the same set of rules for classifying hazards,
and the same format and content for labels and
safety data sheets (SDS) will be adopted and used
around the world. An international team of hazard
communication experts developed GHS.

The biggest visible impact of the GHS is the
appearance of and information required for labels
and SDSs. Labels will require signal words, pic-
tograms, precautionary statements and appropriate
hazard statements. The GHS system covers all haz-
ardous chemicals and may be adopted to cover
chemicals in the workplace, transport, consumer

products, and pesticides. SDSs will follow a new
16-section format, containing requirements similar
to those identified in the American National
Standards Institute (ANSI) Z400 and International
Organization for Standardization (ISO) 11014 stan-
dards. Information on GHS classification, labels and
SDSs is available at: http://www.unece.org/
trans/danger/publi/ghs/ghs_welcome_e.html.

Chemical Hygiene Plan (CHP)

The purpose of the CHP is to provide guidelines for
prudent practices and procedures for the use of
chemicals in the laboratory. The Laboratory stan-
dard requires that the CHP set forth procedures,
equipment, PPE and work practices capable of pro-
tecting workers from the health hazards presented
by chemicals used in the laboratory.

The following information must be included in each
CHP:

Standard Operating Procedures (SOPs): Prudent
laboratory practices which must be followed when
working with chemicals in a laboratory. These
include general and laboratory-specific procedures
for work with hazardous chemicals.

Criteria for Exposure Control Measures: Criteria
used by the employer to determine and implement
control measures to reduce worker exposure to
hazardous chemicals including engineering con-
trols, the use of PPE and hygiene practices.

Adequacy and Froper Functioning of Fume Hoods
and other Protective Equipment: Specific measures
that must be taken to ensure proper and adequate
performance of protective equipment, such as fume
hoods.

Information and Training: The employer must pro-
vide information and training required to ensure
that workers are apprised of the hazards of chemi-
cals in their work areas and related information.

Requirement of Prior Approval of Laboratory
Procedures: The circumstances under which certain
laboratory procedures or activities require approval
from the employer or employer's designee before
work is initiated.

Medical Consultations and Examinations:
Provisions for medical consultation and examina-
tion when exposure to a hazardous chemical has or
may have taken place.
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Chemical Hygiene Officer Designation:
Identification of the laboratory CHO and outline of
his or her role and responsibilities; and, where
appropriate, establishment of a Chemical Hygiene
Committee.

Particularly Hazardous Substances: Outlines addi-
tional worker protections for work with particularly
hazardous substances. These include select carcino-
gens, reproductive toxins, and substances which
have a high degree of acute toxicity.

Information and Training

Laboratory workers must be provided with informa-
tion and training relevant to the hazards of the
chemicals present in their laboratory. The training
must be provided at the time of initial assignment
to a laboratory and prior to assignments involving
new exposure situations.

The employer must inform workers

about the following:

« The content of the OSHA Laboratory standard
and its appendices (the full text must be made
available);

« The location and availability of the Chemical
Hygiene Plan;

+ Permissible exposure limits (PELs) for OSHA-
regulated substances, or recommended expo-
sure levels for other hazardous chemicals where
there is no applicable standard;

« Signs and symptoms associated with exposure
to hazardous chemicals in the laboratory; and

« The location and availability of reference materi-
als on the hazards, safe handling, storage and
disposal of hazardous chemicals in the laborato-
ry, including, but not limited to, MSDSs.

Training must include the following:

« Methods and observations used to detect the
presence or release of a hazardous chemical.
These may include employer monitoring, contin-
uous monitoring devices, and familiarity with
the appearance and odor of the chemicals;

* The physical and health hazards of chemicals in
the laboratory work area;

« The measures that workers can take to protect
themselves from these hazards, including pro-
tective equipment, appropriate work practices,
and emergency procedures;

« Applicable details of the employer's written
Chemical Hygiene Plan;

* Retraining, if necessary.

Exposure Determination

OSHA has established permissible exposure limits
(PELs), as specified in 29 CFR 1910, subpart Z, for
hundreds of chemical substances. A PEL is the
chemical-specific concentration in inhaled air that is
intended to represent what the average, healthy
worker may be exposed to daily for a lifetime of
work without significant adverse health effects. The
employer must ensure that workers’ exposures to
OSHA-regulated substances do not exceed the PEL.
However, most of the OSHA PELs were adopted
soon after the Agency was first created in 1970 and
were based upon scientific studies available at that
time. Since science has continued to move forward,
in some cases, there may be health data that sug-
gests a hazard to workers below the levels permit-
ted by the OSHA PELs. Other agencies and organi-
zations have developed and updated recommended
occupational exposure limits (OELs) for chemicals
regulated by OSHA, as well as other chemicals not
currently regulated by OSHA. Employers should
consult other OELs, in addition to the OSHA PEL, to
make a fully informed decision about the potential
health risks to workers associated with chemical
exposures. The American Conference of
Governmental Industrial Hygienists (ACGIH), the
American Industrial Hygiene Association (AIHA),
the National Institute for Occupational Safety and
Health (NIOSH), as well as some chemical manufac-
turers have established OELs to assess safe expo-
sure limits for various chemicals.

Employers must conduct exposure monitoring,
through air sampling, if there is reason to believe
that workers may be exposed to chemicals above
the action level or, in the absence of an action level,
the PEL. Periodic exposure monitoring should be
conducted in accord with the provisions of the rele-
vant standard. The employer should notify workers
of the results of any monitoring within 15 working
days of receiving the results. Some OSHA chemical
standards have specific provisions regarding expo-
sure monitoring and worker notification. Employers
should consult relevant standards to see if these
provisions apply to their workplace.

Medical Consultations and Examinations

Employers must do the following:

« Provide all exposed workers with an opportunity
to receive medical attention by a licensed physi-
cian, including any follow-up examinations
which the examining physician determines to be
necessary.
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« Provide an opportunity for a medical consulta-
tion by a licensed physician whenever a spill,
leak, explosion or other occurrence results in the
likelihood that a laboratory worker experienced
a hazardous exposure in order to determine
whether a medical examination is needed.

* Provide an opportunity for a medical examina-
tion by a licensed physician whenever a worker
develops signs or symptoms associated with a
hazardous chemical to which he or she may
have been exposed in the laboratory.

« Establish medical surveillance for a worker as
required by the particular standard when expo-
sure monitoring reveals exposure levels routine-
ly exceeding the OSHA action level or, in the
absence of an action level, the PEL for an OSHA
regulated substance.

« Provide the examining physician with the identi-
ty of the hazardous chemical(s) to which the
individual may have been exposed, and the con-
ditions under which the exposure may have
occurred, including quantitative data, where
available, and a description of the signs and
symptoms of exposure the worker may be expe-
riencing.

* Provide all medical examinations and consulta-
tions without cost to the worker, without loss of
pay, and at a reasonable time and place.

The examining physician must complete a written

opinion that includes the following information:

« Recommendations for further medical follow-up.

* The results of the medical examination and any
associated tests.

« Any medical condition revealed in the course
of the examination that may place the individual
at increased risk as a result of exposure to a
hazardous chemical in the workplace.

+ A statement that the worker has been informed
of the results of the consultation or medical
examination and any medical condition that
may require further examination or treatment.
However, the written opinion must not reveal
specific findings of diagnoses unrelated to occu-
pational exposure.

A copy of the examining physician’s written opinion
must be provided to the exposed worker.

Recordkeeping

Employers must also maintain an accurate record of
exposure monitoring activities and exposure mea-
surements as well as medical consultations and

examinations, including medical tests and written
opinions. Employers generally must maintain worker
exposure records for 30 years and medical records
for the duration of the worker's employment plus 30
years, unless one of the exemptions listed in 29 CFR
1910.1020(d)(1)(iMA)-(C) applies. Such records must
be maintained, transferred, and made available, in
accord with 29 CFR 1910.1020, to an individual’s
physician or made available to the worker or his/her
designated representative upon request.

Roles and Responsibilities in
Implementing the Laboratory Standard
The following are the National Research Council's
recommendations concerning the responsibilities of
various individuals for chemical hygiene in labora-
tories.

Chief Executive Officer

= Bears ultimate responsibility for chemical
hygiene within the facility.

* Provides continuing support for institutional
chemical hygiene.

Chemical Hygiene Officer

+« Develops and implements appropriate chemical
hygiene policies and practices.

+« Monitors procurement, use, and disposal of
chemicals used in the lab.

« Ensures that appropriate audits are maintained.

* Helps project directors develop precautions and
adequate facilities.

« Knows the current legal requirements concern-
ing regulated substances.

s Seeks ways to improve the chemical hygiene
program.

Laboratory Supervisors

+ Have overall responsibility for chemical hygiene
in the laboratory.

« Ensure that laboratory workers know and follow
the chemical hygiene rules.

« Ensure that protective equipment is available
and in working order.

» Ensure that appropriate training has been pro-
vided.

* Provide regular, formal chemical hygiene and
housekeeping inspections, including routine
inspections of emergency equipment.

« Know the current legal requirements concerning
regulated substances.

+ Determine the required levels of PPE and equip-
ment.
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Ensure that facilities and training for use of any
material being ordered are adequate.

Laboratory Workers

Plan and conduct each operation in accord with
the facility’s chemical hygiene procedures,
including use of PPE and engineering controls,
as appropriate.

Develop good personal chemical hygiene habits.
Report all accidents and potential chemical
exposures immediately.

For more detailed information, OSHA has devel-
oped a Safety and Health Topics Page on
Laboratories available at: www.osha.gov/SLTC/labo-
ratories/index.html. See the Appendix for other
OSHA documents relevant to this topic.

Two OSHA Fact Sheets have been developed

to supplement this section. One is entitled
Laboratory Safety - OSHA Laboratory Standard,
and the other is entitled Laboratory Safety -
Chemical Hygiene Plan; both are available online
at www.osha.gov.

Hazard Communication Standard

(29 CFR 1910.1200)

This standard is designed to protect against chemi-
cal source illnesses and injuries by ensuring that
employers and workers are provided with sufficient
information to recognize, evaluate and control
chemical hazards and take appropriate protective
measures.

The steps that employers must take to comply with
the requirements of this standard must include, but
are not limited to:

Development and maintenance of a written haz-
ard communication program for the workplace,
including lists of hazardous chemicals present;
Ensuring that containers of chemicals in the
workplace, as well as containers of chemicals
being shipped to other workplaces, are properly
labeled;

Ensuring that material safety data sheets
(MSDSs) for chemicals that workers may be
exposed to are made available to workers; and
Development and implementation of worker
training programs regarding hazards of chemi-
cals they may be exposed to and the appropriate
protective measures that must be used when
handling these chemicals.

This OSHA standard also requires manufacturers
and importers of hazardous chemicals to provide
MSDSs to users of the chemicals describing poten-
tial hazards and other information. They must also
attach hazard warning labels to containers of the
chemicals. Distributors of hazardous chemicals
must also provide MSDSs to employers and other
distributors.

An OSHA QuickFacts entitled Laboratory
Safety - Labeling and Transfer of Chemicals has
been developed to supplement this section and
is available online at www.osha.gov.

Specific Chemical Hazards

Air Contaminants standard (29 CFR
1910.1000)

The Air Contaminants standard provides rules for
protecting workers from airborne exposure to over
400 chemicals. Several of these chemicals are com-
monly used in laboratories and include: toluene,
xylene, and acrylamide. Toluene and xylene are sol-
vents used to fix tissue specimens and rinse stains.
They are primarily found in histology, hematology,
microbiology and cytology laboratories.

Toluene

Exposure routes | Symptoms | Target Organs

Inhalation; Irritation of | Eyes;

Ingestion; YOS, NOSS: | S

Skin and/or Weakness, | Regpiratory

eye contact; exhaustion, | o ctem;
) ‘ confusion,
Skin absorption. | oy phoria, Central

headache; nervous
system;
Dilated Y
pupils, Liver;
tearing; Kidneys.
Anxiety;
Muscle
fatigue;
Insomnia;
Tingling,
pricking, or
numbness
of skin;
Dermatitis;
Liver,
kidney
damage.
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Xylene

Exposure routes | Symptoms | Target Organs

Inhalation; Irritation Eyes;

Ingestion; of eyes, Skin;

= skin, nose, <
Skin and/or throat; Respiratory
eye contact; L. system;

% : Dizziness,

Skin absorption. | eycitement, | Central
drowsiness, | nervous
incoherence, | System;
staggering | Gltract;
gait; Blood:;
Corneql Liver;
vacuoliza- :
tion (cell Kidneys.
debris);

Anorexia,
nausea,
vomiting,
abdominal
pain;
Dermatitis.

Acrylamide is usually found in research laboratories
and is used to make polyacrylamide gels for separa-

Employers must do the following to prevent
worker exposure:

Implement a written program for chemicals that
workers are exposed to and that meet the require-
ments of the Hazard Communication standard. This
program must contain provisions for worker train-
ing, warning labels and access to Material Safety
Data Sheets (MSDSs).

Formaldehyde standard (29 CFR
1910.1048)

Formaldehyde is used as a fixative and is common-
ly found in most laboratories. The employer must
ensure that no worker is exposed to an airborne
concentration of formaldehyde which exceeds 0.75
parts formaldehyde per million parts of air (0.75
ppm) as an 8-hour time weighted average (TWA),
29 CFR 1910.1048(c)(1).

The Hazard Communication standard requires
employers to maintain an MSDS, which manufac-
turers or distributors of formaldehyde are required
to provide. The MSDS must be kept in an area that
is accessible to workers that may be exposed to
formaldehyde.

tions of macromolecules (e.g., DNA, proteins).

Formaldehyde

Exposure routes

Symptoms

Target Organs

Inhalation;
Ingestion;

Skin and/or
eye contact.

Irritation

of eyes, skin,
nose, throat,
respiratory
system;

Tearing;

Coughing;
Wheezing;
Dermatitis;

Potential
occupational
nasal car-
cinogen.

Eyes;

Skin;
Respiratory
system.

Employers must provide the following to workers

to prevent exposure:

« Appropriate PPE, 29 CFR 1910.132, 29 CFR
1910.133, and 29 CFR 1910.1048(h).

Acrylamide
Exposure routes | Symptoms | Target Organs
Inhalation; Irritation of Evyes;
Ingestion; eyes, skin; Skin;
Skin and/or Ataxia (stag- | central
eye contact; 99"'"1;:1 I'ga ';]- nervous
Skin absorption. ;:::gl'lngl mos, | system;
pricking, or Peripheral
numbness | NE€rvous
of skin; system;
Muscle Reprodu_ctive
weakness; | system (in
animals:
Absence of | y,mors of the
deep tendon lungs, testes,
reflex; thyroid and
Hand sweat- | adrenal
ing; glands).
Tearing,
Drowsiness;
Reproductive
effects;
Potential
occupational
carcinogen.

* Acceptable eyewash facilities within the immedi-
ate work area for emergency use, if there is any
possibility that a worker’s eyes may be splashed
with solutions containing 0.1 percent or greater
formaldehyde, 29 CFR 1910.1048(i)(3).
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Latex

One of the most common chemicals that laboratory
workers are exposed to is latex, a plant protein. The
most common cause of latex allergy is direct con-
tact with latex, a natural plant derivative used in
making certain disposable gloves and other prod-
ucts. Some healthcare workers have been deter-
mined to be latex sensitive, with reactions ranging
from localized dermatitis (skin irritation) to immedi-
ate, possibly life-threatening reactions. Under
OSHA's Personal Protective Equipment standard,

29 CFR 1910.132, the employer must ensure that
appropriate personal protective equipment (PPE) is
accessible at the worksite or issued to workers.
Latex-free gloves, glove liners, powder-free gloves,
or other similar alternatives are obtainable and
must be readily accessible to those workers who are
allergic to latex gloves or other latex-containing
PPE, 29 CFR 1910.1030(c)(3)(iii).

Latex allergy should be suspected in workers who
develop certain symptoms after latex exposure,
including:

* nasal, eye, or sinus irritation

* hives or rash

» difficulty breathing

e coughing

» wheezing

®* nausea

* vomiting

s diarrhea

An exposed worker who exhibits these symptoms
should be evaluated by a physician or other
licensed healthcare professional because further
exposure could cause a serious allergic reaction.

Once a worker becomes allergic to latex, special
precautions are needed to prevent exposures.
Certain medications may reduce the allergic symp-
toms, but complete latex avoidance is the most
effective approach.

Appropriate work practices should be used to
reduce the chance of reactions to latex. If a worker
must wear latex gloves, oil-based hand creams or
lotions (which can cause glove deterioration) should
not be used unless they have been shown to reduce
latex-related problems and maintain glove barrier
protection. After removing latex gloves, workers
should wash their hands with a mild soap and dry
them thoroughly.

An OSHA QuickFacts entitled Laboratory

Safety — Latex Allergy has been developed to
supplement this section and is available online at
www.osha.gov.

Specific Engineering Control -
Chemical Fume Hoods

The fume hood is often the primary control device
for protecting laboratory workers when working
with flammable and/or toxic chemicals. OSHA's
Occupational Exposure to Hazardous Chemicals in
Laboratories standard, 29 CFR 1910.1450, requires
that fume hoods be maintained and function prop-
erly when used, 29 CFR 1910.1450(e)(3)(iii).

An OSHA QuickFacts entitled Laboratory
Safety — Chemical Fume Hoods has been
developed to supplement this section and is

available online at www.osha.gov.

Biological Hazards

Biological Agents (other than Bloodborne
Pathogens) and Biological Toxins

Many laboratory workers encounter daily exposure
to biological hazards. These hazards are present in
various sources throughout the laboratory such as
blood and body fluids, culture specimens, body tis-
sue and cadavers, and laboratory animals, as well
as other workers.

A number of OSHA's Safety and Health Topics
Pages mentioned below have information on select
agents and toxins. These are federally regulated
biological agents (e.g., viruses, bacteria, fungi, and
prions) and toxins that have the potential to pose a
severe threat to public health and safety, to animal
or plant health, or to animal or plant products.

The agents and toxins that affect animal and plant
health are also referred to as high-consequence
livestock pathogens and toxins, non-overlap agents
and toxins, and listed plant pathogens. Select
agents and toxins are defined by lists that appear

in sections 73.3 of Title 42 of the Code of Federal
Regulations (HHS/CDC Select Agent Regulations),
sections 121.3 and 121.4 of Title 9 of the Code of
Federal Regulations (USDA/APHIS/VS Select Agent
Regulations), and section 331.3 of Title 7 of the Code
of Federal Regulations (plants - USDA/APHIS/PPQ
Select Agent Regulations) and Part 121, Title 9, Code
of Federal Regulations (animals — USDA/APHIS).
Select agents and toxins that are regulated by both
HHS/CDC and USDA/APHIS are referred to as “over-
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lap” select agents and toxins (see 42 CFR section
73.4 and 9 CFR 121.4).

Employers may use the list below as a starting point
for technical and regulatory information about some
of the most virulent and prevalent biological agents
and toxins. The OSHA Safety and Health Topics
Page entitled Biological Agents can be accessed at:
www.osha.gov/SLTC/biologicalagents/index.html.

Anthrax. Anthrax is an acute infectious disease
caused by a spore-forming bacterium called Bacillus
anthracis. It is generally acquired following contact
with anthrax-infected animals or anthrax-contami-
nated animal products. Bacillus anthracis is an HHS
and USDA select agent.

Avian Flu. Avian influenza is caused by Influenza A
viruses. These viruses normally reside in the intes-
tinal tracts of water fowl and shore birds, where
they cause little, if any, disease. However, when
they are passed on to domestic birds, such as chick-
ens, they can cause deadly contagious disease,
highly pathogenic avian influenza (HPAI). HPAI virus-
es are considered USDA/APHIS select agents.

Botulism. Cases of botulism are usually associated
with consumption of preserved foods. However,
botulinum toxins are currently among the most
common compounds explored by terrorists for use
as biological weapons. Botulinum neurotoxins, the
causative agents of botulism, are HHS/CDC select
agents.

Foodborne Disease. Foodborne ilinesses are caused
by viruses, bacteria, parasites, toxins, metals, and
prions (microscopic protein particles). Symptoms
range from mild gastroenteritis to life-threatening
neurologic, hepatic and renal syndromes.

Hantavirus. Hantaviruses are transmitted to humans
from the dried droppings, urine, or saliva of mice
and rats. Animal laboratory workers and persons
working in infested buildings are at increased risk to
this disease.

Legionnaires’ Disease. Legionnaires’ disease is a
bacterial disease commonly associated with water-
based aerosols. It is often the result of poorly main-
tained air conditioning cooling towers and potable
water systems.

Molds and Fungi. Molds and fungi produce and
release millions of spores small enough to be air-,
water-, or insect-borne which may have negative

effects on human health including, allergic
reactions, asthma, and other respiratory problems.

Plague. The World Health Organization reports 1,000
to 3,000 cases of plague every year. A bioterrorist
release of plague could result in a rapid spread of
the pneumonic form of the disease, which could
have devastating consequences. Yersinia pestis, the
causative agent of plague, is an HHS/CDC select
agent.

Ricin. Ricin is one of the most toxic and easily pro-
duced plant toxins. It has been used in the past as a
bioterrorist weapon and remains a serious threat.
Ricin is an HHS/CDC select toxin.

Severe Acute Respiratory Syndrome (SARS). SARS
is an emerging, sometimes fatal, respiratory illness.
According to the Centers for Disease Control and
Prevention (CDC), the most recent human cases of
SARS were reported in China in April 2004 and
there is currently no known transmission anywhere
in the world.

Smallpox. Smallpox is a highly contagious disease
unique to humans. It is estimated that no more than
20 percent of the population has any immunity from
previous vaccination. Variola major virus, the
causative agent for smallpox, is an HHS/CDC select
agent.

Tularemia. Tularemia is also known as “rabbit fever”
or “deer fly fever” and is extremely infectious.
Relatively few bacteria are required to cause the dis-
ease, which is why it is an attractive weapon for use
in bioterrorism. Francisella tularensis, the causative
agent for tularemia, is an HHS/CDC select agent.

Viral Hemorrhagic Fevers (VHFs). Hemorrhagic
fever viruses are among the agents identified by the
Centers for Disease Control and Prevention (CDC) as
the most likely to be used as biological weapons.
Many VHFs can cause severe, life-threatening dis-
ease with high fatality rates. Many VHFs are
HHS/CDC select agents; for example, Marburg virus,
Ebola viruses, and the Crimean-Congo hemorrhagic
fever virus.

An additional OSHA Safety and Health Topics page
on Pandemic Influenza has been added in response
to the 2009 H1N1 influenza pandemic. It can be
accessed at: www.osha.gov/dsg/topics/
pandemicflu/index.html.
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Pandemic Influenza. A pandemic is a global disease
outbreak. An influenza pandemic occurs when a
new influenza virus emerges for which there is little
or no immunity in the human population; begins to
cause serious illness; and then spreads easily per-
son-to-person worldwide.

The list above does not include all of the biologi-
cal agents and toxins that may be hazardous to
laboratory workers. New agents will be added
over time. For agents that may pose a hazard to
laboratory workers but are not listed above, con-
sult the CDC web page at: www.cdc.gov. See
Appendix for more information on BSL levels.

Material Safety Data Sheets (MSDSs)
on Infectious Agents

Although MSDSs for chemical products have been
available to workers for many years in the U.S. and
other countries, Canada is the only country that has
developed MSDSs for infectious agents. These
MSDSs were produced by the Canadian Public
Health Agency for personnel working in the life sci-
ences as quick safety reference material relating to
infectious microorganisms.

These MSDSs on Infectious Agents are organized to
contain health hazard information such as infectious
dose, viability (including decontamination), medical
information, laboratory hazard, recommended
precautions, handling information and spill
procedures. These MSDSs are available at:
www.phac-aspc.gc.ca/msds-ftss.

Bloodborne Pathogens

The OSHA Bloodborne Pathogens (BBP) standard
(29 CFR 1910.1030) is designed to protect workers
from the health hazards of exposure to bloodborne
pathogens. Employers are subject to the BBP stan-
dard if they have workers whose jobs put them at
reasonable risk of coming into contact with blood
or other potentially infectious materials (OPIM).
Employers subject to this standard must develop a
written Exposure Control Plan, provide training to
exposed workers, and comply with other require-
ments of the standard, including use of Standard
Precautions when dealing with blood and OPIM. In
2001, in response to the Needlestick Safety and
Prevention Act, OSHA revised the Bloodborne
Pathogens standard. The revised standard clarifies
the need for employers to select safer needle
devices and to involve workers in identifying and
choosing these devices. The updated standard also

requires employers to maintain a log of injuries
from contaminated sharps.

OSHA estimates that 5.6 million workers in the
healthcare industry and related occupations are

at risk of occupational exposure to bloodborne
pathogens, including HIV, HBV, HCV, and others.

All occupational exposure to blood or OPIM places
workers at risk for infection with bloodborne
pathogens. OSHA defines blood to mean human
blood, human blood components, and products
made from human blood. OPIM means: (1) The fol-
lowing human body fluids: semen, vaginal secre-
tions, cerebrospinal fluid, synovial fluid, pleural
fluid, pericardial fluid, peritoneal fluid, amniotic
fluid, saliva in dental procedures, any body fluid
that is visibly contaminated with blood, and all body
fluids in situations where it is difficult or impossible
to differentiate between body fluids; (2) Any unfixed
tissue or organ (other than intact skin) from a
human (living or dead); and (3) HIV- or HBV-contain-
ing cell or tissue cultures, organ cultures, and HIV-
or HBV-containing culture medium or other solu-
tions; and blood, organs, or other tissues from
experimental animals infected with HIV or HBV.

The Centers for Disease Control and Prevention
(CDC) notes that although more than 200 different
diseases can be transmitted from exposure to
blood, the most serious infections are hepatitis B
virus (HBV), hepatitis C virus (HCV), and human
immunodeficiency virus (HIV). Fortunately, the risk
of acquiring any of these infections is low. HBV is
the most infectious virus of the three viruses listed
above. For an unvaccinated healthcare worker, the
risk of developing an infection from a single needle-
stick or a cut exposed to HBV-infected blood ranges
from 6-30%. The risk for infection from HCV- and
HIV-infected blood under the same circumstances is
1.8 and 0.3 percent, respectively. This means that
after a needlestick/cut exposure to HCV-contaminat-
ed blood, 98.2% of individuals do not become
infected, while after a similar exposure to HIV-con-
taminated blood, 99.7% of individuals do not
become infected. (http://www.cdc.gov/OralHealth/
infectioncontrol/fag/bloodborne_exposures.htm).

Many factors influence the risk of becoming infected
after a needlestick or cut exposure to HBV-, HCV- or
HIV-contaminated blood. These factors include the
health status of the individual, the volume of the
blood exchanged, the concentration of the virus in
the blood, the extent of the cut or the depth of pen-
etration of the needlestick, etc.
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Employers must ensure that workers are trained
and prohibited from engaging in the following
activities:

* Mouth pipetting/suctioning of blood or OPIM,

29 CFR 1910.1030(d)2)(xii);

« Eating, drinking, smoking, applying cosmetics or
lip balm, or handling contact lenses in work
areas where there is a reasonable likelihood of
occupational exposure to blood or OPIM, 29 CFR
1910.1030{d}{2)(ix); and

« Storage of food or drink in refrigerators, freezers,
shelves, cabinets or on countertops or benchtops
where blood or OPIM are present, 29 CFR
1910.1030(d)(2)(x).

Employers must ensure that the following are

provided:

« Appropriate PPE for workers if blood or OPIM
exposure is anticipated, 29 CFR 1910.1030(d)(3);
= The type and amount of PPE depends on the

anticipated exposure.

Gloves must be worn when hand contact
with blood, mucous membranes, OPIM,
or non-intact skin is anticipated, or when
handling contaminated items or surfaces,
29 CFR 1910.1030(d)(3)(ix).

Surgical caps or hoods and/or shoe covers
or boots must be worn in instances when
gross contamination can reasonably be
anticipated such as during autopsies or
orthopedic surgery, 29 CFR 1910.1030(d)
(3)(xii).

» Effective engineering and work practice controls
to help remove or isolate exposures to blood and
bloodborne pathogens, 29 CFR 1910.1030(d)(2)(i),
CPL 02-02-069 (CPL 2-2.69); and

» Hepatitis B vaccination (if not declined by a
worker) under the supervision of a physician or
other licensed healthcare professional to all
workers who have occupational exposure to
blood or OPIM, 29 CFR 1910.1030(f)(1)(ii)(A)-(C).

Labels

When any blood, OPIM or infected animals are
present in the work area, a hazard warning sign
(see graphic) incorporating the universal biohazard
symbol, 29 CFR 1910.1030(g){1){ii}{(A), must be
posted on all access doors, 29 CFR 1910.1030(e)
(2)(iiND).

Engineering Controls and
Work Practices for All

HIV/HBV Laboratories -
Employers must ensure that:
« All activities involving OPIM ‘I’
are conducted in Biological
Safety Cabinets (BSCs) or BIOHAZARD

other physical-containment
devices; work with OPIM must not be conducted
on the open bench, 29 CFR 1910.1030(e){2){ii)(E);

« Certified BSCs or other appropriate combinations
of personal protection or physical containment
devices, such as special protective clothing, res-
pirators, centrifuge safety cups, sealed centrifuge
rotors, and containment caging for animals, be
used for all activities with OPIM that pose a
threat of exposure to droplets, splashes, spills, or
aerosols, 29 CFR 1910.1030(e)(2)(iii)(A);

¢ Each laboratory contains a facility for hand
washing and an eyewash facility which is readily
available within the work area, 29 CFR
1910.1030(e)(3)(i); and

* Each work area contains a sink for washing
hands and a readily available eyewash facility.
The sink must be foot, elbow, or automatically
operated and must be located near the exit door
of the work area, 29 CFR 1910.1030(e)(4)(iii).

Additional BBP Standard Requirements
Apply to HIV and HBV Research
Laboratories

Requirements include:

* Waste materials:

» All regulated waste must either be incinerated
or decontaminated by a method such as auto-
claving known to effectively destroy blood-
borne pathogens, 29 CFR 1910.1030(e)(2)(i);
and

= Contaminated materials that are to be decon-
taminated at a site away from the work area
must be placed in a durable, leakproof,
labeled or color-coded container that is closed
before being removed from the work area,
29 CFR 1910.1030(e)(2)(ii)(B).

e Access:

= Laboratory doors must be kept closed when
work involving HIV or HBV is in progress,
29 CFR 1910.1030(e)(2)(ii}{(A);

= Access to the production facilities’ work area
must be limited to authorized persons.
Written policies and procedures must be
established whereby only persons who have
been advised of the potential biohazard, who

OSHA
Occupational Safety and
Health Administration

FIGURE 3.20 (Continued)

49



LABORATORY SAFETY

meet any specific entry requirements, and
who comply with all entry and exit proce-
dures must be allowed to enter the work
areas and animal rooms, 29 CFR
1910.1030(e)(2)(ii)C);

= Access doors to the production facilities’ work
area or containment module must be self-
closing, 29 CFR 1910.1030(e)(4)(iv);

s Work areas must be separated from areas that
are open to unrestricted traffic flow within the
building. Passage through two sets of doors
must be the basic requirement for entry into
the work area from access corridors or other
contiguous areas. Physical separation of the
high-containment work area from access cor-
ridors or other areas or activities may also be
provided by a double-doored clothes-change
room (showers may be included), airlock, or
other access facility that requires passing
through two sets of doors before entering the
work area, 29 CFR 1910.1030(e){4)(i); and

» The surfaces of doors, walls, floors and ceil-
ings in the work area must be water-resistant
so that they can be easily cleaned.
Penetrations in these surfaces must be sealed
or capable of being sealed to facilitate decon-
tamination, 29 CFR 1910.1030(e)(4)(ii).

(These requirements do not apply to clinical or diag-
nostic laboratories engaged solely in the analysis of
blood, tissue, or organs, 29 CFR 1910.1030(e)(1).)

Research Animals

All procedures on animals should be performed by
properly trained personnel. By using safe work
practices and appropriate PPE, 29 CFR 1910.132(a),
workers can minimize the likelihood that they will
be bitten, scratched, and/or exposed to animal body
fluids and tissues.

Possible Injuries/lliinesses

The most common work-related health complaints
reported by individuals working with small animals
are the following:

1. Sprains;

2. Strains;

3. Bites; and

4. Allergies.

Of these injuries, allergies (i.e., exaggerated reac-
tions by the body's immune system) to proteins in
small animals’ urine, saliva, and dander are the
greatest potential health risk. An allergic response
may evolve into life-long asthma. Because mice and
rats are the animals most frequently used in

research studies, there are more reports of allergies
to rodents than other laboratory animals. Most
workers who develop allergies to laboratory ani-
mals will do so within the first twelve months of
working with them. Sometimes reactions only occur
in workers after they have been handling animals
for several years. Initially, the symptoms are present
within minutes of the worker’s exposure to the ani-
mals. Approximately half of allergic workers will
have their initial symptoms subside and then recur
three or four hours following the exposure.

Employers should adopt the following best

practices to reduce allergic responses of workers:

+ Eliminate or minimize exposure to the proteins
found in animal urine, saliva and dander.

¢ Limit the chances that workers will inhale or
have skin contact with animal proteins by using
well-designed air handling and waste manage-
ment systems.

« Have workers use appropriate PPE (e.g., gloves,
gowns, hair covers, respirators) to further mini-
mize their risk of exposure.

Zoonotic Diseases

There are a host of possible infectious agents that
can be transferred from animals to humans. These
are referred to as zoonotic diseases. The common
routes of exposure to infectious agents are inhala-
tion, inoculation, ingestion and contamination of
skin and mucous membranes. Inhalation hazards
may arise during work practices that can generate
aerosols. These include the following: centrifuga-
tion, mixing (e.g., blending, vortexing, and sonica-
tion), pouring/decanting and spilling/splashing of
culture fluids. Inoculation hazards include needle-
sticks and lacerations from sharp objects. Ingestion
hazards include the following: splashes to the
mouth, placing contaminated articles/fingers in
mouth, consumption of food in the laboratory, and
mouth pipetting. Contamination of skin and mucous
membranes can occur via splashes or contact with
contaminated fomites (e.g., towels, bedclothes,
cups, money). Some of the zoonotic diseases that
can be acquired from animals are listed below.

Zoonotic Diseases - Wild and
Domesticated Animals

Wild rodents and other wild animals may inflict an
injury such as a bite or scratch. Workers need to
receive training on the correct way to capture and
handle any wild animals. While they may carry or
shed organisms that may be potentially infectious
to humans, the primary health risk to individuals
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working with captured animals is the development
of an allergy. The development of disease in the
human host often requires a preexisting state that
compromises the immune system. Workers who
have an immune compromising medical condition
or who are taking medications that impair the
immune system (steroids, immunosuppressive
drugs, or chemotherapy) are at higher risk for con-
tracting a rodent disease.

Wild rodents may act as carriers for viruses such as
Hantavirus and lymphocytic choriomeningitis virus
(LCMV) depending on where they were captured.
Additionally, each rodent species may harbor their
own range of bacterial diseases, such as tularemia
and plague. These animals may also have hiting
insect vectors which can act as a potential carrier of
disease (mouse to human transmission).

Examples of zoonotic diseases that can be transmit-
ted from wild and domesticated animals to humans
are listed in the table at page 45 in the Appendix.

Zoonotic Diseases - Non-human Primates
(e.g., monkeys)

It should not be surprising that, given our many
similarities, humans and non-human primates are
susceptible to similar infectious agents. Because of
our differences, the consequences of infection with
the same agent often vary considerably. Infection
may cause few if any symptoms in one group and
may be lethal to the other. Exposures to body fluids
from non-human primates should be treated imme-
diately.

In 2003, a report entitled, Occupational Safety and
Health in the Care and Use of Non-Human Primates
(see References) was published. This report covers
topics relevant to facilities in which non-human pri-
mates are housed or where non-human primate
blood or tissues are handled. The report describes
the hazards associated with work involving non-
human primates and discusses the components of a
successful occupational health and safety program,
including hazard identification, risk assessment and
management, institutional management of workers
after a suspected occupational exposure, applicable
safety regulations, and personnel training.

Employers should ensure that workers are trained
to adhere to the following good practices to prevent
exposure to zoonotic diseases when working with
research animals:

Avoid use of sharps whenever possible. Take
extreme care when using a needle and syringe
to inject research animals or when using sharps
during necropsy procedures. Never remove,
recap, bend, break, or clip used needles from
disposable syringes. Use safety engineered nee-
dles when practical.
Take extra precautions when handling hoofed
animals. Due to the physical hazards of weight
and strength of the animal, large hoofed mam-
mals pose additional concerns for workers.
Hoofed mammals may resist handling and may
require multiple workers to administer medica-
tion or perform other functions.
Keep hands away from mouth, nose and eyes.
Wear appropriate PPE (i.e., gloves, gowns, face
protection) in all areas within the animal facility.
= A safety specialist may recommend additional
precautions, based upon a risk assessment of
the work performed.
Wear tear-resistant gloves to prevent exposure
by animal bites. Micro-tears in the gloves may
compromise the protection they offer.
Remove gloves and wash hands after handling
animals or tissues derived from them and before
leaving areas where animals are kept.
Use mechanical pipetting devices (no mouth
pipetting).
Never eat, drink, smoke, handle contact lenses,
apply cosmetics, or take or apply medicine in
areas where research animals are kept.
Perform procedures carefully to reduce the
possibility of creating splashes or aerosols.
Contain operations that generate hazardous
aerosols in BSCs or other ventilated enclosures,
such as animal bedding dump stations.
Wear eye protection.
Wear head/hair covering to protect against
sprays or splashes of potentially infectious fluids.
Keep doors closed to rooms where research
animals are kept.
Clean all spills immediately.
Report all incidents and equipment malfunctions
to the supervisor.
Promptly decontaminate work surfaces when
procedures are completed and after surfaces are
soiled by spills of animal material or waste.
Properly dispose of animal waste and bedding.
Workers should report all work-related injuries
and illnesses to their supervisor immediately.
Following a bite by an animal or other injury in
which the wound may be contaminated, first aid
should be initiated at the work site.
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= Contaminated skin and wounds should be
washed thoroughly with soap and water for
15 minutes.

= Contaminated eyes and mucous membranes
should be irrigated for 15 minutes using
normal saline or water.

« Consult an occupational health physician
concerning wound care standard operating
procedures (SOPs) for particular animal
bites/scratches.

An OSHA QuickCard™ entitled Laboratory Safety —
Working with Small Animals has been developed
to supplement this section and is available online
at www.osha.gov.

Specific Engineering Control -
Biological Safety Cabinets (BSCs)
Properly maintained BSCs, when used in conjunc-
tion with good microbiological techniques, provide
an effective containment system for safe manipula-
tion of moderate and high-risk infectious agents
[Biosafety Level 2 (BSL 2) and 3 (BSL 3) agents].
BSCs protect laboratory workers and the immediate
environment from infectious aerosols generated
within the cabinet.

Biosafety Cabinet Certifications
BSCs must be certified when installed, whenever

they are moved and at least annually, 29 CFR
1030(e)2)(iii)(B).

An OSHA Fact Sheet entitled Laboratory Safety
- Biosafety Cabinets (BSCs) has been developed
to supplement this section and is available
online at www.osha.gov.

Physical Hazards and Others

Besides exposure to chemicals and biological
agents, laboratory workers can also be exposed to a
number of physical hazards. Some of the common
physical hazards that they may encounter include
the following: ergonomic, ionizing radiation, non-
ionizing radiation and noise hazards. These hazards
are described below in individual sections.

Ergonomic Hazards

Laboratory workers are at risk for repetitive motion
injuries during routine laboratory procedures such
as pipetting, working at microscopes, operating

microtomes, using cell counters and keyboarding at
computer workstations. Repetitive motion injuries
develop over time and occur when muscles and
joints are stressed, tendons are inflamed, nerves are
pinched and the flow of blood is restricted. Standing
and working in awkward positions in front of labo-
ratory hoods/biological safety cabinets can also
present ergonomic problems.

By becoming familiar with how to control laboratory
ergonomics-related risk factors, employers can
reduce chances for occupational injuries while
improving worker comfort, productivity, and job sat-
isfaction. In addition to the general ergonomic guid-
ance, laboratory employers are reminded of some
simple adjustments that can be made at the work-
place. While there is currently no specific OSHA
standard relating to ergonomics in the laboratory
workplace, it is recommended that employers pro-
vide the information to laboratory workers contained
in the new OSHA fact sheet highlighted below.

An OSHA Fact Sheet entitled Laboratory Safety —
Ergonomics for the Prevention of Musculoskeletal
Disorders in Laboratories has been developed to
supplement this section and is available online at
osha.gov.

lonizing Radiation

OSHA's lonizing Radiation standard, 29 CFR 1910.
1096, sets forth the limitations on exposure to radia-
tion from atomic particles. lonizing radiation
sources are found in a wide range of occupational
settings, including laboratories. These radiation
sources can pose a considerable health risk to
affected workers if not properly controlled.

Any laboratory possessing or using radioactive iso-
topes must be licensed by the Nuclear Regulatory
Commission (NRC) and/or by a state agency that
has been approved by the NRC, 10 CFR 31.11 and
10 CFR 35.12.

The fundamental objectives of radiation protection
measures are: (1) to limit entry of radionuclides into
the human body (via ingestion, inhalation, absorp-
tion, or through open wounds) to gquantities as low
as reasonably achievable (ALARA) and always with-
in the established limits; and (2) to limit exposure to
external radiation to levels that are within estab-
lished dose limits and as far below these limits as is
reasonably achievable.

LABORATORY SAFETY
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All areas in which radioactive
materials are used or stored
must conspicuously display the
symbol for radiation hazards and
access should be restricted to
authorized personnel.

[ X
&

RADIATION

The OSHA lonizing Radiation standard requires pre-
cautionary measures and personnel monitoring for
workers who are likely to be exposed to radiation
hazards. Personnel monitoring devices (film
badges, thermoluminescent dosimeters (TLD), pock-
et dosimeters, etc.) must be supplied and used if
required to measure an individual’s radiation expo-
sure from gamma, neutron, energetic beta, and X-
ray sources. The standard monitoring device is a
clip-on badge or ring badge bearing the individual
assignee’s name, date of the monitoring period and
a unique identification number. The badges are
provided, processed and reported through a com-
mercial service company that meets current require-
ments of the National Institute of Standards and
Technology's National Voluntary Laboratory
Accreditation Program (NIST NVLAP).

It is important for employers to understand and fol-
low all applicable regulations for the use of iso-
topes. In institutional settings, it is the responsibility
of each institution to ensure compliance with local,
state, and federal laws and regulations; to obtain
licenses for official use of radioactive substances;
and to designate a radiation safety officer (RSO) to
oversee and ensure compliance with state and/or
NRC requirements. Information on radioactive
materials licenses may be obtained from the
Department of Public Health from individual states
or from the NRC.

The following OSHA Safety and Health Topics Page
provides links to technical and regulatory informa-
tion on the control of occupational hazards from
ionizing radiation:
www.osha.gov/SLTC/radiationionizing/index.html.

Non-ionizing Radiation

Non-ionizing radiation is described as a series of
energy waves composed of oscillating electric and
magnetic fields traveling at the speed of light. Non-
ionizing radiation includes the spectrum of ultravio-
let (UV), visible light, infrared (IR), microwave (MW),
radio frequency (RF), and extremely low frequency
(ELF). Lasers commonly operate in the UV, visible,
and IR frequencies. Non-ionizing radiation is found
in a wide range of occupational settings and can

pose a considerable health risk to potentially
exposed workers if not properly controlled.

The following OSHA Safety and Health Topics Pages
provide links to technical and regulatory information
on the control of occupational hazards from non-
ionizing radiation and are available at:
www.osha.gov/SLTC/radiation_nonionizing/index.html.

Extremely Low Frequency Radiation (ELF)

Extremely Low Frequency (ELF) radiation at 60 HZ is
produced by power lines, electrical wiring, and elec-
trical equipment. Common sources of intense expo-
sure include ELF induction furnaces and high-volt-
age power lines.

Radiofrequency and Microwave Radiation
Microwave radiation (MW) is absorbed near the
skin, while radiofrequency (RF) radiation may be
absorbed throughout the body. At high enough
intensities both will damage tissue through heating.
Sources of RF and MW radiation include radio emit-
ters and cell phones.

Infrared Radiation (IR)

The skin and eyes absorb infrared radiation (IR) as
heat. Workers normally notice excessive exposure
through heat sensation and pain. Sources of IR radi-
ation include heat lamps and IR lasers.

Visible Light Radiation

The different visible frequencies of the electromag-
netic (EM) spectrum are "seen" by our eyes as dif-
ferent colors. Good lighting is conducive to
increased production, and may help prevent inci-
dents related to poor lighting conditions. Excessive
visible radiation can damage the eyes and skin.

Ultraviolet Radiation (UV)

Ultraviolet radiation (UV) has a high photon energy
range and is particularly hazardous because there
are usually no immediate symptoms of excessive
exposure. Sources of UV radiation in the laboratory
include black lights and UV lasers.

Laser Hazards

Lasers typically emit optical (UV, visible light, IR)
radiations and are primarily an eye and skin hazard.
Common lasers include CO: IR laser; helium - neon,
neodymium YAG, and ruby visible lasers, and the
Nitrogen UV laser.

LASER is an acronym which stands for Light
Amplification by Stimulated Emission of Radiation.

OSHA
Occupational Safety and
Health Administration

FIGURE 3.20 (Continued)

53



LABORATORY SAFETY

The laser produces an intense, highly directional
beam of light. The most common cause of laser-
induced tissue damage is thermal in nature, where
the tissue proteins are denatured due to the temper-
ature rise following absorption of laser energy.

The human body is vulnerable to the output of cer-
tain lasers, and under certain circumstances, expo-
sure can result in damage to the eye and skin.
Research relating to injury thresholds of the eye and
skin has been carried out in order to understand the
biological hazards of laser radiation. It is now widely
accepted that the human eye is almost always more
vulnerable to injury than human skin.

Noise

OSHA's Occupational Noise Exposure standard,

29 CFR 1910.95, requires employers to develop and

implement a hearing conservation program that

includes the use of PPE (e.g., hearing protectors), if
workers are exposed to a time-weighted average

(TWA) of = 85 dBA over an 8-hour work shift. In

addition, when workers are exposed to noise levels

> 85 dBA, the employer must develop a monitoring
program to assess noise levels. The monitoring pro-
gram must include the following components:

* All continuous, intermittent, and impulsive
sound levels from 80-130 dBA must be included
in noise measurements, 29 CFR 1910.95(d){(2)(i);

* Instruments used to measure worker noise expo-
sure must be calibrated to ensure measurement
accuracy, 29 CFR 1910.95(d)(2)(ii); and

¢ Monitoring must be repeated whenever a
change in production, process, equipment, or
controls increases noise exposures, 29 CFR
1910.95(d)(3).

Laboratory workers are exposed to noise from a
variety of sources. Operation of large analyzers
(e.g., chemistry analyzer), fume hoods, biological
safety cabinets, incubators, centrifuges (especially
ultracentrifuges), cell washers, sonicators, and stir-
rer motors, all contribute to the noise level in labo-
ratories. Further sources of noise in laboratories
include fans and compressors for cryostats, refriger-
ators, refrigerated centrifuges, and freezers. As an
example, a high-speed refrigerated centrifuge alone
can generate noise levels as high as 65 dBA. To pro-
vide some further context, a whisper registers
approximately 30 dBA; normal conversation about
50 to 60 dBA; a ringing phone 80 dBA and a power
mower 90 dBA. If noise levels exceed 80 dBA, peo-
ple must speak very loudly to be heard, while at
noise levels of 85 to 90 dBA, people have to shout.

LABORATORY

In order to determine if the noise levels in the labo-
ratory are above the threshold level that damages
hearing, the employer must conduct a noise expo-
sure assessment using an approved sound level
monitoring device, such as a dosimeter, and meas-
uring an 8-hour TWA exposure. If the noise levels
are found to exceed the threshold level, the employ-
er must provide hearing protection at no cost to the
workers and train them in the proper use of the pro-
tectors. The potential dangers of miscommunicating
instructions or laboratory results are obvious, and
efforts should be made to improve the design of
clinical laboratories and to evaluate new instrumen-
tation with regard to the impact of these factors on
worker noise exposure. The employer should evalu-
ate the possibility of relocating equipment to anoth-
er area or using engineering controls to reduce the
noise level below an 8-hour TWA of 85 dBA in order
to comply with OSHA’s Occupational Noise
Exposure standard.

While most laboratories’ noise levels do not equal
or exceed the 8-hour TWA of 85 dBA, certain
accrediting agencies are implementing special
emphasis programs on noise reduction in the labo-
ratory. Because noise is becoming more of a con-
cern in the clinical setting, the College of American
Pathologists has added evaluation of noise in the
laboratory under their general checklist for accredi-
tation (GEN.70824).

Health Effects

Exposure to continuous noise may lead to the fol-
lowing stress-related symptoms:

« Depression;

= |rritability;

« Decreased concentration in the workplace;

* Reduced efficiency and decreased productivity;
* Noise-induced hearing loss;

« Tinnitus (i.e., ringing in the ears); and

* Increased errors in laboratory work.

There are several steps that employers can take to

minimize the noise in the laboratory, including:

= Moving noise-producing equipment (e.g., freez-
ers, refrigerators, incubators and centrifuges)
from the laboratory to an equipment room;

« Locating compressors for controlled-temperature
rooms remotely; and

s Providing acoustical treatment on ceilings and
walls.

SAFETY
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An OSHA Fact Sheet entitled Laboratory Safety
— Noise has been developed to supplement this
section and is available online at www.osha.gov.

Safety Hazards

Employers must assess tasks to identify potential
worksite hazards and provide and ensure that work-
ers use appropriate personal protective equipment
(PPE) as stated in the PPE standard, 29 CFR 1910.132.

Employers must require workers to use appropriate
hand protection when hands are exposed to haz-
ards such as sharp instruments and potential ther-
mal burns. Examples of PPE which may be selected
include using oven mitts when handling hot items,
and steel mesh or cut-resistant gloves when han-
dling or sorting sharp instruments as stated in the
Hand Protection standard, 29 CFR 1910.138.

Autoclaves and Sterilizers

Workers should be trained to recognize the potential
for exposure to burns or cuts that can occur from
handling or sorting hot sterilized items or sharp
instruments when removing them from autoclaves/
sterilizers or from steam lines that service the auto-
claves.

In order to prevent injuries from occurring, employ-
ers must train workers to follow good work prac-
tices such as those outlined in the QuickCard™
highlighted below.

An OSHA QuickFacts entitled Laboratory Safety —
Autoclaves/Sterilizers has been developed to sup-
plement this section and is available online at
www.osha.gov.

Centrifuges

Centrifuges, due to the high speed at which they
operate, have great potential for injuring users if not
operated properly. Unbalanced centrifuge rotors can
result in injury, even death. Sample container break-
age can generate aerosols that may be harmful if
inhaled.

The majority of all centrifuge accidents are the
result of user error. In order to prevent injuries or
exposure to dangerous substances, employers
should train workers to follow good work practices
such as those outlined in the QuickCard™ highlight-
ed below.

Employers should instruct workers when centrifug-
ing infectious materials that they should wait 10
minutes after the centrifuge rotor has stopped
before opening the lid. Workers should also be
trained to use appropriate decontamination and
cleanup procedures for the materials being cen-
trifuged if a spill occurs and to report all accidents
to their supervisor immediately.

An OSHA QuickFacts entitled Laboratory Safety
- Centrifuges has been developed to supplement
this section and is available online at
www.osha.gov.

Compressed Gases

According to OSHA's Laboratory standard, a “com-
pressed gas” (1) is a gas or mixture of gases in a
container having an absolute pressure exceeding 40
pounds per square inch (psi) at 70°F (21.1°C); or (2)
is a gas or mixture of gases having an absolute
pressure exceeding 104 psi at 130°F (54.4°C) regard-
less of the pressure at 70°F (21.1°C); or (3} is a liquid
having a vapor pressure exceeding 40 psi at 100°F
(37.8°C) as determined by ASTM {American Society
for Testing and Materials) D-323-72, [29 CFR 1910.
1450(c}{1)-(3)].

Within laboratories, compressed gases are usually
supplied either through fixed piped gas systems or
individual cylinders of gases. Compressed gases
can be toxic, flammable, oxidizing, corrosive, or
inert. Leakage of any of these gases can be haz-
ardous. Leaking inert gases (e.g., nitrogen) can
quickly displace air in a large area creating an oxy-
gen-deficient atmosphere; toxic gases (e.g., can cre-
ate poison atmospheres; and flammable (oxygen) or
reactive gases can result in fire and exploding cylin-
ders. In addition, there are hazards from the pres-
sure of the gas and the physical weight of the cylin-
der. A gas cylinder falling over can break containers
and crush feet. The gas cylinder can itself become a
missile if the cylinder valve is broken off.
Laboratories must include compressed gases in
their inventory of chemicals in their Chemical
Hygiene Plan.

Compressed gases contained in cylinders vary in
chemical properties, ranging from inert and harm-
less to toxic and explosive. The high pressure of the
gases constitutes a serious hazard in the event that
gas cylinders sustain physical damage and/or are
exposed to high temperatures.
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Store, handle, and use compressed gases in accord
with OSHA's Compressed Gases standard (29 CFR
1910.101) and Pamphlet P-1-1965 from the
Compressed Gas Association.

o All cylinders whether empty or full must be
stored upright.

« Secure cylinders of compressed gases. Cylinders
should never be dropped or allowed to strike
each other with force.

« Transport compressed gas cylinders with protec-
tive caps in place and do not roll or drag the
cylinders.

Cryogens and Dry Ice

Cryogens, substances used to produce very low
temperatures [below -153°C (-243°F)], such as liquid
nitrogen (LN:z) which has a boiling point of -196°C
(-321°F), are commonly used in laboratories.
Although not a cryogen, solid carbon dioxide or dry
ice which converts directly to carbon dioxide gas at
-78°C (-109°F) is also often used in laboratories.
Shipments packed with dry ice, samples preserved
with liquid nitrogen, and in some cases, techniques
that use cryogenic liquids, such as cryogenic grind-
ing of samples, present potential hazards in the lab-
oratory.

Overview of Cryogenic Safety Hazards

The safety hazards associated with the use of cryo-
genic liquids are categorized as follows:

(1) Cold contact burns

Liquid or low-temperature gas from any cryogenic
substance will produce effects on the skin similar to
a burn.

(2) Asphyxiation

Degrees of asphyxia will occur when the oxygen
content of the working environment is less than
20.9% by volume. This decrease in oxygen content
can be caused by a failure/leak of a cryogenic vessel
or transfer line and subsequent vaporization of the
cryogen. Effects from oxygen deficiency become
noticeable at levels below approximately 18% and
sudden death may occur at approximately 6% oxy-
gen content by volume.

(3) Explosion - Pressure

Heat flux into the cryogen from the environment
will vaporize the liquid and potentially cause pres-
sure buildup in cryogenic containment vessels and
transfer lines. Adequate pressure relief should be
provided to all parts of a system to permit this rou-
tine outgassing and prevent explosion.

(4) Explosion - Chemical
Cryogenic fluids with a boiling point below that of

liquid oxygen are able to condense oxygen from the
atmosphere. Repeated replenishment of the system
can thereby cause oxygen to accumulate as an
unwanted contaminant. Similar oxygen enrichment
may occur where condensed air accumulates on the
exterior of cryogenic piping. Violent reactions, e.g.,
rapid combustion or explosion, may occur if the
materials which make contact with the oxygen are
combustible.

Employer Responsibility

It is the responsibility of the employer, specifically
the supervisor in charge of an apparatus, to ensure
that the cryogenic safety hazards are minimized.
This will entail (1) a safety analysis and review for
all cryogenic facilities, (2) cryogenic safety and oper-
ational training for relevant workers, (3) appropriate
maintenance of cryogenic systems in their original
working order, i.e., the condition in which the sys-
tem was approved for use, and (4) upkeep of
inspection schedules and records.

Employers must train workers to use
the appropriate personal protective
equipment (PPE)

Whenever handling or transfer of cryogenic fluids
might result in exposure to the cold liquid, boil-off
gas, or surface, protective clothing must be worn.
This includes:

» face shield or safety goggles;

« safety gloves; and

s long-sleeved shirts, lab coats, aprons.

Eye protection is required at all times when working
with cryogenic fluids. When pouring a cryogen,
working with a wide-mouth Dewar flask or around
the exhaust of cold boil-off gas, use of a full face
shield is recommended.

Hand protection is required to guard against the
hazard of touching cold surfaces. It is recommended
that Cryogen Safety Gloves be used by the worker.

An OSHA QuickFacts entitled Laboratory Safety
- Cryogens and Dry Ice has been developed to
supplement this section and is available online at
www.osha.gov.

Electrical

In the laboratory, there is the potential for workers
to be exposed to electrical hazards including electric
shock, electrocutions, fires and explosions.
Damaged electrical cords can lead to possible

LABORATORY SAFETY 25

FIGURE 3.20 (Continued)



OCCUPATIONAL SAFETY AND HEALTH ADMINISTRATION (OSHA)

shocks or electrocutions. A flexible electrical cord
may be damaged by door or window edges, by sta-
ples and fastenings, by equipment rolling over it, or
simply by aging.

The potential for possible electrocution or electric

shock or contact with electrical hazards can result

from a number of factors, including the following:

* Faulty electrical equipment/instrumentation or
wiring;

+ Damaged receptacles and connectors; and

« Unsafe work practices.

Employers are responsible for complying
with OSHA’s standard 1910 Subpart S-
Electrical

Subpart S is comprehensive and addresses electri-

cal safety requirements for the practical safeguard-

ing of workers in their workplaces. This Subpart
includes, but is not limited to, these requirements:

+ Electrical equipment must be free from recog-
nized hazards, 29 CFR 1910.303(b)(1);

» Listed or labeled equipment must be used or
installed in accord with any instructions included
in the listing or labeling, 29 CFR 1910.303(b)(2);

« Sufficient access and working space must be
provided and maintained around all electrical
equipment operating at < 600 volts to permit
ready and safe operation and maintenance of
such equipment, 29 CFR 1910.303(g)(1);

e Ensure that all electrical service near sources of
water is properly grounded.

¢ Tag out and remove from service all damaged
receptacles and portable electrical equipment,
29 CFR 1910.334(a)(2)(ii);

* Repair all damaged receptacles and portable
electrical equipment before placing them back
into service, 29 CFR 1910.334(al(2)(ii);

« Ensure that workers are trained not to plug or
unplug energized equipment when their hands
are wet, 29 CFR 1910.334(a)(5)(i);

« Select and use appropriate work practices,

29 CFR 1910.333; and

+ Follow requirements for Hazardous Classified
Locations, 29 CFR 1910.307. This section covers
the requirements for electric equipment and
wiring in locations that are classified based on
the properties of the flammable vapors, liquids
or gases, or combustible dusts or fibers that may
be present therein and the likelihood that a flam-
mable or combustible concentration or quantity
is present.

Notes:

« Only “Qualified Persons,” as defined by OSHA in
29 CFR 1910.399, are to work on electrical cir-
cuits/systems.

¢« Workers must be trained to know the locations of
circuit breaker panels that serve their lab area.

An OSHA QuickFacts entitled Laboratory Safety
— Electrical Hazards has been developed to
supplement this section and is available online at
www.osha.gov.

Fire

Fire is the most common serious hazard that one
faces in a typical laboratory. While proper proce-
dures and training can minimize the chances of an
accidental fire, laboratory workers should still be
prepared to deal with a fire emergency should it
occur. In dealing with a laboratory fire, all containers
of infectious materials should be placed into auto-
claves, incubators, refrigerators, or freezers for con-
tainment.

Small bench-top fires in laboratory spaces are not
uncommon. Large laboratory fires are rare.
However, the risk of severe injury or death is signifi-
cant because fuel load and hazard levels in labs are
typically very high. Laboratories, especially those
using solvents in any quantity, have the potential for
flash fires, explosion, rapid spread of fire, and high
toxicity of products of combustion (heat, smoke,
and flame).

Employers should ensure that workers
are trained to do the following in order
to prevent fires

* Plan work. Have a written emergency plan for
your space and/or operation.

« Minimize materials. Have present in the immedi-
ate work area and use only the minimum quanti-
ties necessary for work in progress. Not only
does this minimize fire risk, it reduces costs and
waste.

* Observe proper housekeeping. Keep work areas
uncluttered, and clean frequently. Put unneeded
materials back in storage promptly. Keep aisles,
doors, and access to emergency equipment
unobstructed at all times.

« Observe restrictions on equipment (i.e., keeping
solvents only in an explosion-proof refrigerator).

« Keep barriers in place (shields, hood doors, lab
doors).
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* Wear proper clothing and personal protective
equipment.

» Avoid working alone.

s Store solvents properly in approved flammable
liquid storage cabinets.

* Shut door behind you when evacuating.

* Limit open flames use to under fume hoods and
only when constantly attended.

* Keep combustibles away from open flames.

* Do not heat solvents using hot plates.

« Remember the “RACE" rule in case of a fire.
= R= Rescue/remove all occupants

A= Activate the alarm system

C= Confine the fire by closing doors

E= Evacuate/Extinguish

Employers should ensure that workers
are trained in the following emergency
procedures

* Know what to do. You tend to do under stress
what you have practiced or pre-planned.
Therefore, planning, practice and drills are
essential.

« Know where things are: The nearest fire extin-
guisher, fire alarm box, exit(s), telephone, emer-
gency shower/eyewash, and first-aid kit, etc.

» Be aware that emergencies are rarely “clean”
and will often involve more than one type of
problem. For example, an explosion may gener-
ate medical, fire, and contamination emergencies
simultaneously.

» Train workers and exercise the emergency plan.

¢ Learn to use the emergency equipment provided.

Employers must be knowledgeable about OSHA's
Portable Fire Extinguishers standard, 29 CFR
1910.157, and train workers to be aware of the dif-
ferent fire extinguisher types and how to use them.
OSHA's Portable Fire Extinguishers standard, 29 CFR
1910.157, applies to the placement, use, mainte-
nance, and testing of portable fire extinguishers
provided for the use of workers. This standard
requires that a fire extinguisher be placed within 75
feet for Class A fire risk (ordinary combustibles; usu-
ally fuels that burn and leave “ash”) and within 50
feet for high-risk Class B fire risk (flammable liquids
and gases; in the laboratory many organic solvents
and compressed gases are fire hazards).

The two most common types of extinguishers in the
chemistry laboratory are pressurized dry chemical

(Type BC or ABC) and carbon dioxide. In addition,
you may also have a specialized Class D dry powder
extinguisher for use on flammable metal fires.
Water-filled extinguishers are not acceptable for lab-
oratory use.

Employers should train workers to

remember the “PASS"” rule for fire

extinguishers

PASS summarizes the operation of a fire extinguish-

er.

P - Pull the pin

A - Aim extinguisher nozzle at the base of the fire

S - Squeeze the trigger while holding the
extinguisher upright

S - Sweep the extinguisher from side to side;
cover the fire with the spray

Employers should train workers on

appropriate procedures in the event of

a clothing fire

 |If the floor is not on fire, STOP, DROP and ROLL
to extinguish the flames or use a fire blanket or a
safety shower if not contraindicated (i.e., there
are no chemicals or electricity involved).

« |f a coworker's clothing catches fire and he/she
runs down the hallway in panic, tackle him/her
and smother the flames as quickly as possible,
using appropriate means that are available (e.g.,
fire blanket, fire extinguisher).

Lockout/Tagout

Workers performing service or maintenance on
equipment may be exposed to injuries from the
unexpected energization, startup of the equipment,
or release or stored energy in the equipment.
OSHA's Control of Hazardous Energy standard,

29 CFR 1910.147, commonly referred to as the
“Lockout/Tagout” standard, requires the adoption
and implementation of practices and procedures to
shut down equipment, isolate it from its energy
source(s), and prevent the release of potentially haz-
ardous energy while maintenance and servicing
activities are being performed. It contains minimum
performance requirements, and definitive criteria for
establishing an effective program for the control of
hazardous energy. However, employers have the
flexibility to develop Lockout/Tagout programs that
are suitable for their respective facilities.

This standard establishes basic requirements
involved in locking and/or tagging equipment while
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installation, maintenance, testing, repair or con-
struction operations are in progress. The primary
purpose is to prevent hazardous exposure to per-
sonnel and possible equipment damage. The proce-
dures apply to the shutdown of all potential energy
sources associated with the equipment. These could
include pressures, flows of fluids and gases, electri-
cal power, and radiation. This standard covers the
servicing and maintenance of machines and equip-
ment in which the “unexpected” energization or
startup of the machines or equipment, or release of
stored energy could cause injury to workers.

Under the standard, the term “unexpected” also
covers situations in which the servicing and/or
maintenance is performed during ongoing normal
production operations if:

* A worker is required to remove or bypass
machine guards or other safety devices, 29 CFR
1910.147(a)2Mii)(A) or

+ A worker is required to place any part of his or her
body into a point of operation or into an areaon a
machine or piece of equipment where work is per-
formed, or into the danger zone associated with
the machine’s operation, 29 CFR 1910.147(a)
(2)(ii)(B).

The Lockout/Tagout standard establishes minimum
performance requirements for the control of such
hazardous energy.

Maintenance activities can be performed with or
without energy present. A probable, underlying
cause of many accidents resulting in injury during
maintenance is that work is performed without the
knowledge that the system, whether energized or
not, can produce hazardous energy. Unexpected
and unrestricted release of hazardous energy can
occur if: (1) all energy sources are not identified; (2)
provisions are not made for safe work practices
with energy present; or (3) deactivated energy
sources are reactivated, mistakenly, intentionally, or
accidentally, without the maintenance worker’s
knowledge.

Problems involving control of hazardous energy
require procedural solutions. Employers must adopt
such procedural solutions for controlling hazards to
ensure worker safety during maintenance. However,
such procedures are effective only if strictly enforced.
Employers must, therefore, be committed to strict
implementation of such procedures.

Trips, Slips and Falls

Worker exposure to wet floors or spills and clutter

can lead to slips/trips/falls and other possible

injuries. In order to keep workers safe, employers
are referred to OSHA standard 29 CFR 1910 Subpart

D - Walking-Working Surfaces, Subpart E - Means

of Egress, and Subpart J - General environmental

controls which states the following:

« Keep floors clean and dry, 29 CFR 1910.22(a)(2).
In addition to being a slip hazard, continually wet
surfaces promote the growth of mold, fungi, and
bacteria that can cause infections.

+ Provide warning (caution) signs for wet floor
areas, 29 CFR 1910.145(c)(2).

+ Where wet processes are used, maintain
drainage and provide false floors, platforms,
mats, or other dry standing places where practi-
cable, or provide appropriate waterproof foot-
gear, 29 CFR 1910.141(a){(3)ii).

» The Walking/Working Surfaces standard requires
that all employers keep all places of employment
clean and orderly and in a sanitary condition,

29 CFR 1910.22(a)(1).

+ Keep aisles and passageways clear and in good
repair, with no obstruction across or in aisles that
could create a hazard, 29 CFR 1910.22(b)(1).
Provide floor plugs for equipment, so that power
cords need not run across pathways.

« Keep exits free from obstruction. Access to exits
must remain clear of obstructions at all times,
29 CFR 1910.37(a)(3).

+ Ensure that spills are reported and cleaned up
immediately.

» Eliminate cluttered or obstructed work areas.

« Use prudent housekeeping procedures such as
using caution signs, cleaning only one side of a
passageway at a time, and provide good lighting
for all halls and stairwells to help reduce acci-
dents, especially during the night hours.

+ |Instruct workers to use the handrail on stairs, to
avoid undue speed, and to maintain an unob-
structed view of the stairs ahead of them even if
that means requesting help to manage a bulky
load.

* Eliminate uneven floor surfaces.

« Promote safe work practices, even in cramped
working spaces.

« Avoid awkward positions, and use equipment
that makes lifting easier.
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Appendices
Additional OSHA Information

Chemical Hazards

Laboratory workers may be exposed to a variety of hazardous chemicals on the job. The following OSHA
resources provide information on how to prevent or reduce exposure to some of the more common chemicals.

OSHA Standards

The Air Contaminants standard (1910.1000) provides rules for protecting workers from exposure to
over 400 chemicals.
¢« Complete standard
= 29 CFR 1910.1000
http://www.osha.gov/pls/foshaweb/owadisp.show_document?p_table=STANDARDS&p_id=9991
+« Hospital eTool
= [ aboratories - Common safety and health topics
Toluene, Xylene, or Acrylamide Exposure
http://www.osha.gov/SLTC/etools/hospital/lab/lab.html#Toulene, Xylene,orAcrylamideExposure

The Ethylene Oxide standard (29 CFR 1910.1047) requires employers to provide workers with
protection from occupational exposure to ethylene oxide (EtO).
« Complete standard
= 29 CFR 1910.1047
http://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=10070
* Fact Sheet
= FEthylene Oxide
http://www.osha.gov/OshDoc/data_General_Facts/ethylene-oxide-factsheet.pdf
* Booklet
= Ethylene Oxide (EtO): Understanding OSHA'’s Exposure Monitoring Requirements.
OSHA Publication 3325 (2007). http://www.osha.gov/Publications/OSHA_ethylene_oxide.pdf
s Small Business Guide for Ethylene Oxide. OSHA Publication 3359 (2009).
http://www.osha.gov/Publications/ethylene-oxide-final.html
« Safety and Health Topics Page
= Ethylene Oxide
http://www.osha.gov/SLTC/ethyleneoxide/index.html

The Formaldehyde standard (29 CFR 1910.1048) requires employers to provide workers with
protection from occupational exposure to formaldehyde.

+« Complete standard
= 29 CFR 1910.1048
http://mww.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=10075
« Fact Sheet
=  Formaldehyde
http://mww.osha.gov/OshDoc/data_General_Facts/formaldehyde-factsheet.pdf
+ Hospital eTool
= [aboratories - Common safety and health topics
« Formaldehyde Exposure
http://www.osha.gov/SLTC/etools/hospital/lab/lab.htmI#FormaldehydeExposure
+ Safety and Health Topics Page
=  Formaldehyde
http://www.osha.gov/SLTC/formaldehyde/index.html
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The Hazard Communication standard (29 CFR 1910.1200) is designed to protect against chemical
source illnesses and injuries by ensuring that employers and employees are provided with sufficient
information to recognize, evaluate and control chemical hazards and take appropriate protective measures.

In addition to the information provided at page 13 of this document, the following documents are
available in either electronic or hard copy formats or both.

* Complete standard
= 29 CFR 1910.1200
http:/mww.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=10099
* Brochures
®  Chemical Hazard Communication. OSHA Publication 3084 (1998).
http:/mww.osha.gov/Publications/osha3084.pdf
= Hazard Communication Guidance for Combustible Dusts. OSHA Publication 3371 (2009).
http://mww.osha.gov/Publications/osha3371.pdf
®  Hazard Communication Guidelines for Compliance. OSHA publication 3111 (2000).
http:/Imww.osha.gov/Publications/osha3111.pdf
= Sample program
=  Model Plans and Programs for the OSHA Bloodborne Pathogens and Hazard Communications
Standards. OSHA Publication 3186 (2003).
http://www.osha.gov/Publications/osha3186.pdf
¢ QuickFacts
= [aboratory Safety — Labeling and Transfer of Chemicals. OSHA Publication 3410 (2011).
http://www.osha.gov/Publications/laboratory/OSHAquickfacts-lab-safety-labeling-chemical-transfer.pdf
» Safety and Health Topics Pages
=  Hazard Communication: Foundation of Workplace Chemical Safety Programs
http://www.osha.gov/dsg/hazcom/MSDSenforcementlnitiative.html
s Hazard Communication - HAZCOM Program
http://www.osha.gov/dsg/hazcom/solutions.html
®  Hazardous Drugs
http:/mww.osha.gov/SLTC/hazardousdrugs/index.html

The Occupational Exposure to Hazardous Chemicals in Laboratories standard (29 CFR
1910.1450), commonly referred to as the Laboratory standard, requires that the employer designate a
Chemical Hygiene Officer and have a written Chemical Hygiene Plan (CHP), and actively verify that it remains
effective.

In addition to the information provided at page 9 of this document, the following documents are available
in either electronic or hard copy formats or both.

 Complete standard
= 29 CFR 1910.1450
http://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=10106
* Fact Sheet
= [ aboratory Safety - OSHA Laboratory Standard
http:/mww.osha.gov/Publications/laboratory/OSHAfactsheet-laboratory-safety-osha-lab-standard.pdf
= [aboratory Safety - Chemical Hygiene Plan
http:/lmww.osha.gov/Publications/laboratory/OSHAfactsheet-laboratory-safety-chemical-hygiene-
plan.pdf
* Hospital eTool
http://www.osha.gov/SLTC/etools/hospital/lab/lab.html
= [Laboratories - Common safety and health topics:
o Bloodborne Pathogens (BBPs)
http://www.osha.gov/SLTC/etools/hospital/lab/lab.htmi#BloodbornePathogens
Tuberculosis (TB) https://www.osha.gov/SLTC/etools/hospital/lab/lab.htmI#Tuberculosis
OSHA Laboratory Standard
http://www.osha.gov/SLTC/etools/hospital/lab/lab.htmI#0SHA_Laboratory_Standard
o Formaldehyde Exposure
http://www.osha.gov/SLTC/etools/hospital/lab/lab.html#FormaldehydeExposure
Toluene, Xylene, or Acrylamide Exposure
http://www.osha.gov/SLTC/etools/hospital/lab/lab.htmli#Toulene, Xylene,orAcrylamideExposure
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Needle Stick and Sharps Injuries
http://www.osha.gov/SLTC/etools/hospital/lab/lab.html#Needlestickinjuries
Work Practices and Behaviors
http://iwww.osha.gov/SLTC/etools/hospital/lab/lab.html#WorkPractices
Engineering Controls
http://www.osha.gov/SLTC/etools/hospital/lab/lab.htmi#EngineeringControls
Morgue

http://www.osha.gov/SLTC/etools/hospital/lab/lab.html#Morgue

Latex Allergy
http://www.osha.gov/SLTC/etools/hospital/lab/lab.html#LatexAllergy
Slips/Trips/Falls
http://www.osha.gov/SLTC/etools/hospital/lab/lab.html#Slips/Trips/Falls
Ergonomics
http://www.osha.gov/SLTC/etools/hospital/lab/lab.html#Ergonomics

Additional OSHA Information on Chemical Hazards
Beryllium
e Hazard Information Bulletin
= Preventing Adverse Effects from Exposure to Beryllium in Dental Laboratories. (2002).
http:/mww.osha.gov/dts/hib/hib_data/hib20020419.html
« Safety and Health Topics Page
=  Beryllium
http://www.osha.gov/SLTC/beryllium/index.html

Glutaraldehyde
s Booklet
= Best Practices for the Safe Use of Glutaraldehyde in Health Care. OSHA Publication 3258-08N, (2006).
http:/mww.osha.gov/Publications/glutaraldehyde.pdf
« Hospital eTool
s Glutaraldehyde
http://www.osha.gov/SLTC/etools/hospital/hazards/glutaraldehyde/glut.html

Latex
« Safety and Health Information Bulletin
= Potential for Sensitization and Possible Allergic Reaction to Natural Rubber Latex Gloves and other
Natural Rubber Products. (2008).
http:/fwww.osha.gov/dts/shib/shib012808.html
+ Letters of Interpretation
= Bloodbome Pathogens and the issue of latex allergy and latex hypersensitivity. (1995 - 10/23/1995).
http://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=INTERPRETATIONS&p_id=21987
= Concern of potential adverse affects from latex by consumers and health care patients with Hevea
Natural Rubber Latex Allergy. (2004 - 01/29/2004).
http://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=INTERPRETATIONS&p_id=24742
= [Labeling of Latex. (1996 - 01/11/1996).
http://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=INTERPRETATIONS&p_id=22040
+« Hospital eTool
= [Latex Allergy
http:/Amnww.osha.gov/SLTC/etools/hospital/hazards/latex/latex.html
« Safety and Health Topics Page
= Latex Allergy
http://www.osha.gov/SLTC/latexallergy/index.html
¢ QuickFacts
= Laboratory Safety - Latex Allergy. OSHA Publication 3411 (2011).
http://www.osha.gov/Publications/laboratory/OSHAquickfacts-lab-safety-latex-allergy.pdf
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Mercury is commonly found in thermometers, manometers, barometers, gauges, valves, switches, batter-
ies, and high-intensity discharge (HID) lamps. It is also used in amalgams for dentistry, preservatives, heat
transfer technology, pigments, catalysts, and lubricating oils.
« Safety and Health Topics Page
=  Mercury
http://www.osha.gov/SLTC/mercury/index.html

Biological Hazards
The Bloodborne Pathogens standard (29 CFR 1910.1030), including changes mandated by the
Needlestick Safety and Prevention Act of 2001, requires employers to protect workers from infection from
human bloodborne pathogens in the workplace. The standard covers all workers with “reasonably antici-
pated” exposure to blood or other potentially infectious materials (OPIM).
+ Complete standard
= 29 CFR 1910.1030
http://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=10051
¢ Standard interpretations
= (OSHA’s standard interpretations for 29 CFR 1910.1030
http://www.osha.gov/pls/oshaweb/owasrch.search_form?p_doc_type=INTERPRETATIONS&p_toc_level
=3&p_keyvalue=1910.1030&p_status=CURRENT
* Brochure/Sample program
8= Model Plans and Programs for the OSHA Bloodborne Pathogens and Hazard Communications
Standards. OSHA Publication 3186 (2003).
http://www.osha.gov/Publications/osha3186.html
¢ Fact Sheets (Accessible through the Safety and Health Topics Page entitled, Bloodborne Pathogens and
Needlestick Prevention) NOTE: The links provided below are for the old Fact Sheets. All of these have
been updated and approved for publication (2010) - please upload the new Fact Sheets
= (OSHA’s Bloodborne Pathogens Standard
http://www.osha.gov/OshDoc/data_BloodborneFacts/bbfact01.pdf
= Protecting Yourself When Handling Contaminated Sharps
http://www.osha.gov/OshDoc/data_BloodborneFacts/bbfact02.pdf
8 Personal Protective Equipment Reduces Exposure to Bloodborme Pathogens
http://www.osha.gov/OshDoc/data_BloodborneFacts/bbfact03.pdf
s Exposure Incidents
http:/mww.osha.gov/OshDoc/data_BloodborneFacts/bbfact04.pdf
= Hepatitis B Vaccination Protection
http://mww.osha.gov/OshDoc/data_BloodborneFacts/bbfact05.pdf
« Safety and Health Topics Page
s Bloodborne Pathogens and Needlestick Prevention
http://www.osha.gov/SLTC/bloodbornepathogens/index.html
+ Safety and Health Information Bulletins
= Use of Blunt-Tip Suture Needles to Decrease Percutaneous Injuries to Surgical Personnel. (2007).
http://mwww.cdc.gov/niosh/docs/2008-101/
= Disposal of Contaminated Needles and Blood Tube Holders Used for Phiebotomy. (2003).
http://www.osha.gov/dts/shib/shib101503.html
= Potential for Occupational Exposure to Bloodbome Pathogens from Cleaning Needles Used in
Allergy Testing Procedures. (1995).
http://www.osha.gov/dts/hib/hib_data/hib19950921.html
= Sharps Disposal Containers with Needle Removal Features. (1993).
http://www.osha.gov/dts/hib/hib_data/hib19930312.html
+ Hospital eTool
»  Bloodbome Pathogens
http://www.osha.gov/SLTC/etools/hospital/hazards/bbp/bbp.html
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Additional OSHA Information on Biological Agents
Tuberculosis
+ Hospital eTool
=  Sample Tuberculosis Exposure Control Plan
http://www.osha.gov/SLTC/etools/hospital/hazards/tb/sampleexposurecontrolplan.html
= Tuberculosis
http://www.osha.gov/SLTC/etools/hospital/hazards/tb/tb.html|
« Safety and Health Topics Page
=  Tuberculosis
http://www.osha.gov/SLTC/tuberculosis/index.html

Physical Hazards and Others
lonizing Radiation standard (29 CFR 1910.1096). lonizing radiation sources may be found in a wide
range of occupational settings, including, but not limited to, healthcare facilities, research institutions,
nuclear reactors and their support facilities, nuclear weapons production facilities, and other various manu-
facturing settings. These radiation sources pose considerable health risks to affected workers if not properly
controlled. This standard requires employers to conduct a survey of the types of radiation used in the facili-
ty, including x-rays, to designate restricted areas to limit worker exposure and to require those working in
designated areas to wear personal radiation monitors. In addition, radiation areas and equipment must be
labeled and equipped with caution signs.
+ Complete standard
= 29 CFR 1910.1096
http://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=10098
« Safety and Health Topics Page
= [onizing Radiation
http://www.osha.gov/SLTC/radiationionizing/index.html
+ Hospital eTool
®  Radiation Exposure
http:/mwww.osha.gov/SLTC/etools/hospital/clinical/radiology/radiology.html#Radiation

Occupational Noise Exposure standard (29 CFR 1910.95). This standard requires employers to have
a hearing conservation program in place if workers are exposed to a time-weighted average of 85 decibels
(dB) over an 8-hour work shift.
* Complete standard
= 29 CFR 1910.95
http:/Amww.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=10625
« Safety and Health Topics Page
= Noise and Hearing Conservation
http://www.osha.gov/SLTC/noisehearingconservation/index.htmil
* Fact Sheet
= Laboratory Safety - Noise
http://mww.osha.gov/Publications/laboratory/OSHAfactsheet-laboratory-safety-noise.pdf

Additional OSHA Information on Physical Hazards
Centrifuges
¢ QuickFacts
= Laboratory Safety — Centrifuges. OSHA Publication 3406 (2011).
http://www.osha.gov/Publications/laboratory/OSHAquickfacts-lab-safety-centrifuges.pdf
Cryogens & Dry lce
* QuickFacts
= Laboratory Safety — Cryogens & Dry Ice. OSHA Publication 3408 (2011).
http://www.osha.gov/Publications/laboratory/OSHAquickfacts-lab-safety-cryogens-dryice.pdf
Laser hazards
» Safety and Health Information Bulletin
=  Hazard of Laser Surgery Smoke (1988).
http://www.osha.gov/dts/hib/hib_data/hib19880411.html
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* Hospital eTool
s [aser Hazards
http:/mww.osha.gov/SLTC/etools/hospital/surgical/lasers.html
« Safety and Health Topics Pages
= [laser Hazards
http:/mvww.osha.gov/SLTC/laserhazards/index.html|
= [ aser/Electrosurgery Plume
http://www.osha.gov/SLTC/laserelectrosurgeryplume/index.html

Safety Hazards
The Control of Hazardous Energy standard (29 CFR 1910.147), often called the “Lockout/Tagout”
standard, establishes basic requirements for locking and/or tagging out equipment while installation, main-
tenance, testing, repair, or construction operations are in progress. The primary purpose of the standard is
to protect workers from the unexpected energization or start-up of machines or equipment, or release of
stored energy.
* Complete standard
= 29 CFR 1910.147
http://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=9804
« Booklet
= Control of Hazardous Energy Lockout/Tagout. OSHA Publication 3120 (2002).
http://www.osha.gov/Publications/osha3120.pdf
e Safety and Health Topics Page
»  Control of Hazardous Energy (Lockout/Tagout)
http://www.osha.gov/SLTC/controlhazardousenergy/index.html

Electrical Hazards standards (29 CFR 1910 Subpart S). Wiring deficiencies are one of the hazards
most frequently cited by OSHA. OSHA's electrical standards include design requirements for electrical
systems and safety-related work practices. If flammable gases are used, special wiring and equipment
installation may be required.
e Complete standard
= 29 CFR 1910 Subpart S
http://www.osha.gov/pls/foshaweb/owadisp.show_document?p_table=STANDARDS&p_id=10135
* Booklet
= Controlling Electrical Hazards. OSHA Publication 3075 (2002).
http://www.osha.gov/Publications/osha3075.pdf
* Safety and Health Topics Page
s Electrical
http://www.osha.gov/SLTC/electrical/index.html
* Hospital eTool
= Electrical Hazards
http:/Imww.osha.gov/SLTC/etools/hospital/hazards/electrical/electrical.html
s QuickFacts
= [aboratory Safety - Electrical Hazards. OSHA Publication 3409 (2011).
http://www.osha.gov/Publications/laboratory/OSHAquickfacts-lab-safety-electrical-hazards.pdf

Fire Prevention Plans standard (29 CFR 1910.39). OSHA recommends that all employers have a Fire
Prevention Plan. A plan is mandatory when required by an OSHA standard. Additional fire hazard informa-
tion is available via OSHA publications and web pages.
» Complete standard
= 29 CFR 1910.39
http://www.osha.gov/pls/foshaweb/owadisp.show_document?p_table=STANDARDS&p_id=12887
» Booklet
=  Fire Service Features of Buildings and Fire Protection Systems. OSHA Publication 3256 (2006).
http://mww.osha.gov/Publications/osha3256.pdf
+ Expert Advisor
= Fire Safety Advisor
http://www.osha.gov/dts/osta/oshasoft/softfirex.html
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FIGURE 3.20 (Continued)



36

OCCUPATIONAL SAFETY AND HEALTH ADMINISTRATION (OSHA)

¢ Fact Sheet
= Fire Safety in the Workplace
http://www.osha.gov/OshDoc/data_General_Facts/FireSafetyN._pdf
« Safety and Health Topics Page
= Fire Safety
http://www.osha.gov/SLTC/firesafety/index.html
+ eTool
s Evacuation Plans and Procedures
http://www.osha.gov/SLTC/etools/evacuation/index.html

Additional OSHA Information on Safety Hazards
Compressed gas
+ Safety and Health Topics Page
= Compressed Gas and Equipment
http://www.osha.gov/SLTC/compressedgasequipment/index.html
Ergonomics
* Fact Sheet
= [Laboratory Safety — Ergonomics for the Prevention of Musculoskeletal Disorders
http://www.osha.gov/Publications/laboratory/OSHAfactsheet-laboratory-safety-ergonomics.pdf

Engineering Controls
Autoclaves/Sterilizers
e QuickFacts
= Laboratory Safety — Autoclaves/Sterilizers. OSHA Publication 3405 (2011).
http://www.osha.gov/Publications/laboratory/OSHAquickfacts-lab-safety-autoclaves-sterilizers.pdf
Biosafety Cabinets (BSCs)
+ Fact Sheet
= [aboratory Safety — Biosafety Cabinets (BSCs).
http://Amww.osha.gov/Publications/laboratory/OSHAfactsheet-laboratory-safety-biosafety-cabinets.pdf
Chemical Fume Hoods
* QuickFacts
= [aboratory Safety — Chemical Fume Hoods. OSHA Publication 3407 (2011).
http:/Amww.osha.gov/Publications/laboratory/OSHAquickfacts-lab-safety-chemical-fume-hoods.pdf

Personal Protective Equipment
The Personal Protective Equipment (PPE) standard (29 CFR 1910.132) requires that employers pro-
vide PPE and ensure that it is used wherever “hazards of processes or environment, chemical hazards, radi-
ological hazards, or mechanical irritants [are] encountered in a manner capable of causing injury or impair-
ment in the function of any part of the body through absorption, inhalation or physical contact,” 29 CFR
1910.132(a).
« Complete standards
= 29 CFR 1910 Subpart |
http:/mww.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=10118
* Fact Sheet
= Personal Protective Equipment
http://www.osha.gov/OshDoc/data_General_Facts/ppe-factsheet.pdf
¢ Brochures/Booklets
= Personal Protective Equipment. OSHA Publication 3151 (2003).
http://www.osha.gov/Publications/osha3151.html
« Safety and Health Topics Page
= Personal Protective Equipment
http://www.osha.gov/SLTC/personalprotectiveequipment/index.html

The Eye and Face Protection standard (29 CFR 1910.133) requires that employers ensure that each
affected employee uses appropriate eye or face protection when exposed to eye or face hazards from flying
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particles, molten metal, liquid chemicals, acids or caustic liquids, chemical gases or vapors, or potentially
injurious light radiation, 29 CFR 1910.133(a).
« Complete standard
= 29 CFR 1910.133
http://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=9778
* eTool
= Eye and Face Protection
http://www.osha.gov/SLTC/etools/eyeandface/index.html
» Safety and Health Topics Page
= Eye and Face Protection
http:/iwww.osha.gov/SLTC/eyefaceprotection/index.html

The Respiratory Protection standard (29 CFR 1910.134) requires that a respirator be provided to each
worker when such equipment is necessary to protect their health. The employer must provide respirators
that are appropriate based on the hazards to which the worker is exposed and factors that affect respirator
performance and reliability, as described in 29 CFR 1910.134(d)(1).
« Complete standard
= 29 CFR 1910.134
http:/mww.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=12716&p_te
xt_version=FALSE
* Guidance Documents
= Respiratory Protection. OSHA Publication 3079 (2002).
= Small Entity Compliance Guide for OSHA's Respiratory Protection Standard. OSHA Publication 9071
(1999).
http://mwww.osha.gov/Publications/secgrev-current.pdf
= Assigned Protection Factors for the Revised Respiratory Protection Standard. OSHA Publication 3352
(2009).
http://www.osha.gov/SLTC/etools/respiratory/index.html
* Fact Sheet
= Respiratory Infection Control: Respirators Versus Surgical Masks
* eTool
®  Respiratory Protection
http://mwww.osha.gov/SLTC/etools/respiratory/index.html
+ Safety and Health Topics Page
= Respiratory Protection
http://www.osha.gov/SLTC/respiratoryprotection/index.html|

The Hand Protection standard (29 CFR 1910.138), requires that employers select and require workers
to use appropriate hand protection when their hands are exposed to hazards such as those from skin
absorption of harmful substances; severe cuts or lacerations; severe abrasions; punctures; chemical burns;
thermal burns; and harmful temperature extremes, 29 CFR 1910.138(a). Further, employers must base the
selection of the appropriate hand protection on an evaluation of the performance characteristics of the
hand protection relative to the task(s) to be performed, conditions present, duration of use, and the hazards
and potential hazards identified, 29 CFR 1910.138(b).
« Complete standard

= 29 CFR 1910.138

http://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=9788

Miscellaneous Information
Emergency Action Plan standard (29 CFR 1910.38). OSHA recommends that all employers have an
Emergency Action Plan. A plan is mandatory when required by an OSHA standard. An Emergency Action
Plan describes the actions workers should take to ensure their safety in a fire or other emergency situation.
+ Complete standard
= 29 CFR 1910.38
http://mwww.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=9726
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* Brochures/Booklets
= Principal Emergency Response and Preparedness — Requirements and Guidance. OSHA Publication
3122 (2004) http://www.osha.gov/Publications/osha3122.pdf
= How to Plan for Workplace Emergencies and Evacuations. OSHA Publication 3088 (2001).
http://www.osha.gov/Publications/osha3088.pdf
e QuickFacts
= [aboratory Safety — Working with Small Animals. OSHA Publication 3412 (2011).
http://mww.osha.gov/Publications/laboratory/OSHAquickfacts-lab-safety-working-with-small-
animals.pdf
+ eTool
s Evacuation Plans and Procedures
http://www.osha.gov/SLTC/etools/evacuation/index.html
« eTool
=  Emergency Preparedness and Response
http://www.osha.gov/SLTC/emergencypreparedness/index.html

Exit Routes standards (29 CFR 1910.34 - 29 CFR 1910.37). All employers must comply with OSHA's
requirements for exit routes in the workplace.
« Complete standards
= 29 CFR 1910.34
http:/mww.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p _id=12886
= 29 CFR 1910.35
http://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS &p_id=9723
= 29 CFR 1910.36
http://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=9724
= 29 CFR 1910.37
http://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=9725
* Fact Sheet
= Emergency Exit Routes. http://www.osha.gov/OshDoc/data_General_Facts/emergency-exit-routes-
factsheet.pdf
¢ QuickCard™
= Emergency Exit Routes. OSHA Publication 3183 (2003).

Medical and First Aid standard (29 CFR 1910.151). OSHA requires employers to provide medical and
first-aid personnel and supplies commensurate with the hazards of the workplace. The details of a work-
place medical and first-aid program are dependent on the circumstances of each workplace and employer.
+ Complete standard
= 29 CFR 1910.151
http://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS &p_id=9806
* Brochures/Booklets
= Best Practices Guide: Fundamentals of a Workplace First-Aid Program. OSHA Publication 3317 (2006)
http://www.osha.gov/Publications/OSHA3317first-aid.pdf
« Safety and Health Topics Page
=  Medical and First Aid
http://www.osha.gov/SLTC/medicalfirstaid/index.html

Recordkeeping standard (29 CFR 1904). OSHA requires most employers to keep records of workplace
injuries and illnesses. The employer should first determine if it is exempt from the routine recordkeeping
requirements. An employer is not required to keep OSHA injury and illness records (unless asked to do so
in writing by OSHA or the Bureau of Labor Statistics) if:
« |t had 10 or fewer workers during all of the last calendar year (29 CFR 1904.1); or
+ It is engaged in certain low-hazard industries (29 CFR Part 1904, Subpart B, Appendix A). The following
types of healthcare facilities are exempt from OSHA's injury and illness recordkeeping requirements,
regardless of size:
= Offices and Clinics of Medical Doctors (SIC 801)
= Offices and Clinics of Dentists (SIC 802)
= Offices of Osteopathic Physicians (SIC 803)
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s Offices of Other Health Care Practitioners (SIC 804)
= Medical and Dental Laboratories (SIC 807)
= Health and Allied Services, Not Elsewhere Classified (SIC 809)

If an employer does not fall within one of these exemptions, it must comply with OSHA's recordkeeping
requirements. Download OSHA's recordkeeping forms or order them from the OSHA Publications Office at
www.osha.gov.

For additional information on the Recordkeeping standard, see the following OSHA documents.
* Complete standards
= Recording and reporting occupational injuries and illness. 29 CFR 1904
http:/Mmww.osha.gov/pls/oshaweb/owasrch.search_form?p_doc_type=STANDARDS&p_toc_level=1&p_
keyvalue=1904
®  Recording criteria for needlestick and sharps injuries. 29 CFR 1904.8
http:/Amww.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=9639
¢ Standard Interpretations
»  Recordkeeping Handbook - The Regulation and Related Interpretations for Recording and Reporting
Occupational Injuries and llinesses. OSHA Publication 3245 (2005).
http://www.osha.gov/recordkeeping/handbook/index.html
* Fact Sheets
= Highlights of OSHA's Recordkeeping Rule
http:/www.osha.gov/OshDoc/data_RecordkeepingFacts/RKfactsheet1.pdf
s OSHA Recordkeeping Help
http://www.osha.gov/OshDoc/data_RecordkeepingFacts/RKfactsheet2.pdf
¢ Brochures
= Access to Medical and Exposure Records. OSHA Publication 3110 (2001).
http://mww.osha.gov/Publications/osha3110.pdf
s RECORDKEEPING - It's new, it's improved, and it’s easier.... OSHA Publication 3169 (2001).
http://www.osha.gov/Publications/osha3169.pdf
=  Recordkeeping Handbook. OSHA Publication 3245 (2005).
http:/mwww.osha.gov/Publications/osha3245.pdf
¢ OSHA Web Page
8 Injury and lliness: Recordkeeping
http:/mww.osha.gov/recordkeeping/index.html

Access to Worker Exposure and Medical Records standard (29 CFR 1910.1020).

This standard requires all employers, regardless of size or industry, to report the work-related death of any
worker or hospitalizations of three or more workers. It also requires employers to provide workers, their
designated representatives, and OSHA with access to worker exposure and medical records. Employers
generally should maintain worker exposure records for 30 years and medical records for the duration of the
worker's employment plus 30 years, unless one of the exemptions listed in 29 CFR 1910.1020(d)(1)(i) (A)-(C)
applies.

All employers covered by OSHA recordkeeping requirements must post the OSHA Poster (or state plan
equivalent) in a prominent location in the workplace. The OSHA Poster can be downloaded or ordered in
either English or Spanish.

The following OSHA document provides more detailed information on this standard.
« Booklet
= Access to Medical and Exposure Records. OSHA Publication 3110 (2001).
http://www.osha.gov/Publications/osha3110.pdf

NOTE: If your workplace is in a state operating an OSHA-approved state program, state plan record-
keeping and reporting regulations, although substantially identical to federal ones, may have different
exemptions or more stringent or supplemental requirements, such as for reporting of fatalities and
catastrophes. Contact your state program directly for additional information.
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Other Governmental and Non-
governmental Agencies Involved
in Laboratory Safety

U.S. Environmental Protection Agency
(EPA)

Microbial Products of Biotechnology:

Final Rule (62 FR 17910)

The regulation under which the TSCA Biotechnology
Program functions is titled "Microbial Products of
Biotechnology; Final Regulation Under the Toxic
Substances Control Act" (TSCA), published in the
Federal Register on April 11, 1997. This rule was
developed under TSCA Section 5, which authorizes
the Agency to, among other things, review new
chemicals before they are introduced into commerce.
Under a 1986 intergovernmental policy statement,
intergeneric microorganisms (microorganisms creat-
ed to contain genetic material from organisms in
more than one taxonomic genus) are considered new
chemicals under TSCA Section 5. The Biotechnology
rule sets forth the manner in which the Agency will
review and regulate the use of intergeneric microor-
ganisms in commerce, or commercial research.

Documents relevant to this rule can be found at the
following web site:
http:/mww.epa.gov/oppt/biotech/pubs/biorule.htm.

U.S. Nuclear Regulatory Commission
(NRC)

10 CFR 31.11 - General license for use of byproduct
material for certain in vitro clinical or laboratory test-
ing. Link at: http:/Aww.nre.gov/reading-rm/doc-col-
lections/cfr/part031/part031-0011.html.

U.S. Department of Transportation (DOT)
An infectious substance is regulated as a hazardous
material under the DOT's Hazardous Materials
Regulations (HMR; 49 CFR Parts 171-180). The HMR
apply to any material DOT determines is capable of
posing an unreasonable risk to health, safety, and
property when transported in commerce. An infec-
tious substance must conform to all applicable HMR
requirements when offered for transportation or
transported by air, highway, rail, or water.

DOT's Pipeline and Hazardous Materials Safety
Administration (PHMSA) published a final rule on
June 1, 2006, revising the requirements in the HMR
applicable to the transportation of infectious sub-
stances. The new requirements became effective
October 1, 2006. Changes under the new rule apply to
parts 171, 172, 173, and 175 of the HMR and include
the following:

New classification system

New and revised definitions

Revised marking requirements
Revised packaging requirements
New shipping paper requirements
New security plan requirements

New carriage by aircraft requirements

. s 8 8 0 8 0

A guide to these changes is available at:
http:/Amww.phmsa.dot.gov/staticfiles/PHMS A/
DownloadableFiles/Files/Transporting_Infectious_
Substances_brochure.pdf.

U.S. Department of Health and Human
Services (HHS)

Centers for Disease Control and Prevention
(CDC)

Biosafety Levels

Laboratory supervisors are responsible for ensuring that
appropriate safety and health precautions are in place in
the laboratory. Therefore, for each biosafety level, there
are specific supervisory qualifications as assurance that
laboratory workers are provided with effective supervi-
sion. Various types of specialized controls and equip-
ment are used to provide primary barriers between the
microorganism and the laboratory worker. These range
from disposable gloves and other PPE to complex
biosafety cabinets or other containment devices.

The laboratory director is specifically and primarily
responsible for the safe operation of the laboratory.
His/her knowledge and judgment are critical in
assessing risks and appropriately applying these rec-
ommendations. The recommended biosafety level
represents those conditions under which the agent
can ordinarily be safely handled. Special characteris-
tics of the agents used, the training and experience of
personnel, and the nature or function of the laborato-
ry may further influence the director in applying these
recommendations.

The U.S. Department of Health and Human Services'
(DHHS) Centers for Disease Control and Prevention
(CDC) defines four levels of biosafety, which are out-
lined below. Selection of an appropriate biosafety
level for work with a particular agent or animal study
(see Animal Facilities) depends upon a number of fac-
tors. Some of the most important are the virulence,
pathogenicity, biological stability, route of spread, and
communicability of the agent; the nature or function
of the laboratory; the procedures and manipulations
involving the agent; the endemicity (restricted to a
locality/region) of the agent; and the availability of
effective vaccines or therapeutic measures.

40 OSHA

Occupational Safety and
Health Administration

FIGURE 3.20 (Continued)

71



72 LABORATORY SAFETY

CDC Summary of Recommended Biosafety Levels for Infectious Agents
Biosafety Agent Characteristics | Practices Safety Equipment Facilities
Level (secondary barriers)
BSL-1 Not known to Standard None Open bench
consistently cause microbiological top sink
disease in healthy Practices
adults
BSL-2 Associated with Standard Class | or Il Open bench
human disease, microbiological biosafety cabinets top sink
hazard from Practices (BSCs) or other
percutaneous injury, | |imited access containment devices | Autoclave
ingestion, mucous Biokainrd used for all agents
membrane exposure IHaZAre. that cause splashes
WaITUng SIgns or aerosols of infec-
Sharps precautions | tious materials
Biosafety manual Laboratory coats
defining any and gloves
needed waste Face protection
decontamination P
or medical surveil-
lance policies.
BSL-3 Indigenous or exotic All BSL-2 practices | Class | or Il BSCs Open bench
agents with potential | controlled access or other physical top sink
for aerosol transmis- D . containment devices | Autoclave
sion; disease may ;:cc“ntammatuon used for all open Sy
have serious or lethal | ©f all waste manipulations of ysica
consequences Decontamination of | agents separation from
laboratory clothing 5 access corridors
bitoio lairden Protective lab SR e A
e or? aundering | ¢jothing and gloves dSO;cac;ilens% ouble-
Baseline serum Respiratory bl
protection as needed Aneust ale het
recirculated
Negative airflow in
laboratory
BSL-4 Dangerous/exotic All BSL-3 practices | All procedures BSL-3 plus:
agents which pose C|0ﬂ1|ng change conducted in Class lll Se (TP
: > : parate building
high risk of life-threat- | pofore entering BSCs, or Class lor Il | 4 isolated zone
ening disease; aerosol- Sh . BSCs in combination .
transmitted lab infec- ower on exit with full-body, Dedicated supply
tions; or related agents| All material air-supplied, positive and exhaust, vacu-
with unknown risk of decontaminated pressure personnel I..II'TI: and decontami-
transmission on exit from suit. nation systems
facility Other requirements
outlined in the text
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NOTE: The following information has been adapted
from Biosafety in Microbiological and Biomedical
Laboratories, 5th Ed. (BMBL, 5th Ed.), which is pub-
lished jointly by the U.S. Centers for Disease Control
and Prevention (CDC) and the National Institutes of
Health (NIH), and is available online at
www.cdc.gov/od/ohs/biosfty/bmbl5/bmbl5toc.htm.
Laboratory workers and supervisors are strongly
urged to review this publication directly before engag-
ing in any experimentation.

Biosafety Level 1 (BSL-1)

BSL-1 is appropriate for working with microorganisms
that are not known to cause disease in healthy
humans. BSL-| practices, safety equipment, and facili-
ty design and construction are appropriate for under-
graduate and secondary educational training and
teaching laboratories, and for other laboratories in
which work is done with defined and characterized
strains of viable microorganisms not known to consis-
tently cause disease in healthy adult humans. Bacillus
subtilis, Naegleria gruberi, infectious canine hepatitis
virus, and exempt organisms under the NIH
Recombinant DNA Guidelines (httpy//www4.od
nih.gov/oba/rac/guidelines/guidelines.html) are repre-
sentative of microorganisms meeting these criteria.
Many agents not ordinarily associated with disease
processes in humans are, however, opportunistic
pathogens and may cause infection in the young, the
aged, and immunodeficient or immunosuppressed
individuals. Vaccine strains that have undergone mul-
tiple in vivo passages should not be considered aviru-
lent simply because they are vaccine strains.

BSL-1 represents a basic level of containment that
relies on standard microbiological practices with no
special primary or secondary barriers recommended,
other than a sink for hand washing.

Biosafety Level 2 (BSL-2)

The facility, containment devices, administrative con-
trols, and practices and procedures that constitute
BSL-2 are designed to maximize safe working condi-
tions for laboratory personnel working with agents of
moderate risk to personnel and the environment. BSL-
2 practices, equipment, and facility design and con-
struction are applicable to clinical, diagnostic, teach-
ing, and other laboratories in which work is done with
the broad spectrum of indigenous moderate-risk
agents that are present in the community and associ-
ated with human disease of varying severity. With
good microbiological techniques, these agents can be
used safely in activities conducted on the open bench,
provided the potential for producing splashes or

aerosols is low. Hepatitis B virus, H1V, the salmonel-
lae, and Toxoplasma spp. are representative of
microorganisms assigned to this containment level.

Biosafety Level 2 is also appropriate when work is
done with any human-derived blood, body fluids, tis-
sues, or primary human cell lines where the presence
of an infectious agent may be unknown. Laboratory
personnel in the United States working with human-
derived materials should refer to the U.S.
Occupational Safety and Health Administration
(OSHA) Bloodborne Pathogens Standard (OSHA
1991), available online at
www.osha.gov/pls/oshaweb/owadisp.show_docu-
ment?p_table=STANDARDS7p_id=1005, for required
precautions.

Primary hazards to personnel working with these
agents relate to accidental percutaneous or mucous
membrane exposures, or ingestion of infectious
materials. Extreme caution should be taken with con-
taminated needles or sharp instruments. Even though
organisms routinely manipulated at Biosafety Level 2
are not known to be transmissible by the aerosol
route, procedures with aerosol or high splash poten-
tial that may increase the risk of such personnel expo-
sure must be conducted in primary containment
equipment, or in devices such as a biological safety
cabinet (BSC) or safety centrifuge cups. Personal pro-
tective equipment (PPE) should be used as appropri-
ate, such as splash shields, face protection, gowns,
and gloves.

Secondary barriers such as hand washing sinks and
waste decontamination facilities must be available to
reduce potential environmental contamination.

Biosafety Level 3 (BSL-3)

BSL-3 is suitable for work with infectious agents
which may cause serious or potentially lethal diseases
as a result of exposure by the inhalation route. This
may apply to clinical, diagnostic, teaching, research,
or production facilities in which work is done with
indigenous or exotic agents with potential for respira-
tory transmission, and which may cause serious and
potentially lethal infection. Mycobacterium tuberculo-
sis, St. Louis encephalitis virus, and Coxiella burnetti
are representative of the microorganisms assigned to
this level. Primary hazards to personnel working with
these agents relate to autoinoculation, ingestion, and
exposure to infectious aerosols.

At BSL-3, more emphasis is placed on primary and
secondary barriers to protect personnel in contiguous
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areas, the community, and the environment from
exposure to potentially infectious aerosols. For exam-
ple, all laboratory manipulations should be performed
in a BSC or other enclosed equipment, such as a gas-
tight aerosol generation chamber. Secondary barriers
for this level include controlled access to the laborato-
ry and ventilation requirements that minimize the
release of infectious aerosols from the laboratory.

Biosafety Level 4 (BSL-4)

BSL-4 practices, safety equipment, and facility design
and construction are applicable for work with danger-
ous and exotic agents that pose a high individual risk
of life-threatening disease, which may be transmitted
via the aerosol route, and for which there is no avail-
able vaccine or therapy. Agents with a close or identi-
cal antigenic relationship to Biosafety Level 4 agents
also should be handled at this level. When sufficient
data are obtained, work with these agents may con-
tinue at this or at a lower level. Viruses such as
Marburg or Congo-Crimean hemorrhagic fever are
manipulated at Biosafety Level 4.

The primary hazards to personnel working with
Biosafety Level 4 agents are respiratory exposure to
infectious aerosols, mucous membrane or broken skin
exposure to infectious droplets, and autoinoculation.
All manipulations of potentially infectious diagnostic
materials, isolates, and naturally or experimentally
infected animals pose a high risk of exposure and
infection to laboratory personnel, the community, and
the environment.

The laboratory worker's complete isolation from
aerosolized infectious materials is accomplished pri-
marily by working in a Class Ill BSC or in a full-body,
air-supplied, positive-pressure personnel suit. The
BSL-4 facility itself is generally a separate building or
completely isolated zone with complex, specialized
ventilation requirements and waste management sys-
tems to prevent release of viable agents to the envi-
ronment.

Animal Biosafety Levels

The CDC defines four biosafety levels for activities
involving infectious disease work with experimental
animals. These combinations of practices, safety
equipment, and facilities are designated Animal
Biosafety Levels 1, 2, 3, and 4, and provide increasing
levels of protection to personnel and the environment.

Protocols using live animals must first be reviewed
and approved by an Institutional Animal Care and Use
Committee (IACUC) or must conform to governmen-

tal regulations regarding the care and use of laborato-
ry animals. Follow all appropriate guidelines for the
use and handling of infected animals.

For more information, refer to Section V of the BMBL,
5th Ed., available online at
www.cdc.gov/od/ohs/biosafty/bmbl5/bmbl5toc.htm.

National Institutes of Health (NIH)

The NIH Office of Biotechnology Activities (OBA)
promotes science, safety, and ethics in biotechnology
through advancement of knowledge, enhancement of
public understanding, and development of sound
public policies. OBA accomplishes its mission through
analysis, deliberation, and communication of scientif-
ic, medical, ethical, legal, and social issues.

OBA fulfills its mission through four important pro-

grams:

» Recombinant DNA (RAC)

= Genetics, Health, Society (SACGHS)

e Dual Use Research (NSABB)

= Clinical Research Policy Analysis and Coordination
(CRpac)

Links to each of the programs listed above are
provided at the OBA website:
http//oba.od.nih.gov/oba/index.html.

National Institute for Occupational Safety
and Health (NIOSH)

The NIOSH Pocket Guide to Chemical Hazards (NPG)
(available at: www.cdc.gov/niosh/npg) provides a
source of general industrial hygiene information on
several hundred chemicals/classes for workers,
employers, and occupational health professionals.
While the NPG does not contain an analysis of all per-
tinent data, it presents key information and data in
abbreviated or tabular form for chemicals or sub-
stance groupings (e.g., cyanides, fluorides, man-
ganese compounds) that are found in the work envi-
ronment. The information contained in the NPG
should help users recognize and control occupational
chemical hazards.

Other Government Web Links for Access
to Additional Information Concerning
Laboratory Safety

The Animal Plant Health Inspection Service (APHIS),
www.usda/aphis.gov

U.S. Department of Agriculture (USDA),
www.usda.gov

National Institute for Occupational Safety and Health
(NIOSH), www.niosh.gov

LABORATORY SAFETY 43

FIGURE 3.20 (Continued)



OCCUPATIONAL SAFETY AND HEALTH ADMINISTRATION (OSHA)

U.S. Department of Health and Human Services
(DHHS), www.hhs.gov

U.S. Department of Transportation (DOT),
www.dot.gov

U.S. Food and Drug Administration (FDA),
www.fda.gov

Government Regulatory Agency Web Links
Code of Federal Regulations Search Engine,
www.access.gpo.gov/nara/cfriindex.htmi
Environmental Protection Agency, www.epa.gov

Federal Register Search Engine,
www.access.gpo.gov/su_docs/aces/aces140.html

Food and Drug Administration, www.fda.gov
Nuclear Regulatory Commission, www.nrc.gov

Occupational Safety and Health Administration
(OSHA), www.osha.gov

Non-governmental Agency Web Links

for Access to Additional Information
Concerning Laboratory Safety

American Biological Safety Association (ABSA),
www.absa.org

College of American Pathologists (CAP), www.cap.org

Institute for Laboratory Animal Research (ILAR),
www.dels.nas.edu/ilar_nfilarhome

National Fire Protection Association (NFPA),
www.nfpa.org

Dictionary of Safety Terms

Oregon OSHA Dictionary of Safety Terms -
Spanish to English,
www.orosha.org/pdf/dictionary/spanish-english.pdf

Oregon OSHA Dictionary of Safety Terms -
English to Spanish,
www.orosha.org/pdf/dictionary/english-spanish.pdf
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Most Common Zoonotic Diseases in Workers

Workers that work with animals may be exposed to a number of zoonotic diseases. Examples of some of the
zoonotic diseases that workers may be exposed to are listed in the table below.

Disease Disease agent Animals
Dogs | Birds | Farm Animals | Wild Animals

Brucellosis Brucella canis X
Campylobacteriosis Campylobacter jejuni X X
Cat Scratch Fever Bartonella henselae
Cryptococcosis Cryptococcus neoformans

and other species X
Hemorrhagic fever Hantavirus X
with renal syndrome
(HFRS) and
hantavirus
pulmonary
syndrome
(HPS)
Lymphocytic Lymphocytic X
choriomeningitis choriomeningitis virus

(LCMV)
Pasteurella pneumonia| Pasteurella haemolytica X
Histoplasmosis Histoplasma capsulatum X
Orf Poxvirus X
Plague Yersinia pestis X
Q-fever Coxiella burnetii X
Rabies Rabies virus X
Salmonellosis Salmonella enterica X

serovar Typhi
Toxoplasmosis Toxoplasma gondiii
Tularemia Tularemia francisella X
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Complaints, Emergencies
and Further Assistance

Workers have the right to a safe workplace. The
Occupational Safety and Health Act of 1970 (OSH
Act) was passed to prevent workers from being
killed or seriously harmed at work. The law requires
employers to provide their employees with working
conditions that are free of known dangers. Workers
may file a complaint to have OSHA inspect their
workplace if they believe that their employer is not
following OSHA standards or that there are serious
hazards. Further, the Act gives complainants the
right to request that their names not be revealed to
their employers. It is also against the law for an
employer to fire, demote, transfer, or discriminate
in any way against a worker for filing a complaint
or using other OSHA rights.

To report an emergency, file a complaint, or seek
OSHA advice, assistance, or products, call (800)
321-0OSHA (6742) or contact your nearest OSHA
regional, area, or state plan office listed or linked
to at the end of this publication. The teletypewriter
(TTY) number is (877) 889-5627. You can also file
a complaint online by visiting OSHA's website at
www.osha.gov. Most complaints submitted online
may be resolved informally over the phone or by
fax with your employer. Written complaints, that
are signed by a worker or their representative and
submitted to the closest OSHA office, are more
likely to result in an on-site OSHA inspection.

Compliance Assistance Resources
OSHA can provide extensive help through a
variety of programs, including free workplace
consultations, compliance assistance, voluntary
protection programs, strategic partnerships,
alliances, and training and education. For more
information on any of the programs listed below,
visit OSHA's website at www.osha.gov or call
1-800-321-OSHA (6742).

Establishing an Injury and lliness

Prevention Program

The key to a safe and healthful work environment
is a comprehensive injury and illness prevention
program.

Injury and illness prevention programs, known by
a variety of names, are universal interventions that
can substantially reduce the number and severity
of workplace injuries and alleviate the associated
financial burdens on U.S. workplaces. Many states
have requirements or voluntary guidelines for

workplace injury and illness prevention programs.
In addition, numerous employers in the United
States already manage safety using injury and
illness prevention programs, and we believe that all
employers can and should do the same. Employers
in the construction industry are already required to
have a health and safety program. Most successful
injury and illness prevention programs are based
on a common set of key elements. These include
management leadership, worker participation,
hazard identification, hazard prevention and control,
education and training, and program evaluation
and improvement. Visit OSHA's website at
http://www.osha.gov/dsg/topics/safetyhealth/index.
html for more information and guidance on
establishing effective injury and iliness prevention
programs in the workplace.

Compliance Assistance Specialists

OSHA has compliance assistance specialists
throughout the nation who can provide information
to employers and workers about OSHA standards,
short educational programs on specific hazards or
OSHA rights and responsibilities, and information
on additional compliance assistance resources.
Contact your local OSHA office for more
information.

OSHA Consultation Service for

Small Employers

The OSHA Consultation Service provides free
assistance to small employers to help them identify
and correct hazards, and to improve their injury and
illness prevention programs. Most of these services
are delivered on site by state government agencies
or universities using well-trained professional staff.

Consultation services are available to private sector
employers. Priority is given to small employers
with the most hazardous operations or in the most
high-hazard industries. These programs are largely
funded by OSHA and are delivered at no cost to
employers who request help. Consultation services
are separate from enforcement activities. To request
such services, an employer can phone or write to
the OSHA Consultation Program. See the Small
Business section of OSHA's website for contact
information for the consultation offices in every
state.

= Safety and Health Achievement
Recognition Program
Under the consultation program, certain
exemplary employers may request participation
in OSHA's Safety and Health Achievement

OSHA
Occupational Safety and
Health Administration

FIGURE 3.20 (Continued)
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Recognition Program (SHARP). Eligibility for
participation includes, but is not limited to,
receiving a full-service, comprehensive
consultation visit, correcting all identified
hazards, and developing an effective injury and
iliness prevention program.

Cooperative Programs

OSHA offers cooperative programs to help prevent
fatalities, injuries and illnesses in the workplace.

= QOSHA's Alliance Program

Through the Alliance Program, OSHA works
with groups committed to worker safety and
health to prevent workplace fatalities, injuries,
and illnesses. These groups include businesses,
trade or professional organizations, unions,
consulates, faith- and community-based
organizations, and educational institutions.
OSHA and the groups work together to develop
compliance assistance tools and resources,
share information with workers and employers,
and educate workers and employers about their
rights and responsibilities.

= Challenge Program
This program helps employers and workers
improve their injury and illness prevention
programs and implement an effective system
to prevent fatalities, injuries and ilinesses.

= OSHA Strategic Partnership Program (OSPP)
Partnerships are formalized through tailored
agreements designed to encourage, assist and
recognize partner efforts to eliminate serious
hazards and achieve model workplace safety
and health practices.

= Voluntary Protection Programs (VPP)

The VPP recognize employers and workers in
private industry and federal agencies who
have implemented effective injury and illness
prevention programs and maintain injury and
illness rates below national Bureau of Labor
Statistics averages for their respective
industries. In VPP, management, labor, and
OSHA work cooperatively and proactively to
prevent fatalities, injuries, and illnesses.

OSHA Training Institute

Education Centers

The OSHA Training Institute (OTI) Education
Centers are a national network of nonprofit
organizations authorized by OSHA to conduct
occupational safety and health training to private
sector workers, supervisors and employers.

Susan Harwood Training and

Education Grants

OSHA provides grants to nonprofit organizations
to provide worker education and training on
serious job hazards and avoidance/prevention
strategies.

Information and Publications

OSHA has a variety of educational materials and
electronic tools available on its website at
www.osha.gov. These include Safety and Health
Topics Pages, Safety Fact Sheets, Expert Advisor
software, copies of regulations and compliance
directives, videos and other information for
employers and workers. OSHA's software programs
and eTools walk you through safety and health
issues and common problems to find the best
solutions for your workplace.

OSHA's extensive publications help explain OSHA
standards, job hazards, and mitigation strategies
and provide assistance in developing injury and
illness prevention programs.

For a listing of free publications, visit OSHA's
website at www.osha.gov or call 1-800-321-OSHA
(6742).

QuickTakes

OSHA's free, twice monthly online newsletter,
QuickTakes, offers the latest news about OSHA
initiatives and products to assist employers and
workers in finding and preventing workplace
hazards. To sign up for QuickTakes, visit OSHA's
website at www.osha.gov and click on QuickTakes
at the top of the page.

Contacting OSHA

To order additional copies of this publication, to get
a list of other OSHA publications, to ask questions
or to get more information, to contact OSHA's

free consultation service, or to file a confidential
complaint, contact OSHA at 1-800-321-OSHA (6742),
(TTY) 1-877-889-5627 or visit www.osha.gov.

For assistance, contact us.
We are OSHA. We can help.
It's confidential.
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OSHA Regional Offices

Region |

Boston Regional Office

(CT*, ME, MA, NH, RI, VT*)

JFK Federal Building, Room E340
Boston, MA 02203

(617) 565-9860 (617) 565-9827 Fax

Region Il

New York Regional Office

(NJ*, NY*, PR*, VI*)

201 Varick Street, Room 670

New York, NY 10014

(212) 337-2378 (212) 337-2371 Fax

Region Il

Philadelphia Regional Office

(DE, DC, MD*, PA, VA*, WV)

The Curtis Center

170 S. Independence Mall West
Suite 740 West

Philadelphia, PA 19106-3309

(215) 861-4900 (215) 861-4904 Fax

Region IV
Atlanta Regional Office

(AL, FL, GA, KY*, MS, NC*, SC*, TN*)

61 Forsyth Street, SW, Room 6T50
Atlanta, GA 30303
(678) 237-0400 (678) 237-0447 Fax

Region V

Chicago Regional Office

(IL*, IN*, MI*, MN*, OH, WI)

230 South Dearborn Street

Room 3244

Chicago, IL 60604

(312) 353-2220 (312) 353-7774 Fax

Region VI

Dallas Regional Office

(AR, LA, NM*, OK, TX)

525 Griffin Street, Room 602
Dallas, TX 75202

(972) 850-4145 (972) 850-4149 Fax
(972) 850-4150 FSO Fax

OCCUPATIONAL SAFETY AND HEALTH ADMINISTRATION (OSHA)

Region VII

Kansas City Regional Office

{lA*, KS, MO, NE)

Two Pershing Square Building
2300 Main Street, Suite 1010
Kansas City, MO 64108-2416

(816) 283-8745 (816) 283-0547 Fax

Region VI

Denver Regional Office

(CO, MT, ND, SD, UT*, WY*)

1999 Broadway, Suite 1690
Denver, CO 80202

(720) 264-6550 (720) 264-6585 Fax

Region IX

San Francisco Regional Office

(AZ*, CA*, HI*, NV*, and American Samoa,
Guam and the Northern Mariana Islands)
90 7th Street, Suite 18100

San Francisco, CA 94103

(415) 625-2547 (415) 625-2534 Fax

Region X

Seattle Regional Office

(AK*, ID, OR*, WA*)

300 Fifth Avenue, Suite 1280
Seattle, WA 98104-2397

(206) 757-6700 (206) 757-6705 Fax

*These states and territories operate their own
OSHA-approved job safety and health plans and
cover state and local government employees as
well as private sector employees. The Connecticut,
lllinois, New Jersey, New York and Virgin Islands
programs cover public employees only. (Private
sector workers in these states are covered by
Federal OSHA). States with approved programs
must have standards that are identical to, or at least
as effective as, the Federal OSHA standards.

Note: To get contact information for OSHA area
offices, OSHA-approved state plan offices and
OSHA consultation projects, please visit us online
at www.osha.gov or call us at 1-800-321-OSHA
(6742).

a8 OSHA

Occupational Safety and
Health Administration

FIGURE 3.20 (Continued)
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OSHA

www.osha.gov
(800) 321-OSHA (6742)

FIGURE 3.20 (Continued)
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For more information:

ik T ,ﬁ ¢ ® Occupational
5 ;.{‘,"‘;'_ = Safety and Health
A i Administration

U.S. Department of Labor
www.osha.gov (800) 321-OSHA (6742)

FIGURE 3.20 (Continued)







BASIC MATHEMATICS IN THE LABORATORY

4.1 Introduction to Basic Math
4.2 Units and Metric System
4.2.1 Introduction to the Metric System
4.2.2  Units of the Metric System
4.2.3 Converting the SI Units
4.3 Significant Figures
4.3.1 Significant Figure Rules
4.4 Scientific Calculators
4.4.1 Example Calculator

4.1 INTRODUCTION TO BASIC MATH

The basic use of rudimentary mathematics in the laboratory is an
essential skill required by the laboratory technician, the analyt-
ical chemist, and the research chemist. We will begin with the
most fundamental treatment of data involving adding, subtract-
ing, multiplying, and dividing to calculate sums and averages to
start with. In later chapters, we will move on to more complex
statistical treatments of laboratory measurement-generated data,
including the use of computer spreadsheets, which facilitate and
greatly ease the tasks of data manipulation for the analyst.
Throughout the chapter, we will also incorporate the use of
ChemTech at various stages to work problems that reflect a
real-life laboratory setting in relation to fundamental mathe-
matic techniques. As always, ChemTech also serves as a future
reference and refresher for the technician in the analytical
laboratory.

While the analyst in the laboratory is usually following a pre-
described method for a testing procedure, he/she will be required
to accurately record results in either a laboratory notebook, lab-
oratory testing sheets, or a laboratory computer-based system
(covered in Chapter 11 Laboratory Information Management
System). Laboratories today are still a mixture of automated data
calculation and manual calculation by the technician; thus, the
basic math skills presented in this chapter are essential tools
needed.

4.4.2 Window’s Calculator
4.5 ChemTech Conversion Tool
4.5.1 Using the Conversion Tool
4.5.2 Closing the Conversion Tool
4.6 Chapter Key Concepts
4.7 Chapter Problems

4.2 UNITS AND METRIC SYSTEM

4.2.1 Introduction to the Metric System

Laboratory measurements are primarily recorded in the Interna-
tional System (abbreviated SI from the French Le Systeme Inter-
national d’Unités) standardized units. The SI units were adopted
through an international agreement between scientists in 1960,
and are now widely adopted by most countries. The most recent
SI units (the mole was added in 1971 by the 14th General Con-
ference on Weights and Matters (CGPM)) are listed in Table 4.1.
This is a system of units derived from the metric system, a system
that has its roots originating from the late eighteenth century
(ca 1791) France. Antoine-Laurent Lavoisier, known as the
“father of modern chemistry,” was instructed along with other
contemporary scientists by Louis XVI of France to construct a
unified, natural, and universal system of measurement to replace
the disparate systems then in use. This effort resulted in the
production of the metric system, a system of measurement, which
is a base-10 system (all units expressed as a factor of 10).

4.2.2 Units of the Metric System

Interestingly, a unit for volume is not listed among the S7 units in
Table 4.1. The common practice is to use the liter (1) in the lab-
oratory as a unit for volumetric designations, and the associated

Analytical Chemistry: A Chemist and Laboratory Technician’s Toolkit, First Edition. Bryan M. Ham and Aihui MaHam.
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TABLE 4.1 The International System (SI) Base Units.

Unit Quantity Unit Name Unit Symbol
Length Meter m

Mass Kilogram kg

Time Second S
Amount of material Mole mol
Temperature Kelvin K
Luminous intensity Candela cd
Electric current Ampere A

TABLE 4.2 The Metric System.

Symbol Prefix Multiplication Factor

E exa 10'8 1,000,000,000,000,000,000
P peta 10 1,000,000,000,000,000

T tera 10"? 1,000,000,000,000

G giga 10° 1,000,000,000

M mega 108 1,000,000

k kilo 10° 1,000

h hecta 10? 100

da deca 10! 10

d deci 107! 0.1

c centi 1072 0.01

m milli 1073 0.001

M micro 1076 0.000,001

n nano 107° 0.000,000,001

p pico 10712 0.000,000,000,001

f femto 10715 0.000,000,000,000,001

a atto 10718 0.000,000,000,000,000,001

factors of the 10-based metric system such as the widely used
milliliter (ml). Volume is in fact a three-dimensional length
measurement, thus it is not considered to be a base unit. For
example, one liter is equal to one cubic decimeter (1 1=1 dms),
and one milliliter is equal to one cubic centimeter (1 ml=1 cm?).
Table 4.2 lists the most common metric units, including symbols,
prefixes, and the associated multiplication factors. Values that are
greater than 1 would use deca (da, x10) to exa (E, x10'®), and
values less than 1 would use deci (d, x0.1) to atto (a, x107'8).
The metric system expresses the S7 units in factors of 10:

1 kilometer = 10°m

1 hectometer = 10°m

1 decameter = 10 m

1 decimeter=10""m

1 centimeter = 10™>m
1 millimeter = 10~>m

4.2.3 Converting the SI Units

Often it may be required to convert between S/ units, and between
other units such as the English system. Table 4.3 is a listing of the
metric system units, including the approximate U.S. equivalent
values that can be used as a conversion table. Appendix III gives

a more extensive listing of various conversions. Your ChemTech
program contains these tables as easy reference to use in the
laboratory, a link found in the Main Menu of Chapter 4. When
converting values by hand, often called the unit-factor method,
the factor-label method, or dimensional analysis, the value to
be converted is multiplied by a conversion factor where the unit
of the original value is replaced with the desired unit. Let us look
at an example to get an idea of how this works.

Example 4.1 Convert 326.8 meters (m) to yards (yd)

1. d
Conversion factor : M (4.1
m
1.0936yd
326.8m x Ty =357.4yd (4.2)

Note in the example that multiplying by the conversion factor
will result in the cancellation of the original unit replacing it with
the desired unit.

4.3 SIGNIFICANT FIGURES

The result to the above example is also expressed in the proper
number of significant figures. When performing laboratory cal-
culations, only the proper number of significant figures should
be reported in a final result. The definition of significant figures
states that only those digits that are known with certainty plus the
first uncertain digit are to be reported. The last digit making up a
number that is being reported is generally understood to be uncer-
tain by +1, unless otherwise designated due to a circumstance
of known uncertainty. This is illustrated in the following set of
numbers which all contain four significant figures: 0.2058,
2.058, 2058, and 2.058 x 10°. The 2, 0, and 5 are certain and
the 8 is uncertain but significant.

4.3.1 Significant Figure Rules

The following general rules will give a guideline for the proper
treatment of numbers in the laboratory:

1. Zeros contained within digits are significant and should be
counted, such as 107 contains three significant figures and
1007 contains four. Leading zeros in numbers, such as
0.00124 and 0.124, where both contain three significant
figures, should not be counted and only serve to locate
the decimal place. Terminal zeros, such as 3.5600, which
contains five significant figures, are to be counted, or if
they are not significant they should not be reported.

2. When reporting a number with the proper significant
figures, the last digit is rounded up by 1 if the digit to its
right to be eliminated due to being a nonsignificant digit
is greater than 5. If the nonsignificant digit to be eliminated
is less than 5, do not round up. If the nonsignificant digit is
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TABLE 4.3 Listing of Metric System Units with U.S. Equivalent Approximations.

Metric System

Length

Unit Abbreviation Number of Meters Approximate U.S. Equivalent
Kilometer km 1,000 0.62 mile

Hectometer hm 100 328.08 feet
Decameter dam 10 32.81 feet

Meter m 1 39.37 inches
Decimeter dm 0.1 3.94 inches
Centimeter cm 0.01 0.39 inch

Millimeter mm 0.001 0.039 inch
Micrometer pm 0.000001 0.000039 inch

Area

Unit Abbreviation Number of Square Meters Approximate U.S. Equivalent

Square kilometer
Hectare

Are

Square centimeter

sq km or km?
ha
a

2
sq cm or cm

1,000,000

10,000
100
0.0001

0.3861 square miles
2.47 acres

119.60 square yards
0.155 square inch

Volume

Unit

Abbreviation

Number of Cubic Meters

Approximate U.S. Equivalent

3

Cubic meter m 1 1.307 cubic yards
Cubic decimeter dm’® 0.001 61.023 cubic inches
Cubic centimeter cu cm or cm’® also cc 0.000001 0.061 cubic inch
Capacity

Approximate U.S. Equivalent
Unit Abbreviation Number of Liters Cubic Dry Liquid
Kiloliter kl 1,000 1.31 cubic yards
Hectoliter hl 100 3.53 cubic feet 2.84 bushels
Decaliter dal 10 0.35 cubic foot 1.14 pecks 2.64 gallons
Liter 1 1 61.02 cubic inches 0.908 quart 1.057 quarts
Cubic decimeter dm’ 1 61.02 cubic inches 0.908 quart 1.057 quarts
Deciliter dl 0.10 6.1 cubic inches 0.18 pint 0.21 pint
Centiliter cl 0.01 0.61 cubic inch 0.338 fluid ounce
Milliliter ml 0.001 0.061 cubic inch 0.27 fluid dram
Microliter ul 0.000001 0.000061 cubic inch 0.00027 fluid dram

Mass and Weight

Unit Abbreviation Number of Grams Approximate U.S. Equivalent
Metric ton t 1,000,000 1.102 short tons
Kilogram kg 1,000 2.2046 pounds
Hectogram hg 100 3.527 ounces
Decagram dag 10 0.353 ounce

Gram g 1 0.035 ounce
Decigram dg 0.10 1.543 grains
Centigram cg 0.01 0.154 grain

Milligram mg 0.001 0.015 grain
Microgram ng 0.000001 0.000015 grain

5, then round up the last significant digit to the nearest even
number. For example, suppose a result is to contain four
significant figures, thus 2.3655 would be rounded up to
2.366, 2.3645 would be rounded to 2.364, while 2.3654

is reported as 2.365.

. When multiplication and division are being performed

for an analytical result, the answer will be rounded off to
possess the same number of significant figures as that of
the number used in the calculation that contains the least
number of significant figures. Exact values and definitions
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(such as multiplying by 100 to obtain % or pph) do not
affect the rounding of the final result. The following exam-
ples illustrate this concept:

125.6¢

107
(28.367 ml) x (O?nilmg> =3.04mg  (44)
(0.043351) (W) x (1.0x10°)
9.2mol (4.5)

=4.6x 10? ppm, or 460 ppm (not 462, or 462.2 ppm)

4. For addition and subtraction, only retain the number of sig-
nificant figures that includes as many digits to the right of
the decimal place as that of the number that contains the
least digits to the right of the decimal place. For example,
124.508 +7.12=131.63.

5. Inlogs, the initial zeros to the right of the decimal point are
considered to be significant. The log of 1.03 would be
expressed as 0.013 with three significant figures. This is
further illustrated with the pH treatment of a hydrogen
proton concentration: suppose a solution contained [H] =
2.1x 107" M, the pH calculated as —log[H*] would equal
10.68 and not 10 or 10.7. The pH is to be expressed with
the same number of significant figures to the right of the
decimal point as that of the nonexponential significant
figures of the pre-log value. In other words, the 2.1 of the
H" concentration equals two significant figures.

4.4 SCIENTIFIC CALCULATORS

It is quite common in the analytical laboratory today to perform
many calculations using handheld calculators. These calculators
can perform the most basic functions of addition, subtraction,
multiplication, and division making routine calculations by the
analyst fast and error free. Handheld calculators are also able
to perform more complex calculations such as trigonometric
functions, logarithms, and roots that once required the reliance
upon multiple tables. Simple statistics are also very easy to per-
form on the handheld calculator, such as the standard deviation of
a number of replicate analyses. It is therefore needed to spend a
little time getting familiar with, or reviewing (if the reader is
already versed in) the use of a common handheld calculator,
the TI-30XA scientific calculator. The TI-30XA scientific calcu-
lator is depicted in Figure 4.1 showing the arrangement of the
function keys.

4.4.1 Example Calculator

Figures 4.2, 4.3, 4.4, 4.5, 4.6, 4.7, 4.8, and 4.9 are adapted
from the Texas Instruments Web site instructions for the

A ————— S

T-30XA

\l‘li TEXAS IN

FIGURE 4.1 The handheld TI-30XA scientific
(Reprinted with permission from Texas Instruments.)

calculator.

TI-30XA scientific calculator. The figures begin with the on
and off keys of the calculator and end with the notation used with
the calculator.

4.4.2 Window’s Calculator

Now that we have reviewed the use of the TI-30XA handheld
calculator, let us take a look at a second option that the laboratory
technician has in using the Windows-based calculator. To start
the calculator, go to “Chapter 4 Main Menu” in ChemTech.
Here, as depicted in Figure 4.10, with the click of the first button
(the calculator) we will find a computer-based calculator that can
be opened and used. Computer calculators such as this can be used
in the laboratory the same way that the handheld calculators
are used.

4.4.2.1 Windows’ Scientific versus Standard Calculator The
calculator is depicted in Figure 4.11 showing the two available
forms as “Standard” and “Scientific.” To switch back and forth
between these two versions, go to the drop-down menu in the cal-
culator’s toolbar and select the “View” option. In the drop-down
menu, you can choose either the standard view or the scientific
view. Go ahead and try a few operations on the calculator using
the computer keypad and mouse. You will see that the same types
of operations can be performed as with the handheld calculators.
In general, the Windows-based calculator can also be opened by
going to the “Start” button and selecting “All Programs”—
“Accessories”—*“Calculator,” which will open the calculator
depicted in Figure 4.11.



Basic Operations

TI-30Xa (battery)
. turns on the TI-30Xa.

. turns off the TI-30Xa and clears display,
settings, and pending operations, but not memory.

+ APD™ (Automatic Power Down™) turns off the
TI-30Xa automatically if no key is pressed for about
5 minutes, but does not clear display, settings,
pending operations, or memory.

Note: after APD retrieves display, pending
operations, settings, and memory.

TI-30Xa Solar

» Toturn on the TI-30Xa Solar, expose the solar
panel to light and press [ON/AC). Note: Always press
[ON/AC] to clear the calculator because memory and
display may contain incorrect numbers.

+ To turn off the TI-30Xa Solar, cover the solar panel
with the slide case.

2nd Functions

2nd functions are printed above the keys. selects
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Order of Operations

1st Expressions inside parentheses.

2nd Single-variable functions that perform the
calculation and display the result immediately
(square, square root, cube, cube root,
trigonometric, factorial, logarithmic, percent,
reciprocals, angle conversions).

3rd Combinations and permutations.
4th Exponentiation and roots.

5th Multiplication and division.

6th Addition and subtraction.

7th (=) completes all operations.

The TI-30Xa uses AOS™ (Algebraic Operating System). It stores up 10 4 pending operations (2 when STAT
5 displayed).

FIGURE 4.4 Explanation of the order of operations. (Reprinted with
permission from Texas Instruments.)

Powers and Roots

the 2nd function of the next key pressed. For example, 8 4N E) 0.375
2 [x3] calculates the cube of 2. 5 5 3
FIGURE 4.2 Basic Operations including turning the calculator on = = —
and off, and the second function key. (Reprinted with permission 256 4 EI 18.
from Texas Instruments.) [X3] 2 [K3] 2 E] 10.
¥x] 8 [2nd] [¥x] (2] 4 5] 6.
Basic Arithmetic [ : 3[E]] i 122'
2nd] [¥v. 2nd] [¥v ;
HEEE 60E5H12E 120, =/ =2
= Completes all pending operations. . . .
With constant (), repeats the Logarithmic Functions
operation and value. 06 15.32 1.185258765
= Changes sign of value just entered. 12.45 B 2.280428117
1H8E=JE 128 5. @ne]  2e@n0lC 0 0.
0] Parenthetical expression (up to 15 15.32 2729159164
gg‘;‘ggm%g';ses g 1245 [ 5.250879787
@ Pi s calculated with 12 digits [°] 683 (2nd)e’] 1.999705661
(3.14159265359), displayed with 10 1E 2.999705661
digits (3.141592654).
2[x] @] =] 6.283185307  (¢=2.71828182846)

FIGURE 4.3 Basic arithmetic keys. (Reprinted with permission
from Texas Instruments.)

FIGURE 4.5 Powers, roots, and logarithmic functions. (Reprinted
with permission from Texas Instruments.)
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One-Variable Statistics

[csR] Clears all statistical data.
Enters a data paint.

[=-] Removes a data point.
[Frq) Adds or removes multiple occurrences

of a data point.

Enter data point, press [FrQ),
enter frequency (1-99), press [Z4] to
add or [z-] to remove data points.

[zx] Sum.

[zx7] Sum of squares.

[x] Mean.

[oxn) Population standard deviation
(n weighting).

[oxn-1]  Sample standard deviation (-1
weighting).

Number of data points.

(20d] [n]

Find the sum, mean, population standard deviation, and
sample standard deviation for the data set: 45, 55, 55,
55, 60, 80. The last data point is erroneously entered as
8, rganoved with [z-], and then correctly entered
as 80.

[csR] (if sTAT is displayed)

45 n=
55 [FrRQ] 3 n=
60 n=
8 n=
8 [z-] n=
80 n=
[zx] (sum) 350.
[%] (mean) 58.33333333
[oxn] (deviation, 7 weighting) 10.67187373
[oxn-1) (deviation, 7-1 weighting)  11.69045194

D N B =

FIGURE 4.6 Statistical operations on the calculator. (Reprinted with
permission from Texas Instruments.)

Example 4.2 Using the conversion tables (Table 4.3 or Appen-
dix III), convert the following units including the proper number
of significant figures (you may use either a handheld calculator
or the computer calculator found in Chapter 4 Main Menu of
ChemTech, Figure 4.11):

1. Convert 5.3 ounces to grams.
2. Convert 0.4 metric tons to pounds.
3. Convert 10 milliliter to ounces.

Answers: (1) 150; (2) 882; (3) 0.338
Check your results against the answers and resolve any pro-
blems that may have arisen.

Clearing and Correcting

(vattery)y  Clears value (before operation key)

(solar) and K, but not m1, m2, m3, or sTAT.
Clears display, errors, all pending
(battery) operations and k, but not m1, M2, M3, or
(solar) STAT.

Clears display, errors, all pending
{battery) operations, K, and STAT, but not m1, M2,

and m3. Sets peG angle units, floating-
decimal format.

Clears display, errors, all pending
operations, K, STAT, M1, M2, and M3.
Sets peG angle units, floating-decimal

(solar)

format.
Deletes right-most character in
display.
0 n Clears memory n.
[FLO] Clears sci or ENG notation.
[FIX]I[J  Clears Fix notation.
[csR] Clears all statistical data.

FIGURE 4.7 Clearing and correcting. (Reprinted with permission
from Texas Instruments.)

The calculator has 3 memories. When a memory
contains a number other than 0, M1, M2, or M3 displays.
To clear a single memory, press 0 1,0 2, or
0 3. To clear all 3 memories (solar only), press
[ON/AC].

n Stores displayed value in memory
n, replacing current value.
23 1 M 23,
2= M1 25.
RCL] Recalls value in memory n.
(continued)
1 M1 23,
3= M1 26.
[Sum] » Adds displayed value to memory n.
(continued)
4 [sum] 1 M 4
1 M1 21.
[Exc] » Exchanges displayed and memory
values.
(continued)
3x)5[E) M1 15.
[Exc] 1 M1 21.
[exc] 1 M1 15.

FIGURE 4.8 Explanation of the calculator’s memory. (Reprinted
with permission from Texas Instruments.)



[sci] Selects scientific notation.
12345 (5] 12345.
[sci] sci 1.2345%
(ENG] Selects engineering notation (exponent
is a multiple of 3).
(continued)
[EnG] Eng 12,3453
[FLO] Restores standard notation (floating-
decimal) format.
[FiX]n  Sets decimal places to n (0-9),
retaining notation format.
(continue
[F1X] 2 x 12350
[FIx] 4 FIX  12.3450 %
[FIX][.J Removes fixed-decimal setting.
[EE) Enters exponent.

You can enter a value in floating-decimal, fixed-
decimal, or scientific notation, regardless of display
format. Display format affects only results.

To enter a number in scientific notation:

1. Enter up to 10 digits for base (mantissa). If
negative, press after entering the mantissa.

2. Press|[EE].

3. Enter 1 or 2 digit exponent. If negative, press
either before or after entering exponent.

1.2345 [EE] 65 -1.2345 -65

FIGURE 4.9 The notation used for the calculator. (Reprinted with
permission from Texas Instruments.)

4.5 ChemTech CONVERSION TOOL

We will now look at a conversion tool that can be used on the
computer in the laboratory using ChemTech to do various con-
versions. Let us go to “Chapter 4 Main Menu” in ChemTech
and click on the first shortcut link labeled “lbs to grams” as
depicted in Figure 4.12. This will open up a computer-based
conversion tool depicted in Figure 4.13.

4.5.1 Using the Conversion Tool

To use the conversion tool, click on the “Mass” folder tab. In the
“Input” window, select the “gram (g)+” option. In the “Output”
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window, select the “ounce (avdp)(0z)” option. Below the “Input”
window options, there is an Input textbox. Type “5” into the Input
textbox. You will see that this is immediately converted to
“0.176368” in the Output textbox. Here we have converted 5 g
to 0.176368 oz. Of course when using these calculators and unit
converters we must keep in mind the rules for reporting values
with their correct number of significant figures, as discussed in
Section 4.2 Significant figures.

4.5.2 Closing the Conversion Tool

To close the unit converter, either go to the main menu “File”
selection and press “Exit,” or alternatively press the red
X button in the top right-hand corner of the Convert window.
Exiting the unit converter program will bring you back to the
Chapter 4 Main Menu in ChemTech. Clicking any of the other
folder tabs in the unit converter will bring up other options for
the conversion of units associated with pressure, volume, time,
and so on. Use the conversion tool to convert the units found
in Problem 4.1.

Example 4.3 Convert 287.65 cubic inches (in%) to cubic
centimeters (cm>)

1 3
Conversion factor : ﬁ (4.6)
287.651n° x —™ 471557 cn’ (4.7)
T T 0061in T T '
Example 4.4 Convert 719.3 grams (g) to pounds (Ib)
C ion fact : (4.8)
onversion factor : ———— :
453.59¢
719.3 ———=1.6Ib 4.9
938X 453509 (49)
Example 4.5 Convert 5.74 quarts (qt) to liters (1)
C ion fact ! (4.10)
onversion factor : ——— .
1.0567 qt
5.74qt x ! =5.431 (4.11)
A T 0567qt '

4.6 CHAPTER KEY CONCEPTS

4.1 The basic use of rudimentary mathematics in the laboratory
is an essential skill required of the laboratory technician, the
analytical chemist, and the research chemist.



90 BASIC MATHEMATICS IN THE LABORATORY

B3 CHAPTER 4 BASIC MATHEM tqi_ﬁ,@
File Help ChemTech
SHORT CUTS
=0
lbs to grams
Click to use the unit Click to go to the Statistics
m}:&%‘zﬁ& converter calculator Calculation Page
Go To Chapter 5 i | / |
Lab Statistics -
Review 2 e | =t |
Click the scientific = e |
calcutator to use =——
Go To Chapter 6
Plotting and “ﬂj Click to go to data plotting and
Graphing Review £H regression analysis
Viorksheet
GoTo Chapter 7 Double Click to open
Microsoft Excel Microsoft Excel
Review

RETURN TO
MAIN MENU

FIGURE 4.10 Chapter 4 Main Menu illustrating the top calculator button to click to open the computer-based calculator.

(a) (b)

E Calculator

Edt View Hebp

| OHex ®@Dec (Qoct  (OBin (® Degrees (O Radians (O Grads

Cinv Chye I_ I_ [Backspace“ CE “ c |
ve | [7 [ e |[o [ 7 ][ s !%]IFEII(II | [ve] (2 Lo Lo J{s J{ves [ 2]
= W T T T ol o [ ]« Jls Jls J[ - J[ o J[>]
: E II II‘wIIM Lol Jle L e J(re]
oll\ I S 1. oo Jloc ] ot JMIwe JM 0 Jlop ] Je [ - ] ]
| NI e on (<2 ][ | [ - -

FIGURE 4.11 Windows-based calculator illustrating (a) the standard view and (b) the scientific view.



File Help ChemTech

=
Ibs to grams
Go To Chapter 4 rek-touse the uet Click to go to the Statistics
Lab Math Review converter calculator Calculation Page
Go To Chapter 5
Lab Statistics ) i
Review Click to open unit converter : _
Click the scientific = ey
calculator to use -
Go To Chapter 6
Plotting and E—] Click to go to data plotting and
Graphing Review it} regression analysis
—_— Worksheet
Go To Chapter 7 Double Click to open
Microsoft Excel Microsoft Excel
Review

RETURN TO
MAIN MENU

FIGURE4.12 “Chapter 4 Main Menu” in ChemTech. Click on the first shortcut link labeled “Ibs to grams” as illustrated to open up a computer-
based conversion tool.

5 Convert
File Options Help
Pressure l Speed ] Temperature I Time ] Torque I Volume ] Yolume - Dry I
Acceleration ] Amt. of Substance I Angle | Area ] Computer | Concentration [
Custom I Density ] Distance ] Energy ] Flow ] Force I Light Mass | Power ]
Input - — Output
carat - carat A
rain (gr grain (gr)
gram (g)
kilogram (kg) * = kilogram (kg)
megagram (Mg) megagram (Mag)
microgram (Jg) B microgram (Hg) -
milligram (mg) milligram (m
ounce (avdp) (0z)
ounce (troy) (ozt) ounce {troy) (ozi)
pennyweight v pennyweight v
Input: |5 gram (g) *
Output: |g_178353 ounce (avdp) (0z2)

FIGURE 4.13 Example of a computer-based conversion tool.
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4.2

4.3

44

4.5

BASIC MATHEMATICS IN THE LABORATORY

Laboratory measurements are primarily recorded in the
International System (abbreviated SI from the French
Le Systeme International d’Unités) standardized units.

The SI units are a system of units derived from the metric
system, a system of measurement, which is a base-10
system (all units expressed as a factor of 10).

When converting values by hand, often called the unit-
factor method, the factor-label method, or dimensional
analysis, the value to be converted is multiplied by a
conversion factor where the unit of the original value is
replaced with the desired unit.

When performing laboratory calculations, only the proper
number of significant figures should be reported in a final
result.

4.5.1 Zeros contained within digits are significant and
should be counted, leading zeros should not be
counted and only serve to locate the decimal place,

and terminal zeros are to be counted.

4.5.2 The last digit is rounded up by 1 if the digit to its
right to be eliminated is greater than 5. If the non-
significant digit to be eliminated is less than 5, do
not round up. If the nonsignificant digit is 5, then
round up the last significant digit to the nearest even

number.

4.5.3 When multiplication and division are being per-
formed, the answer will be rounded off to possess
the same number of significant figures as that of
the number used that contains the least number of

significant figures.

4.5.4 For addition and subtraction, only retain the number
of significant figures that includes as many digits to
the right of the decimal place as that of the number
that contains the least digits to the right of the dec-

imal place.

4.7

4.1

4.2

4.3

44

4.5

4.6

4.7

CHAPTER PROBLEMS

What are the significant figures of each of the following
numbers?

12.58

. 0.00689
7.0098

. 589.225
0.127

o a0 o

Express the results of the following in proper significant
figures.

. 5.11+0.056
. 209-12.35
. 3824 +12
. 83.181 x 121.56
. (1.58 x442.3) +12.99
(13.56 = 1.876) — (5.997 x 8.12)
. log(52.01)
. 1log(0.001) x log(72)

00 0o 0 o W

Convert 3.40 meters (m) to inches (in.) showing the conver-
sion factor.

Convert 36.5 cubic decimeter (dm?) to cubic inches (in.%)
showing the conversion factor.

Convert 2.19 kilograms (kg) to pounds (Ib) showing the
conversion factor.

Convert 0.532 liters (1) to quarts (qt) showing the conver-
sion factor.

Convert 355 grams (g) to ounces (0z) showing the conver-
sion factor.



ANALYTICAL DATA TREATMENT (STATISTICS)

5.1  Errors in the Laboratory
5.1.1 Systematic Errors
5.1.2 Random Errors
5.2 Expressing Absolute and Relative Errors
5.3 Precision
5.3.1 Precision versus Accuracy
5.4  The Normal Distribution Curve
5.4.1 Central Tendency of Data
5.5  Precision of Experimental Data
5.5.1 The Range
5.5.2 The Average Deviation
5.5.3 The Standard Deviation
5.6  Normal Distribution Curve of a Sample
5.7  ChemTech Statistical Calculations
5.7.1 Introduction to ChemTech Statistics
5.7.2 ChemTech Chapter 5

5.1 ERRORS IN THE LABORATORY

Even though the greatest care can be taken by the analyst to
obtain and record data as ‘“error free” as possible, error will still
always exist. This is something that the analyst cannot escape,
but with care in analysis and understanding of the types of error
that can be introduced into the system, error can be brought to a
minimum. There are two types of error that the analyst needs to
understand: systematic (determinate) and random (indeterminate)
errors associated with laboratory analysis.

5.1.1 Systematic Errors

Systematic errors are introduced into the analysis by a malfunc-
tioning instrument, an analytical method that contains a defect,
a bad calibration, or by the analyst. For example, if the function
of the instrument has changed, say the instrument’s detector
response is suddenly lowered due to faulty electronics, the results
obtained will contain this error. Other examples could include: an

5.8  Student’s Distribution ¢ Test for Confidence Limits
5.8.1  Accuracy
5.8.2  The Student’s ¢ Test
5.8.3  Calculating the Student’s ¢ Value
5.8.4  Probability Level
5.8.5  Sulfate Concentration Confidence Limits
5.8.6  Sulfate ¢ Distribution Curve
5.8.7  Determining Types of Error
5.8.8  Determining Error in Methodology
5.9  Tests of Significance
59.1 Difference in Means
5.9.2  Null Hypothesis
5.10 Treatment of Data Outliers
5.10.1 The Q Test
5.10.2 The T, Test
5.11 Chapter Key Concepts

5.12  Chapter Problems

incorrect calibration of an instrument, perhaps from improper
standard preparation which would give a systematic error in the
results, or a reagent used in the analysis has changed. These
types of errors are correctable and can be eliminated by the analyst
if he/she is able to identify the underlying cause of the error and
rectify it. We will see in a later section the use of control monitor
charting that allows the tracking of trends, which alerts the analyst
to systematic errors being introduced into routine measurements.

5.1.2 Random Errors

Because of the fact that there is always some uncertainty to all
laboratory measurements, random errors are unavoidable for
the analyst. Even the most careful measurements will inherently
contain some error; however, the introduced random error will be
an equal distribution of positive and negative errors. From this we
know that an individual measurement most likely will contain a
greater magnitude in error as compared to the average of multiple
replicate measurements.

Analytical Chemistry: A Chemist and Laboratory Technician’s Toolkit, First Edition. Bryan M. Ham and Aihui MaHam.
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5.2 EXPRESSING ABSOLUTE AND
RELATIVE ERRORS

Sometimes the analyst may need to express in simple terms the
absolute and relative errors of a result. The absolute error of a
result X; is equal to X; —u, where u is the “true value” of the result.
The accuracy of a result, which is an expression of the nearness
of a value (X;) or the arithmetic mean (X) to the true value (), is
often presented in terms of error such as the absolute error X;—pu
or X —u, or the relative error, which is equal to the absolute error
divided by the true value:

(5.1)

Absolute error: X;—u or X—p

(Xi—p)

Relative error : pph=——= x100; ppt= x 1000
U

(Xi—u)
u
(5.2)

The absolute error will retain the units of the measurement
while the relative error does not.

5.3 PRECISION

When the analyst is considering the “precision” of a set of
measurements, the expression is given as a deviation of a set
of measurements from the set’s arithmetic mean. From this we
see that the precision of a set of results is the agreement of the
results among themselves. Again, precision can also be expressed
in terms of the absolute deviation or the relative deviation of the
set of results. Thus, the absolute deviation will retain the units of
the measurement while the relative deviation does not. In the fol-
lowing sections, we will look closer at the estimation of deviation
where the most commonly reported expressions are the range,
average deviation, and the standard deviation.

5.3.1 Precision versus Accuracy

There is a clear distinction between precision and accuracy
when dealing with and interpreting analytical results. Having

a high degree of precision does not necessarily indicate a high
degree of accuracy. It is possible to have one without the other,
to have neither, or to have both. This is illustrated in Figure 5.1
where (a) depicts the instance of a relatively high degree in
precision in the analytical measurement with no accuracy. In
the target of (a), the results are bunched together indicating
that the measurement has a good level of repeatability but the
average of these results will be far from the true value which
is represented by the center or bulls eye of the target. In
Figure 5.1(b), the average of the results will fall close to the true
value; however, the repeatability of the measurements contains
a large degree of scatter. This instance helps also to illustrate
the tendency in analytical testing where the greater number of
measurements that are made will help to obtain a more accurate
average result, although there is a high level of scatter in the
data. Finally, Figure 5.1(c) depicts the case where both precision
and accuracy exist in the measured results.

5.4 THE NORMAL DISTRIBUTION CURVE

In analytical measurements, the data collected are an estimate
of the true value (u) that is usually represented by the arithmetic
mean (X) of the data. This is due to only a small set of values
being collected that is known as a “sample” of the population
while an infinite set of data values would in fact represent the
population itself as u. Let us look at what is known as the normal
distribution curve (also referred to as the probability curve or
error curve) when an infinite number of data points are obtained
and only random errors are present. A normal distribution curve
is depicted in Figure 5.2 for an infinite number of replicate
measurements for some population mean value u. The curve
in Figure 5.2 possesses a bell or Gaussian symmetrical shape,
where the y-axis represents the probability of the occurrence
of a measurement, and the x-axis represents the distribution
of the data centered around the population mean y. This brings
us to two descriptive aspects of analytical data, namely the
central tendency of data and the precision of the data expressed
as the standard deviation (o), which we shall take a closer
look at both.

(a) (b) ©
X
X
XX %
X

FIGURE 5.1 A target representation of the concepts of precision and accuracy in the treatment of analytical data. (a) A relatively high degree in
precision in the analytical measurement with no accuracy. (b) The average of the results will fall close to the true value, however the
repeatability of the measurements contains a large degree of scatter. This illustrates the tendency in analytical testing where the greater
number of measurements that are made will help to obtain a more accurate average result, even though there is a high level of scatter in

the data. (c) Both precision and accuracy exist in the measured results.
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FIGURE 5.2 The normal distribution curve.

5.4.1 Central Tendency of Data

As presented earlier, the true value of a measurement (u) is usu-
ally not known and is estimated using the mean, median, or mode
of a set of values. When determining a value such as the chloride
concentration [Cl7] (in molarity, M) of an unknown sample,
we are obtaining a number of replicate measurements that are
realistic in number (perhaps three to six replicates). Using the
aspect of central tendency, a value can be obtained (X) from
a sample (limited number of replicate measurements) of the
population (which represents an infinite number of replicate mea-
surements) that is an estimate of the population’s true value (u).
If our chloride measurement [Cl™] does not contain systematic
error but only random error, then it will have a distribution similar
to that of Figure 5.2.

5.4.1.1 The Arithmetic Mean The arithmetic mean is usually
chosen in the analytical laboratory to represent the central
tendency of a set of replicate data collected. The arithmetic
mean (X), or more commonly referred to as the average value
of the sample, is calculated using the following formula:
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> Xi
X1+ Xo+---+X,

X_ _i=1
n n

(5.3)

For example
4,4,5,6,7, 7n=06)

4+4+5+6+7+7 33

X= 55
6 6

4,4,5,6,7,7, 7n=17)

4+4+5+6+7+7+7 40
6 7

X= 5.7

5.4.1.1.1 Advantage of the Mean The advantage of the arith-
metic mean over the use of the median or mode is that the mean
uses all values that contribute to the final mean value. This is usu-
ally best for a larger set of values and values that do not contain
any significant outliers. Significant outliers are data values that
clearly possess a significant degree of error, perhaps a mistake
was made in reading a burette when collecting that particular data
point that is quite different from the others. We will look at a test
for determining whether a data point is significantly different and
can be removed later using the Q fest.

5.4.1.2 The Median If a significant outlier is included in the
mean calculation, it will skew the estimated value away from the
true value. Using the median can be a way to eliminate the effect
of a data point that possesses significant error. The median (M) is
found by arranging the data in order of magnitude and determin-
ing the middle value of the data. If the number of data is even,
then the median is the average of the two middle values. If the
number of data is odd, then the median is the middle value.
For example

4,4,5,6,7, 7 median=5.5
4,4,5,6,7,7, 7 median=6

5.4.1.3 The Mode The mode is found as the data value that
occurs most frequently in the data. While the mode can be easily
found by visual inspection, it is not very useful for a small set of
data points.

For example

4, 4,5,6, 7,7 median=4 and 7
4, 4,5,6,7,7, 7 median=7

5.4.1.4 Sticking with the Mean In these simple examples, we
see that different values are obtained when comparing the mean,
median, and mode. For our purposes, we will essentially use the
mean value of a set of results. One interesting rule is that the
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mean of n replicates or results in (n)l/ 2 times more reliable than X;
results. This indicates that X of four results would be two times
more reliable than that of one result, X of six results would be
2.45 times, X of eight results would be 2.83, X of ten results
would be 3.16, and so on. Clearly the analyst should collect a
number of results in order to attempt to estimate the true value
of the analysis. However, time and sample size often dictates that
only a select number of analyses may be performed, usually at
least three.

5.5 PRECISION OF EXPERIMENTAL DATA

We now have our description for the estimation of the central ten-
dency of data as the arithmetic mean. Let us look at the precision
of our measurements, which tells the magnitude of the indetermi-
nate error that was associated with our measurements. There
are three commonly used calculations in the laboratory, which
describe the precision: the range, the average deviation, and
the standard deviation.

5.5.1 The Range

The simplest way to estimate the precision, scatter, or indetermi-
nate error of a small set of data points is to use the range of the
data. There is a rather straightforward approach have demon-
strated a rather straightforward approach using a table of devia-
tion factors (k) for data sets that have n =2-10 data points. The
range of the data is first obtained by ordering the data from the
least value to the greatest value. The range is then calculated
as X,—X;. Then, using the deviation factors listed in Table 5.1,
the standard deviation is obtained by multiplying the range by
the deviation factor associated for the number of data points
within the data set.

Standard deviation (s) =Deviation Factor(k) xRange (5.4)

s=kxRange (5.5)

For a small set of data points, the estimation of the standard
deviation from the range and deviation factor can be quite similar
to the statistical-based calculated standard deviation (s), but
much easier to derive. However, as the number of data points
approaches infinity, the estimation of the standard deviation from
the range will reduce to an efficiency of zero. This approach for

TABLE 5.1 Table of Deviation Factors.

n, number of data points k, deviation factor

0.89
0.59
0.49
0.43
0.40
0.37
0.35
0.34
0 0.33

=0 00 NN N AW

precision estimation is mostly used for data sets that contain
10 values or less.

Example 5.1 Using the following set of data points: 20.35,
22.14, 18.99, 21.11, estimate the standard deviation using the
range and the appropriate deviation factor. The range is 3.15
and the deviation factor is 0.49.

§s=0.49x3.15=1.54

The statistical-based standard deviation (s) is 1.33, very sim-
ilar to the range-based estimated value of 1.54, and an average
was not needed. When the indeterminate error is smaller than that
shown in Example 5.1, the estimation is even more accurate.

Example 5.2 Using the following set of data points: 54.22,
53.98,54.36,54.07,54.31, 53.91, estimate the standard deviation
using the range and the appropriate deviation factor. The range is
0.45 and the deviation factor is 0.40.

5s=0.40%x0.45=0.18

The statistical-based standard deviation (s) is 0.18, the exact
same value as the range-based estimated value.

5.5.2 The Average Deviation

The average deviation (d) is a second way of expressing the
precision of a set of measurements. Its calculation is a little
more complex than using the range and deviation factor where
the individual deviation of each measurement from the mean
is calculated. In the calculation of the average deviation the
absolute deviation is taken, thus all deviations are positive.
The formula used to calculate the average deviation is

1< _
d=;Z|Xl~—X| (5.6)
i=1

Example 5.3 Using the following table of data values, calcu-
late the average deviation and compare it to the estimated stand-
ard deviation derived from the range (Table 5.2).

We first calculate the mean of the values as 31.1. We then
calculate the individual deviations listed in the right-hand col-
umn. Summing up the individual deviations, we obtain a number
of 7.5. Then using Equation 5.7, we calculate the average devi-
ation as

-1
d=§(7.5)=0.9 (5.7)

Using a range value of 3.3 and a deviation factor of 0.35, we
can calculate the estimation of the standard deviation as 1.2. This
value is similar to that of the average deviation, but slightly dif-

ferent indicating that there is some scatter in the results.



TABLE 5.2 Experimental values.

X; 1X;—X|
329 1.8
29.6 15
315 0.4
32.1 1.0
30.8 0.3
29.9 1.2
30.5 0.6
31.8 0.7
X=31.1

> Xi-X[=75

5.5.3 The Standard Deviation

5.5.3.1 Root Mean Square Calculating the standard devia-
tion (or the root mean square RMS) of a set of data points is a
more accurate measure of the dispersion of the data set tested.
This is due to the standard deviation being based off of a statis-
tical theoretical basis that is more affected to data points that pos-
sess a greater degree of error. For the infinite set of data points
making up a population such as the normal distribution curve
of Figure 5.2, the standard deviation (o) is the square root taken
of the average square difference between the population mean (u)
and the individual observations:

(5.8)

5.5.3.2 Sample Standard Deviation When we are calculating
the precision of a subset of the population, or a sample of the pop-
ulation in the laboratory, we use an estimation form of the pop-
ulation standard deviation of Equation 5.8, called the sample
standard deviation (s):

(5.9)

Note the difference in Equation 5.9 versus Equation 5.8 where
the population mean (1) has been replaced by the sample mean
(X), and the population number (1) by the sample degrees of free-
dom (n—1). Let us take our data table from Example 5.3 and cal-
culate the sample standard deviation presented in Equation 5.9.

Example 5.4 Using the following set of data calculate the sam-
ple standard deviation and compare it to the average deviation
and estimated standard deviation from the range.

We have the same average of the data as before as X=31.1,
but now we have placed into the right-hand column the square of
the individual deviations from the sample mean. The summation

of the squared deviations is 3" (X;—X)>=9.0 (Table 5.3).

NORMAL DISTRIBUTION CURVE OF A SAMPLE 97

TABLE 5.3 Experimental values.

X; (Xi_X)z
32.9 3.2

29.6 2.2

315 0.2

32.1 1.0

30.8 0.1

29.9 1.4

30.5 0.4

31.8 0.5
X=3L1 > (xi-X)*=9.0

Using 7 as our degrees of freedom (n— 1) we can now use
Equation 5.9 to calculate the sample standard deviation:

9.0
s=4/—=1.1

5.5.3.3 Comparison of the Three Methods Interestingly, we
calculated the average deviation to be 0.9, the estimated standard
deviation using the range at 1.2, and now the sample standard
deviation at 1.1. All three values are very similar and demonstrate
that for a small sample set with relatively good precision all three
approaches are agreeable. However, most data generated in the
analytical laboratory are subjected to the sample standard devia-
tion calculation of Equation 5.9 for precision measurement due to
the theoretical nature of the calculation.

5.5.3.4 Using the Scientific Calculator Also, the handheld
calculators used in the laboratory today readily calculate the
sample standard deviation with just a few keystrokes needed.
The TI-30XA description and exercise in Illustration 5 “Statisti-
cal operations on the calculator” gives a straightforward presen-
tation of basic statistical operations on the handheld calculator.
The analyst needs to keep in mind though that when we are
calculating the sample standard deviation (s) the second function
“oxn—1" is to be used (Fig. 5.3).

5.5.3.5 Coefficient of Variation Finally, the variation (or
measure of dispersion) can be expressed as a relative standard
deviation (RSD), also called coefficient of variation (CV) where
the sample standard deviation (s) is divided by the sample mean
(X), CV=s/X. The CV is often expressed as parts per hundred
(pph) when multiplied by 100 (also called a percentage).

5.6 NORMAL DISTRIBUTION
CURVE OF A SAMPLE

The normal distribution curve, also called a Gaussian distribution
or Bell curve is the shape that is observed when the data points of a
system that possess a normal distribution is plotted. Now that we
have a calculation for the sample standard deviation, let us take
another look at the normal distribution curve as applied to our
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One-Variable Statistics

[csR] Clears all statistical data.
Enters a data point.

[=-] Removes a data point.

[FRQ] Adds or removes multiple occurrences
of a data point.
Enter data point, press [FrRQ],
enter frequency (1-99), press to
add or [=-] to remove data points.

[zx] Sum.

[=x2] Sum of squares.

[x] Mean.

[oxn] Population standard deviation
(m weighting).

[oxn-1]  Sample standard deviation (-1
weighting).

(2nd] [n]

Find the sum, mean, population standard deviation, and
sample standard deviation for the data set: 45, 55, 55,
55, 60, 80. The last data point is erroneously entered as
8, removed with [=-], and then correctly entered
as 80.

Number of data points.

[csR] (if sTAT is displayed)

45 n=
55 [FrQ) 3 n=
60 n=
8 n=
8 (=-] n=
80 n=
[=x] (sum) 350.
[x] (mean) 58.33333333
[oxn] (deviation, 7 weighting) 10.67187373
[oxn-1] (deviation, -1 weighting)  11.69045194

(= T I~ IS, B

FIGURE 5.3  Statistical operations on the calculator. (Reprinted with
permission from Texas Instruments).

measurement of chloride concentration as molarity [CI17]. If the
measurement of the chloride concentration has been performed
with care taken in the methodology, then systematic error should
not contribute to the deviation of the experimental value from the
true value leaving only indeterminate random error. Thus, accord-
ing to the normal distribution curve, if we have determined a mean
chloride concentration (X) of 2.12 M with a standard deviation (s)
of 0.15, two-thirds of the measurements (~68%) should be within
the range of 2.12+0.15 M. This is depicted in Figure 5.4. Fol-

lowing this, ~95% of the measurements would fall within the

~ 68% of
[CI7] results

[CI]=2.12+0.15M

~95% of
[CI7] results
[CIT]=2.12+0.30 M

| | )
[ [
~99.7% of [CI7] results
[CIT]=2.12+045M
l l >

= [ [ Z1

I
30 20 -6 X=212M *0 +20 +30

A

Relative frequency or probability of occurrence
of a measurement or its error

FIGURE 5.4 Normal distribution curve for chloride measurement as
[CI7]. The mean concentration is X=2.12M, with a standard
deviation s=0.15.

range of 2.12 +0.30 M, and ~99.7% of the measurements would
fall within the range of 2.12 +0.45 M.

5.7 ChemTech STATISTICAL CALCULATIONS

5.7.1 Introduction to ChemTech Statistics

At this point we now have tools to calculate the average (X) of
a set of measurements, and three methods for the variation or
dispersion of the data as the estimated standard deviation, the
average deviation (d), and the sample standard deviation (s).
Again, we are assuming that the error involved in the measure-
ments is attributable to random, indeterminate error associated
with all forms of measurements. In this assumption, we have
identified and eliminated any systematic, determinate error such
as a bad calibration or a faulty instrument. While these values can
readily be calculated by hand, when a large set of values are to be
processed it becomes quite tedious and often error prone to deter-
mine the statistics by hand. There are a number of alternative
approaches for the laboratory technician to use to calculate
statistics of data collected in the laboratory. These include the
scientific calculator as we worked with in Section 5.5.3.4, more
advanced statistical programs such as Excel® that we will use
later and other computer-based programs such as ChemTech.

5.7.2 ChemTech Chapter 5

Let us open ChemTech and go to the “Chapter 5 Main Menu.”
Click the button “CALCULATE STATISTICS 17 as depicted
in Figure 5.5 to open a statistical calculation page. Here we have
a method of calculating the simple statistics of a set of data with-
out the need to calculate averages or deviations by hand. Let us
start with a small set of data to input and calculate the statistics.
Enter the following data into the upper left data input box of the
statistical calculation page as shown in Figure 5.6.
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Click to open statistics page

&
File Help ChemTech

<=

Ibs 10 rams

Go To Chapter 4 Click to use the unit
Lab Math Review converter calculator
Go To Chapter 5
Lab Statistics
Review
Click the scientific
calculator to use
Go To Chapter 6
Plotting and Click to go to data plotting and
Graphing Review regression analysis
Go To Chapter 7 Double Click to open
Microsoft Excel Microsoft Excel
Review

RETURNTO
MAIN MENU

FIGURE 5.5 Chapter 5 Main Menu illustrating the “CALCULATE STATISTICS 1” button to click to open the computer-based statistics
calculation page.

Enter data here

ENTER b2
Aveage X= J_GM = il |

|
Hi
Zi
H E CALCULATE
&) STATISTICS Estimated Standard Deviation
F s = Deviation Factor(k) x Range
g Mean of

+ i )

¢ I RESET PAGE

I::::. { e 1, N\

= Average Devigtiond = ;';'Pr" - W l
e
" ::.:*:.. j
, Plasies 8
L3
El X, - fn’
Standard Deviation 5= ET |
Coefficient of Variation CV = s}‘J_?[ |
Double Click the Spreadsheetto Open Excel
RETURN TO
MAIN MENU

FIGURE 5.6 The “CALCULATE STATISTICS 1” page from ChemTech used for the computer-based statistics calculations.
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£33 AVERAGE AND STANDARD DEVIATION

Average X w 2L

EaliainX, =

Click Enter Data button

CALCULATE
STATISTICS

Estimated Standard Deviation

s = Deviation Factor(k) x Range

RESET PAGE
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IA\'EJ'age Deviationd = L :‘X, - X|
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®
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Bigh oy
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Worksheet

|Cr>eff1c1er£of Variation C¥ = :I?_

Double Click the Spreadsheet to Open Excel

RETURN TO
MAIN MENU

FIGURE 5.7 The “CALCULATE STATISTICS 1” page from ChemTech. Enter data into the top data input box and press the “Enter Data”

button to enter each number for statistical calculations.

TABLE 5.4 Experimental values.

Xi

86.3
79.9
87.7
84.2
88.6
83.8
85.4
81.1
85.8

5.7.2.1 Entering Data When the form opens, the cursor will
be in the input box. If it is not, click inside the input box to place
the cursor there. Enter the data one by one by typing in each num-
ber into the input box. After a number, say the first number of
“86.3” has been typed into the box, click the “ENTER DATA”
button to input that data point as depicted in Figure 5.7. The num-
ber will be inputted for the statistical calculation and the cursor
will return to the input box. Type in the second number of the data
set in Table 5.4 and click the “ENTER DATA” button. Continue
in this manner, enter data and click enter, for each of the rest of
the data points in Table 5.4.

5.7.2.2 Calculating the Statistics After the last data point
has been inputted into the statistical program, press the

“CALCULATE STATISTICS” button. After pressing the button
the results boxes will display the statistics of the inputted data
including the average (X), the estimated standard deviation based

upon the range and deviation factor k, the average deviation (d),
the sample standard deviation (s), and the CV.

5.7.2.3 The Results Output The values listed in the results
output boxes should be: average X = 84.75555 (all results include
five decimal places but the student needs to round to the proper
significant figures, in this case 84.8), the estimated standard devi-
ation as 2.96, the average deviation d=2.23, the sample standard
deviation s =2.86, and the CV =3.38%.

5.7.2.4 Results not Expected The statistical calculation page
will look like that shown in Figure 5.8. If you are not seeing these
values in the statistical output boxes, then an error may have taken
place during the inputting of the data values. In this case, click the
“RESET PAGE” button and reenter the data values and try click-
ing the “CALCULATE STATISTICS” button again. At any time,
the “RESET PAGE” button can be clicked to reinitialize the sta-
tistical calculations and the data entry can be started again. Again,
take care that each data value needs to be typed into the data input
box and the “ENTER DATA” button clicked for each data value.
If the final values continue to be different than expected, keep
resetting the page and practice inputting the data until the proper
results are obtained.
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FIGURE 5.8 Results obtained from the data entered from Table 5.4 after clicking the “CALCULATE STATISTICS” button on the

statistics page.

TABLE 5.5 Experimental values.

Xi Xi
1012.358 1003.623
998.5513 1010.899
995.6621 1009.539
1004.815 1015.816
1001.559 1000.893
1014.689 997.6355
1007.158 1005.883
992.8899 1011.691
997.6615 993.1161
1005.891 999.3631

5.7.2.5 Using ChemTech for Large Value Set The number
of data values in Table 5.4 is 9 (n=9). While the statistics could
have been calculated by hand using the set of Equations 5.1-5.8,
it is very tedious and time consuming. ChemTech can be used in
your laboratory at any time to help simplify the calculation of
statistics that have been gathered in the laboratory. Let us look
at an example of data points (n = 20) that would truly be a daunt-
ing task to calculate the statistics by hand. If not already open,
open ChemTech and go to the Chapter 5 Main Menu page. Click
the button “CALCULATE STATISTICS 1” to open a statistical
calculation page. Enter the following values in Table 5.5 as we
did before. After the last data point has been inputted into the
statistical program, press the “CALCULATE STATISTICS”
button. After pressing the button the results boxes will again dis-
play the statistics of the inputted data including the average (X),
the estimated standard deviation based upon the range and

deviation factor k, the average deviation (d), the sample standard
deviation (s), and the CV.

5.7.2.6 The Results Page The values listed in the results
output boxes should be: average X =1003.985, the estimated
standard deviation as NA, the average deviation d=5.889,
the sample standard deviation s=7.026086, and the CV=
0.6998%. Note that the reported value for the estimated standard
deviation is “NA.” This is due to the number of data points being
greater that n = 10.

5.7.2.7 Resetting the Page Again as before, if you are not
seeing these values in the statistical output boxes, then an error
may have taken place during the inputting of the data values.
In this case, click the “RESET PAGE” button and reenter the data
values and try clicking the “CALCULATE STATISTICS” button
again. At any time the “RESET PAGE” button can be clicked to
reinitialize the statistical calculations and the data entry can be
started again. As before, take care that each data value needs
to be typed into the data input box and the “ENTER DATA” but-
ton clicked for each data value. If the final values continue to be
different than expected, keep resetting the page and practice
inputting the data until the proper results are obtained.

5.8 STUDENT’S DISTRIBUTION ¢ TEST FOR
CONFIDENCE LIMITS
5.8.1 Accuracy

In the previous sections, we have been looking at ways to calcu-
late and estimate the precision of a set of replicate analyses that
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was gathered in the laboratory based upon the mean of the results.
The three methods used for the calculation and estimation of the
variation, dispersion, or scatter of the data are the estimated
standard deviation, the average deviation (d), and the sample
standard deviation (s). The next question is how close is our
measured value, usually reported as a mean of the replicate set
of measurements (X), to the true value u? This is a calculation
and estimation of the “accuracy” of the mean of the replicate
set of values. If the error involved in the replicate set of measure-
ments is attributable to random, indeterminate error, and not to
any systematic, determinate error such as a bad calibration or a
faulty instrument, then the precision of the measurements can
be used to estimate the accuracy.

5.8.2 The Student’s ¢ Test

For an infinite population of data the distribution of mean stand-
ard deviation is equal to o/N'/2, where N is the number of the pop-

deviation of the distribution of means is calculated using the Stu-
dent’s ¢ test. The representation of the accuracy of the measure-
ments is through the limits (often referred to as the confidence
limits) or ranges that the measured mean value X will agree with
the true value u.

5.8.3 Calculating the Student’s ¢ Value

The accuracy is determined for a set of values using the sample
standard deviation (s) of the replicate measurements, the number
of the replicate measurements (r), the degrees of freedom (n—1),
and a Student’s r value. The Student’s ¢ values are listed in
Table 5.6 in association with the number of replicate measure-
ments and the risk value according to the percentage probability
that the true value p will lie within the associated limits. The
distribution of the Student’s ¢ statistic is represented as

ulation. We do not in actuality know the true value of u, or the +1= X—n (5.10)
population standard deviation o, so the estimation of the standard s/v/n

TABLE 5.6 Percentile Values of the Student’s Distribution 7, Used for Calculating Confidence Limits.

n df (n-1) 1.995 fo.99 fo.975 fo.0s fo.90 fo.80 fo.7s fo.70
2 1 63.657 31.821 12.706 6.314 3.078 1.376 1.000 0.727
3 2 9.925 6.965 4.303 2.920 1.886 1.061 0.816 0.617
4 3 5.841 4.541 3.182 2.353 1.638 0.978 0.765 0.584
5 4 4.604 3.747 2.776 2.132 1.533 0.941 0.741 0.569
6 5 4.032 3.365 2.571 2.015 1.476 0.920 0.727 0.559
7 6 3.707 3.143 2.447 1.943 1.440 0.906 0.718 0.553
8 7 3.499 2.998 2.365 1.895 1.415 0.896 0.711 0.549
9 8 3.355 2.896 2.306 1.860 1.397 0.889 0.706 0.546
10 9 3.250 2.821 2.262 1.833 1.383 0.883 0.703 0.543
11 10 3.169 2.764 2.228 1.812 1.372 0.879 0.700 0.542
12 11 3.106 2.718 2.201 1.796 1.363 0.876 0.697 0.540
13 12 3.055 2.681 2.179 1.782 1.356 0.873 0.695 0.539
14 13 3.012 2.650 2.160 1.771 1.350 0.870 0.694 0.538
15 14 2.977 2.624 2.145 1.761 1.345 0.868 0.692 0.537
16 15 2.947 2.602 2.131 1.753 1.341 0.866 0.691 0.536
17 16 2.921 2.583 2.120 1.746 1.337 0.865 0.690 0.535
18 17 2.898 2.567 2.110 1.740 1.333 0.863 0.689 0.534
19 18 2.878 2.552 2.101 1.734 1.330 0.862 0.688 0.534
20 19 2.861 2.539 2.093 1.729 1.328 0.861 0.688 0.533
21 20 2.845 2.528 2.086 1.725 1.325 0.860 0.687 0.533
22 21 2.831 2.518 2.080 1.721 1.323 0.859 0.686 0.532
23 22 2.819 2.508 2.074 1.717 1.321 0.858 0.686 0.532
24 23 2.807 2.500 2.069 1.714 1.319 0.858 0.685 0.532
25 24 2.797 2.492 2.064 1.711 1.318 0.857 0.685 0.531
26 25 2.787 2.485 2.060 1.708 1.316 0.856 0.684 0.531
27 26 2.779 2.479 2.056 1.706 1.315 0.856 0.684 0.531
28 27 2.771 2.473 2.052 1.703 1.314 0.855 0.684 0.531
29 28 2.763 2.467 2.048 1.701 1.313 0.855 0.683 0.530
30 29 2.756 2.462 2.045 1.699 1.311 0.854 0.683 0.530
31 30 2.750 2.457 2.042 1.697 1.310 0.854 0.683 0.530
41 40 2.704 2.423 2.021 1.684 1.303 0.851 0.681 0.529
61 60 2.660 2.390 2.000 1.671 1.296 0.848 0.679 0.527
121 120 2.617 2.358 1.980 1.658 1.289 0.845 0.677 0.526
co+1 3] 2.576 2.326 1.960 1.645 1.282 0.842 0.674 0.524




Rearranging Equation 5.9, we are able to put the equation into
a form that expresses the estimation of the range of values cen-
tered around the mean X that will include the true value p.

p=Xx (5.11)

ts
Vn
To calculate the confidence limits of the mean X, the follow-
ing form of the equation is used:

- 18
X+ (5.12)

Sl

5.8.4 Probability Level

The calculation of the confidence limits is based upon a Student’s
t distribution curve. The probability (risk value a or percentage
probability: 100-100¢) that the true value u will fall within the
estimated confidence limits is determined by the ¢ value used
from Table 5.6. The ¢ value is associated with the number of rep-
licate measurements and the degree of certainty that is desired.
If the number of replicates is n = 10, then the degrees of freedom
df=n—1or9. The Student’s ¢ value with a 90% probability level
that the true value will fall within the confidence limits range
would be 1.833.

5.8.5 Sulfate Concentration Confidence Limits

Example 5.5 A gravimetric measurement of sulfur content
as molarity (M) sulfate [SO,%7] was repeated 10 times with the
following resultant concentrations (Table 5.7):

Using ChemTech Chapter 5 “CALCULATE STATISTICS 17
the average sulfate concentration is determined at X =2.106M
with a sample standard deviation s=0.0358 M. If we choose a
factor of risk level at a =0.05 (i.e., confidence of a 95% proba-
bility that ¢ would fall within our limits), then the degrees of
freedom is df=9 and the Student’s ¢ value is 2.262. Using
Equation 5.12, the confidence limits are calculated as

_ s (2.262)(0.0358 M)
X+—=2.106 M+
NG V10 (5.13)

=2.106 M+0.026 M

TABLE 5.7 Experimental values.

Xi

2.125
2.103
2.110
2.131
2.108
2.129
2.107
2.111
2.009
2.130
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5.8.6 Sulfate ¢ Distribution Curve

From these calculations, it can be determined that with a proba-
bility of 95%, u will fall within the sulfate concentration [SO3" ]
range of 2.080-2.132 M. A representative ¢ distribution curve,
similar to those found in Figure 5.2, can be constructed from
these data using X=2.106 M, s=0.0358 M, and a=0.05 and
is depicted in Figure 5.9. Illustratively, the middle of the curve
contains a region or area where there exists a 95% probability
that the true sulfate concentration p will be contained within
the range of 2.080-2.132 M. Note that the two ends of the curve
contain areas equal to a/2 or 0.025 that represents the fraction of
the risk that the true value y lies in an area that is either larger or
smaller than the range set by the confidence limits. This area
of the curve represents the 5% probability that the true value
4 is not contained within the sulfate concentration [SOﬁ"} range
of 2.080-2.132 M.

5.8.7 Determining Types of Error

There are other different uses of the Student’s ¢ test besides
the determination of a range of values that will contain the
true value to a certain level of confidence. The ¢ values listed
in Table 5.6 can also be used to determine whether a testing pro-
cedure contains only random error or a systematic error in the
analysis exists. Taking the average and standard deviation of a
set of replicate analysis, if the calculated ¢ value is greater than
that listed in Table 5.6 for the associated degrees of freedom
and the level of confidence than it is assumed that a systematic
eITor exists.

of a measurement or its error

Relative frequency or probability of occurrence

4 _ 0025 % =0.025
2 95% probability that
u lies within this area
[SO; ]=2.106 + 0.026 M
I [
2.080 M X=2.106 M 2.132M

FIGURE 5.9 Student’s ¢ distribution curve of the sulfate analysis in
example 10.10 with mean sulfate concentration [SO, 2 Tof X =2.106
M, sample standard deviation s = 0.0358 M, and risk factor a = 0.05.
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TABLE 5.8 Experimental values.

X;

0.536
0.533
0.541
0.539
0.542
0.544
0.535
0.545
0.531
0.535

5.8.7.1 Glucose Content

Example 5.6 A spectrophotometric measurement of glucose
content in plasma as percent glucose (%Glu) was repeated
10 times with the following resultant concentrations (Table 5.8):
Using ChemTech Chapter 5 “CALCULATE STATISTICS
1,” the average glucose concentration is determined at
X =0.538% with a sample standard deviation s =0.00479%. If
we choose a factor of risk level at ¢=0.05 (i.e., confidence of
a 95% probability that g would fall within our limits), then the
degrees of freedom is df=9 and the Student’s ¢ value is 2.262.
Using Equation 5.11, the confidence limits are calculated as

s (2.262)(0.00479%)
X+—=0538%=
Vn ‘ V10 (5.14)
=0.538% +0.003%

From these calculations, it can be determined that with a
probability of 95%, u will fall within the glucose concentration
range of 0.535-0.541%.

5.8.8 Determining Error in Methodology

The Student’s 7 test can be used to determine whether a method
is being influenced only by random indeterminate error or if a
systematic error exists in the methodology. If a known standard
is used and measured repeatedly by the methodology in question,
then from the average value obtained and the standard deviation
arange can be determined to measure whether the true value falls
within it. Let us look at this application of the Student’s ¢ test.

5.8.8.1 Magnesium Primary Standard

Example 5.7 A primary magnesium standard was obtained
from the manufacturer with a known concentration p=175.1
parts per million (ppm). The primary standard was analyzed
repeatedly in the laboratory using a methodology set up on an
atomic absorption flame spectrophotometer. Using the data
obtained and listed in Table 5.9 below; determine whether
there is only random error in the measurement, or the possibility
of a systematic error existing in the methodology.

TABLE 5.9 Experimental values.

X; (ppm)

178.3
175.9
176.8
174.4
175.1
173.9
174.7
177.2
175.5
176.6
178.1
177.5

Using ChemTech Chapter 5 “CALCULATE STATISTICS
1,7 the average magnesium concentration is determined at
X =176.2 ppm with a sample standard deviation s=1.47 ppm.
If we choose a factor of risk level for a one-tailed test at a=
0.05 (i.e., confidence of a 95% probability that y would fall
within our limits), then the degrees of freedom is df=11 and
the Student’s ¢ value is 1.812.

—_— (1.812)(1.47 ppm)
=X+—=176.2 ppm=
=22 PP J12 (5.15)

=176.2 ppm=0.77 ppm

We see that the true concentration value of 175.1 ppm
does not in fact lie within our experimental range of
175.4-177.0 ppm. We can therefore conclude that a systematic
error may exist in our present methodology. Upon further inspec-
tion and evaluation of the system, the technician was able to
determine that all of the known standards he/she analyzed now
on the atomic absorption spectrophotometer were reading
slightly high. The calibration of the instrument had drifted and
needed recalibration.

5.9 TESTS OF SIGNIFICANCE

The Student’s ¢ test can also be used to determine whether two
separate analytical methods have the same mean in the absence
of any systematic error. If the two methods accurately measure
a given parameter and the variance is due only to inherent random
error, then the calculated ¢ value derived from the replicate anal-
ysis of the two methods should be less than the ¢ value listed in
Table 5.9 for the associated degrees of freedom and desired con-
fidence value.

5.9.1 Difference in Means

Example 5.8 A gas chromatography (GC) measurement of
cholesterol content from a corn oil extract is to be compared
to a method that has recently been developed on a new high-
pressure liquid chromatography (HPLC) instrument installed
in the laboratory. Using the data listed in Table 5.10 below,



TABLE 5.10 Experimental values.

X; (GC, %) X, (HPLC, %)
3.51 3.52
3.54 3.56
3.49 3.48
3.47 3.56
3.52 3.46
3.46 3.51
3.53 3.52

determine whether there is a significant difference in the mean of
the two methods.

Using ChemTech Chapter 5 “CALCULATE STATISTICS 1~
the average cholesterol concentration for the GC method is
Xgc=3.50% with a sample standard deviation sgc=0.030%,
and for the new HPLC method Xypyc =3.52% with a sample
standard deviation syppc=0.028%. When we are comparing
two method’s mean value for a sample measurement, we perform
a test of significance for two unknown means and also two
unknown standard deviations. Because the measured results
are a small set of the population the population standard devia-
tions are not known, and are estimated by the calculated values
s1 and s,. When this is done, the test statistic is defined by the
two-sample t statistic illustrated by the following equation:

‘= (X1 =32) = (py =) (5.16)

2 2
s S
S1,%

n ny

5.9.2 Null Hypothesis

When comparing the means of two sets of data we are performing
a statistical hypothesis in order to answer the question of whether
the means are the same or different. The assumption that the
means are the same is called the null hypothesis and is illustrated
as H,, where u — pu, =0. The case where the means are not equal
is called the alternative hypothesis and is illustrated as H;, where
1 — s # 0. If we choose a factor of risk level at a=0.05 (i.e.,
confidence of a 95% probability that 4 would fall within our lim-
its), then the degrees of freedom is taken from the sample set with
the lowest number of data. In this problem, the df=6 and the
associated Student’s ¢ value is 2.015. Using Equation 5.15 and
setting p; — p = 0, the calculated ¢ value for the comparison is

_ (3.50-3.52)

"~ 0.030 , 0.0287
7 7

t=-1.2895

(5.17)

The absolute value of the calculated ¢ value (1.2895) is less
than the Student’s ¢ test value (2.015) thus indicating that there
is not a significant difference in the means obtained from the
two methodology.
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To calculate the difference in mean confidence interval, the
following relationship is used:

2 2

(51 =) + 1 %+% (5.18)

The ¢+ value used is for a two-tailed test thus the critical value
for the particular level of confidence is equal to (1-C)/2. For
example, at a level of 95% confidence (¢ os), the Student’s 7 value
from Table 5.6 would be chosen from the 7y 975 column with the
associated degrees of freedom. We take from Table 5.6, a £« value
of 2.571 and calculate the confidence interval as

0.030% R 0.0282
7 7

(3.50-3.52)£2.571 (5.19)

—-0.02+0.040

This is a range from —0.06 to 0.02, which includes the value 0
also indicating that there is not a significant difference of the two
methods’ means at the 0.05 level of confidence.

5.10 TREATMENT OF DATA OUTLIERS

A typical rule of thumb in the laboratory is measurements in
“threes.” When analyses are replicated it is a good idea to collect
at least three values, where three is the lower limit or the least
amount of replicates that can be collected for average and stand-
ard deviation determination for outlier evaluation. The third value
is collected to help support at least one of the other two. It is better
to collect as many values as possible for an analysis, however this
is often impractical. A compromise in time and effort is to collect
three replicate analyses and compare the values. If one of the
three is drastically different from the other two there may arise
a need to repeat the analysis again. A question arises though as
to how does the analyst decide whether a value is drastically dif-
ferent or just slightly different? How different does a value have
to be from the other values to denote it as an “outlier” and remove
it from the set of replicate results? There are two rather simple
approaches for the treatment of small sets of data, consisting usu-
ally from n =3 to n = 10, to test for the presence of an outlier and a
subsequent decision for its removal.

5.10.1 The Q Test

The Q test is the simplest approach to the treatment of small data
set outliers. The Q test uses the difference between the suspected
outlier’s nearest neighbor divided by the range of the data set. The
experimental ratio value Q. is then compared to a table of crit-
ical values Q. (Table 5.11) according to the sample size (1) and
the level of desired confidence.

When testing for an outlier value it is either the smallest value in
the data set or the largest. The associated formulas to use according
to either the smallest or largest value for outlier testing are

X2 —Xq

Smallest value (x;): Qexp = (5.20)

Xn—X1
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TABLE 5.11 Critical Values for Rejection Quotient Q. TABLE 5.12 Critical Values for Rejection Quotient 7.

Number of 90% 95% 99% Number of 95% 97.5% 99%
Observations Confidence Confidence Confidence Observations Confidence Confidence Confidence
(n) Level Qo'go Level Q0.95 Level Qo‘gg (l’l) Level TO,QS Level T0‘975 Level To.gg
3 0.941 0.970 0.994 3 1.15 1.15 1.15

4 0.765 0.829 0.926 4 1.46 1.48 1.49

5 0.642 0.710 0.821 5 1.67 1.71 1.75

6 0.560 0.625 0.740 6 1.82 1.89 1.94

7 0.507 0.568 0.680 7 1.94 2.02 2.10

8 0.468 0.526 0.634 8 2.03 2.13 2.22

9 0.437 0.493 0.598 9 2.11 2.21 2.32

10 0.412 0.466 0.568 10 2.18 2.29 2.41

Xy —Xp— xi—X
Largest value (x,) : Qexp= ——— Vb2 ~4ac (5.21) Texp = pi=X] (5.24)

Xn—X1

If Qexp> Ocrit (from Table 5.10), then the suspected outlier
value can be rejected and removed from the data set. Often, a
90% confidence level (Qg o) is used for evaluating possible out-
liers from data sets. Let us look at an example of the use of the
Q test.

Example 5.9 A replicate analysis of a soil sample for moisture
content resulted in the following values: 47.89, 45.76, 46.55,
4992, 46.13, 47.28, and 45.35 g/m3. With a confidence value
of 90%, can the 49.92 g/m3 value be removed or not? We will
need to use the largest value equation Q test:

Largest value (x,) : Qexp = T (5.22)
Xp—X1
Ouer = 49.92-47.89
P 49.92-45.35 (5.23)
Qexp =0.444

The Q test critical value for n=7 and Qg is 0.507. The
experimental value does not meet the criteria Qcyp > Ocric; there-
fore, the value of 49.92 g/m3 cannot be removed from the data set
but must be retained.

5.10.2 The T, Test

A second approach to testing the validity of rejecting a possible
outlier data point is provided by the American Society for Testing
Materials (ASTM) that is based upon the average (X) and stand-
ard deviation (s) of the entire data set. The T, test uses the abso-
lute difference between the suspected outlier and the data set
average divided by the standard deviation of the data set. The
experimental ratio value T, is then compared to a table of
critical values T, (Table 5.12) according to the sample size
(n) and the level of desired confidence.

When testing for an outlier value it is either the smallest value
in the data set or the largest. The associated formula to use accord-
ing to either the smallest or largest value for outlier testing is

s

If Texp> Teri¢ (from Table 5.11), then the suspected outlier
value can be rejected and removed from the data set. Often, a
95% confidence level (Tj9s5) is used for evaluating possible
outliers from data sets. Let us look at an example of the use of
the T, test.

Example 5.10 A replicate analysis of a soybean oil sample for
stearic acid content resulted in the following values: 7.856%,
7.801%, 7.925%, 7.455%, 7.884%, 7.919%, and 7.837%. With
a confidence value of 95%, can the 7.455% value be removed
or not? Using ChemTech Chapter 5 “CALCULATE STATIS-
TICS 17 the average stearic acid content is X =7.807% with a
sample standard deviation s = 0.1781%. Plugging into the critical
quotient 7, Equation 5.21 we get a Ty, value of

_ [7.455-7.807
P 01781 (5.25)
Texp =198

The T, test critical value for n =7 and Ty o5 is 1.94. The exper-
imental value does meet the criteria Texp > Terir; therefore, the
value of 7.455% can be removed from the data set at the 95%
confidence level. Note however that the criteria of Ty, > Teri
at the 97.5% confidence level (T, = 2.02) is not met and the data
point would have to be retained.

5.11 CHAPTER KEY CONCEPTS

5.1 There are two types of error that the analyst needs to
understand: systematic (determinate) and random (inde-
terminate) errors associated with laboratory analysis.

5.2 Systematic errors are introduced into the analysis by a
malfunctioning instrument, an analytical method that con-
tains a defect, a bad calibration, or by the analyst.

5.3 Random errors are due to the fact that there is always
some uncertainty to all laboratory measurements.
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The absolute error of a result X; is equal to X; — u, where u
is the “true value” of the result.

The relative error is equal to the absolute error divided by
the true value.

The precision of a set of results is the agreement of the
results among themselves.

The accuracy of a result is determined by how close the
experimental value is to the true value.

The normal distribution curve (also referred to as the
probability curve or error curve) possesses a bell or
Gaussian symmetrical shape, where the y-axis represents
the probability of the occurrence of a measurement, and
the x-axis represents the distribution of the data centered
around the population mean u.

The true value of a measurement (¢) is usually not known
and is estimated using the mean, median, or mode of a set
of values.

Calculating the standard deviation (or the root mean
square, RMS) of a set of data points is a more accurate
measure of the dispersion of the data set tested.

The normal distribution curve, also called a Gaussian
distribution or Bell curve is the shape that is observed
when the data points of a system that possess a normal dis-
tribution is plotted.

For an infinite population of data, the distribution of mean
standard deviation is equal to 6/N'/?, where N is the num-
ber of the population.

CHAPTER PROBLEMS

Using the following set of data points: 10.2, 9.8, 10.6, 9.9,
10.3 estimate the standard deviation using the range and
the appropriate deviation factor. The range is 0.8 and
the deviation factor is 0.43.

Using the following set of data points: 76.23, 74.21,
78.92,75.25,77.29, 74.88 estimate the standard deviation
using the range and the appropriate deviation factor. The
range is 4.71 and the deviation factor is 0.40.

Using the following table of data values, calculate the
average deviation, and compare it to the estimated stand-
ard deviation derived from the range.

54.3
55.9
53.1
56.7
55.2
54.8
57.3
53.5

54

5.5

5.6

5.7
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Using the following set of data calculate the sample
standard deviation and compare it to the average deviation
and estimated standard deviation from the range.

X;

54.3
55.9
53.1
56.7
552
54.8
57.3
53.5

A gravimetric measurement of phosphorus content as
molarity (M) phosphate [PO43_] was repeated 10 times.
Use the following resultant concentrations to calculate
the confidence limits.

7.131
7.154
7.197
7.121
7.159
7.129
7.107
7.111
7.009
7.130

A spectrophotometric measurement of protein content in
plasma as percent protein (%Pro) was repeated 10 times.
Calculate the confidence limits and determine whether
u will fall within the glucose concentration range.

Xi

0.356
0.349
0.351
0.354
0.347
0.344
0.350
0.352
0.355
0.351

A primary iron standard was obtained from the manufac-
turer with a known concentration y=502.6 ppm. The
primary standard was analyzed repeatedly in the labora-
tory using a methodology set up on an atomic absorption
flame spectrophotometer. Using the data obtained and
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listed below determine whether there is only random
error in the measurement, or the possibility of a systematic
error existing in the methodology.

X;i (ppm)

502.1
501.8
502.3
501.7
501.5
502.6
502.4
501.6
501.9
502.4
502.7
502.2

A GC measurement of palmitic acid content from a corn
oil extract is to be compared to a method that has recently
been developed on a new HPLC instrument installed in the
laboratory. Using the data listed below, determine whether

5.9

5.10

there is a significant difference in the mean of the two
methods.

X; (GC, %) X, (HPLC, %)
8.51 8.52
8.54 8.56
8.49 8.48
8.47 8.56
8.52 8.46
8.46 8.51
8.53 8.52

A replicate analysis of a soil sample for moisture content
resulted in the following values: 68.59, 62.31, 65.56,
64.13, 67.49, 67.10, and 66.55 g/m3. With a confidence
value of 90%, can the 68.59 g/m> value be removed or
not using the largest value equation Q test?

A replicate analysis of a soybean oil sample for stearic acid
content resulted in the following values: 3.553%, 3.826%,
3.758%, 3.321%, 3.799%, 3.801%, and 3.692%. With
a confidence value of 95%, can the 3.321% value be
removed or not using the critical quotient 7,, Equation?
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6.3  Rectangular Cartesian Coordinate System
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6.1 INTRODUCTION TO GRAPHING

6.1.1 The Invention of the Graph

The fundamental idea behind the construction of a two-
dimensional graph laid flat and moving up or down on the
plane of a page was first developed by two separate mathema-
ticians: Rene Descartes (1596-1650), a French philosopher and
mathematician, and Pierre de Fermat (1601-1665), a French
jurist and mathematician. It is in Descartes’s famous book,
Geometry, published in 1635 that is generally credited with
the introduction to the rectangular Cartesian coordinate system
(named after Descartes), a system to represent ordered pairs of
numbers (x, y) in different quadrants of a set of axes laid in the
plane of the page. Descartes’s Geometry laid the foundation
for modern analytical geometry and introduced concepts in
mathematics that was needed for the invention and further
development of calculus.

6.6.9  Estimating the Slope and Intercept
6.6.10 Deriving the Equation from the Slope and Intercept
6.7 Least-Squares Method
6.7.1 Plotting Data with Scatter
6.7.2  Linear Regression
6.7.3  Curve Fitting the Data
6.8 Computer-Generated Curves
6.8.1 Using ChemTech to Plot Data
6.8.2  Entering the Data
6.8.3  Plotting the Data
6.8.4 Linear Regression of the Data
6.8.5 Adding the Best Fit Line
6.8.6  Entering a Large Set of Data
6.9  Calculating Concentrations
6.10 Nonlinear Curve Fitting
6.11 Chapter Key Concepts
6.12 Chapter Problems

6.1.2 Importance of Graphing

Plotting and graphing data is a very important skill that the lab-
oratory technician needs to posses. Whether you have extensive
knowledge in this area, a little familiarity with this, or are a com-
plete beginner we will start at the most basic aspects of plotting
data and move into a more in depth study of the important uses of
graphs in the analytical laboratory including calibration curves,
relationship studies, and control charts.

6.2 GRAPH CONSTRUCTION

The basic construction of a graph is depicted in Figure 6.1, which
is typically used in the analytical laboratory for simple scatter dia-
grams of a linear (and nonlinear) relationship between two vari-
ables, such as the concentration of a standard and its response on
an analytical instrument.

Analytical Chemistry: A Chemist and Laboratory Technician’s Toolkit, First Edition. Bryan M. Ham and Aihui MaHam.

© 2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc.



110 PLOTTING AND GRAPHING
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FIGURE 6.1 Basic construction of a graph based upon the
rectangular Cartesian coordinate system, typically used in the
analytical laboratory. Key components include the vertical y-axis
(ordinate), the horizontal x-axis (abscissa), the origin, and the four
quadrants.

6.2.1 Axis and Quadrants

The graph is made up of the vertical y-axis (ordinate) and of the
horizontal x-axis (abscissa). The fundamental design of a graph is
based on the rectangular Cartesian coordinate system where the
plane of the paper is divided into four quadrants. In quadrant I, the
x-axis and y-axis values are both positive and increase in magni-
tude radially out from the mutually O (zero) location (known as
the origin). In quadrant II, the x-axis values are negative and
the y-axis values are positive. In quadrant III, both the x-axis
and y-axis values are negative. Finally, in quadrant IV, the x-axis
values are positive while the y-axis values are negative.

6.3 RECTANGULAR CARTESIAN COORDINATE
SYSTEM

The rectangular Cartesian coordinate system depicted in
Figure 6.2 contains a network of gridlines that will make it easier
for us to see the location of a particular point within the system.
When a point in two-dimensional space within the predefined
confines of the system is to be located, its distances from the
x- and y-axes with respect to each other are used to designate
the point’s location. The x coordinate is the distance from
the y-axis while the y coordinate is the distance from the x-axis.
This is designated as (x, y) such as the (2, 2), the (1, =3), the (-3,
—2), and the (-2, 1) locations depicted in Figure 6.2. To locate
the point (2, 2) we move to the right in the positive direction
2 units on the x-axis and up in the positive direction 2 units
on the y-axis. This locates us at the coordinate (2, 2) in quadrant
I of the rectangular Cartesian coordinate system. Each of the
subsequent points listed are obtained in the same manner, such
as the (1, —3) coordinate that is located by moving 1 unit to the
right in the positive direction on the x-axis and down in the
negative direction 3 units on the y-axis. This point is located

(2,12)
®

-2,l1
(,‘)

(=3,-2)
L 4

(1,'—3)

FIGURE 6.2 Rectangular Cartesian coordinate system and point
location.

in quadrant IV of the rectangular Cartesian coordinate system
in Figure 6.2.

6.4 CURVE FITTING

In the analytical laboratory, there are two methods for drawing a
graph or plotting data for generating a curve (curve fitting). This
can be accomplished either by hand or using a computer (also by
some handheld computers or calculators). We will start off with
the basic construction of curves using graph paper to illustrate
and learn the fundamental premises behind curve fitting. Labora-
tory graph paper is typically a sheet composed of horizontal
and vertical grid lines. This allows the convenient setting up of
x- and y-axes and the plotting of the different values into gener-
ally quadrant I. The values and the scale of the x- and y-axes are
generally chosen for the representation of the data in the most
meaningful way.

6.5 REDRAWN GRAPH EXAMPLE

Let us look at a specific example, which will help us to visualize
a meaningful construction of the graph. Suppose we have the
following set of coordinates: (5.1, 325), (12.8, 369), (22.4, 406),
and (27.7, 443). 1t is clear that the magnitude of the two sets of
numbers is quite different with the y values of much greater mag-
nitude. If a plot is constructed that contains equal axis distributions,
the plot may look something like Figure 6.3, which does not rep-
resent the data in a meaningful way. The data are contained within
only a small portion of the graph. When preparing a plot of data,
the axes do not have to be chosen on the same scale and often are
drawn to span most of the graph paper. This was not done in
Figure 6.3. The graph has been redrawn in Figure 6.4 where the
axes scales have been modified to include a smaller region that
more closely spans the data values. The x-axis spans a region from



0 to 30 with a grid line at every 5 units while the y-axis spans a
region from 300 to 460 with a grid line at 20 unit increments.
We see that the axis can be chosen to span regions that more clearly
illustrate the data being plotted. In this way as we will see later
it is easier to extract more information from the plotted results.
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0

0 50 100 150 200 250 300 350 400 450 500

FIGURE 6.3 Plot of the set of coordinates (5.1, 325), (12.8, 369),
(22.4, 406), and (27.7, 443) where the formatting of the x-axis and
the y-axis has been kept on the same scale from 0 to 500.
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FIGURE 6.4 Plot of the set of coordinates (5.1, 325), (12.8, 369),
(22.4, 406), and (27.7, 443) where the formatting of the x-axis and
the y-axis has been done to better illustrate the data.

TABLE 6.1 Experimental data.
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6.6 GRAPHS OF EQUATIONS

6.6.1 Introduction

When data points are plotted, the relationship between them can
be used to derive very useful equations in the analytical labora-
tory. We will use the following example to define a linear
relationship between sets of data and their use in setting up a cal-
ibration curve.

6.6.2 Copper Sulfate Data

Suppose we have collected the following pairs of data from a
spectrophotometric analysis of a series of copper (Cu(Il)) stan-
dards that we have made (from crushed and dried copper sulfate,
CuSO,) in the laboratory to set up a quantitative analysis of a
wastewater runoff sample:

6.6.3 Plotting the Data

The data collected on the spectrophotometer listed in Table 6.1
are plotted in Figure 6.5. The data were plotted by choosing
x-axis and y-axis scales that would reasonably contain the data.
In this case, the x-axis scale ranges from O to 4.5, while the y-axis
range is from O to 0.35. Graph paper is used to construct curves by
hand such as the one in this example. Often, when making the
axis, different scales will have to be tried until you have one that
covers the data ranges in a convenient manner.

6.6.4 Best Fit Line

When constructing and evaluating laboratory data by hand;
estimations have to be made. For example, we would like to
construct and define a curve from our plotted data in

0.35

0.3

0.25 5

0.15

0.1

0.05

0

0 05 1 .5 2 25 3 35 4 45

FIGURE 6.5 Plot of the set of concentration values for a series of
Cu(Il) standards (x-axis) versus their absorbance (arbitrary units,
y-axis) collected on a spectrophotometer.

Cu(Il) concentration (ppm) x-axis 0.5 1.2
0.137

Absorbance (abu) y-axis 0.055 0.094

1.7 24 29 35 4.2
0.174 0.207 0.243 0.280 0.317
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FIGURE 6.6 Plot of the set of concentration values for a series of
Cu(Il) standards (x-axis) versus their absorbance (arbitrary units,
y-axis) collected on a spectrophotometer with a “best fit” line
drawn across the data points.

Figure 6.5. To do this, we lay a ruler across the data points in a
manner where most of the data points are along the ruler. A “best
fit” line is then drawn across the data points as depicted in
Figure 6.6. Note that not all of the data points touch the line,
but our estimation contains most. The best fit line drawn from
the experimental data points is next used to extract a curve func-
tion that represents the linear relationship between the concentra-
tion of the Cu(Il) standards and the absorbance measured on the
spectrophotometer.

6.6.5 Point-Slope Equation of a Line

To obtain the equation of the best fit line drawn across the data
points in the graph of Figure 6.6, we will need to calculate the
slope of the line and the y-intercept of the line. Best fit lines as
the one we have drawn in Figure 6.6 represent functions of
the form

f(x):a,,x”+a,,_1x”"1+~~-+ ajx+a, (6.1)

where f(x) is a polynomial function of degree n dependent upon
the variable x. If n=1, then f(x) is linear; if n =2, then f(x) is
quadratic; and so on. At the moment we will limit ourselves to
the condition where n=1 and the relationship is linear. In this
case, the relationship is represented as
f(x) =y=ax+ay, (6.2)

where y is the dependent variable, x is the independent variable,
and a is a constant. The function illustrated in Equation 6.2 is
known as the Point-Slope Equation of a line.

6.6.6 Finding the Slope ()

When we have a curve line as that depicted in Figure 6.6 con-
structed from experimental data, we can derive the linear function

Best-fit line

Point 2 (xz, y2)

I
| Rise = Y=Y,
Point 1 (xl, yl)

d

FIGURE 6.7 Illustration of the slope of a best fit line determined
from the rise and the run.

y=ax+ap from the slope and y-intercept of the drawn best fit
line. The slope of the best fit line is defined as the vertical dis-
placement from point 1 on the curve (x;, y;) to point 2 on the
curve (xp, y») divided by the horizontal displacement. Many
students learn this concept as “rise divided by run.” This is
depicted in Figure 6.7 for a best fit drawn line. The equation
for the slope (m) of the curve is

Y2—=1
X2 —X|

slope, m= (6.3)

Slopes can be either negative or positive but nonzero.
A horizontal line contains a zero slope, and a vertical line has
an undefined slope. Both of these instances are not useful for
our discussion here because we are looking for relationships in
the laboratory where a change in the x value corresponds to a
change in the y value. If the slope is positive, then the line goes
upward to the right. If the slope is negative, then the line goes
downward to the right. The general equation for a linear line with
slope m is represented as

y=yr=m(x-x) (6:4)

and is known as the point-slope form of the equation of a line.
If there is a point (x;, y;) that the line passes, then any other point
will also be included on the line only if (y—y;)/(x—x;) =m.

6.6.7 Finding the y-Intercept (b)

The special form of Equation 6.4 is derived by taking the
point that the line intercepts the y-axis (point (0, b) where
b is called the y-intercept) and substituting this point into
Equation 6.5 as

y—b=m(x-0)

y=mx+b
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FIGURE 6.8 Plot of the set of concentration values for a series of Cu(Il) standards (x-axis) versus their absorbance (arbitrary units, y-axis)
collected on a spectrophotometer with a “best fit” line drawn across the data points. The slope and y-intercept can be estimated by hand by
choosing two points on the best fit curve and extending the curve through the y-axis.

6.6.8 Solving for x

This equation is called the slope-intercept form of the linear line
equation and is the most useful form for the analytical laboratory
technician. As written in Equation 6.6, y is the dependent variable
and x is the independent variable. Often when we set up a cali-
bration graph, the x-axis is chosen as the variable that we want
to calculate for an unknown using the parameter collected in
the laboratory whose values are plotted on the y-axis. Thus, an
often useful form of the slope-intercept equation is to set x as
the dependent variable and y as the independent variable:

= O=b) (6.7)

m

S|ls

_y
Y=
m

As we will see, in this form the analyst can collect the inde-
pendent parameter y in the laboratory and calculate the dependent
parameter x from the equation. This is after a general form of the
equation is found from a curve generated in the laboratory.

A summary of the different forms of linear equations is as
follows:

Standard Form: Ax+By=C

Horizontal Line: y=k, k is a constant
Vertical Line:

Slope-Intercept Form: y=mx+b

x =k, k is a constant

Point-Slope Form: ~ y—yl=m(x—x1)

6.6.9 Estimating the Slope and Intercept

If we look back at our plot in Figure 6.6 of the set of concentration
values for a series of Cu(Il) standards (x-axis) versus their absorb-
ance (arbitrary units, y-axis) collected on a spectrophotometer

with a “best fit” line drawn across the data points. The slope
and y-intercept can be estimated by hand by choosing two points
on the best fit curve, and extending the curve through the y-axis.
This is depicted in Figure 6.8 where the important steps have
been labeled on the graph. In the graph, the two points chosen
are (1.2, 0.137) for point 1 (xy, y;), and (4.2, 0.317) for point 2
(x2, ¥2). The rise is calculated as y, —y; at 0.180, and the run is
calculated as x, —x; at 3.0. The slope (m) equates to the ratio
of the rise over the run at 0.180/3.0 =0.06. The y-intercept (b)
is estimated from the best fit line that has been extended through
the y-axis at approximately 0.060.

6.6.10 Deriving the Equation from the Slope
and Intercept

From the slope and the y-intercept, we are able to derive a best fit
equation to predict other unknown concentrations from the curve:

y=mx+b (6.6)

y=0.06x+0.060 (6.8)

Let us test the equation from the known data in Table 6.1
where a concentration of 2.4 ppm has an absorbance of
0.207 units. If we plug the concentration value of 2.4 ppm for
the independent x parameter, we can estimate the associated
absorbance at:

y=0.06(2.4) +0.06 (6.9)

y=0.204 (6.10)

An absorbance of 0.204 for the standard with concentration
of 2.4 ppm is quite close to the known value of 0.207 absorbance
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units. As presented earlier the point-slope equation can be writ-
ten as

(6.7)

which allows the estimation of the concentration of the standard
from the absorbance value. Again, using the absorbance of 0.207
for the 2.4 ppm Cu(Il) standard, we can estimate the concentra-
tion from the best fit curve:

0207 0.06
L PR 11
=006 006 (6.11)
x=2.45ppm (6.12)

6.7 LEAST-SQUARES METHOD

6.7.1 Plotting Data with Scatter

The error associated with estimating the best fit curve from a set
of plotted values by hand as was introduced in the previous
section tends to be very subjective according to the technician
performing the plotting. In the example of the curve fit data
for the Cu(II) concentration calibration spectrophotometric anal-
ysis of standards the plot in Figure 6.8 is quite linear and the
drawing of the best fit line by hand is not too difficult. There
are times when this is not the case and the technician must use
a substantial amount of judgment in drawing the best fit line.
The plot of a set of experimental data obtained in the laboratory
that illustrates this type of situation is depicted in Figure 6.9. The
plot in Figure 6.9a depicts the data without a line connecting the
points. We can already see that the points do not lie in a straight
line. In Figure 6.9b, the data points have been connected with a
line but the curve is much too complicated. Finally, in Figure 6.9¢
a best fit line has been drawn through the data points for a linear
curve that more accurately represents the overall trend of the data
being plotted.

6.7.2 Linear Regression

To solve this problem, a more mathematical approach is usually
employed that makes use of the linear regression approach to
derive the best fit line from a calculated slope and y-intercept that
uses all of the data pairs in the construction of the calibration
curve. The least-squares curve is generated from the line that
passes through the centroid of the points (X,Y) according to
the following slope (m) and y-intercept (b) equations:

S (X-X) (1)
m= W (6.13)
b=Y-mX (6.14)

6.7.3 Curve Fitting the Data

Let us take the results we have collected for the following pairs
of data from a spectrophotometric analysis of a series of copper
(Cu(Il)) standards that we have made (from crushed and dried
copper sulfate, CuSO,) in the laboratory to calculate the best
fit curve using the linear regression formulas of Equations 6.13
and 6.14 (Table 6.2).

TABLE 6.2 Experimental data.

X; Y; X,'—X (X,‘—X)Z Y,'—Y (X,—X) (Y,—Y)
0.50 0.094 -1.84 3.38 -0.113 0.208
1.20 0.137 -1.14 1.30 -0.070 0.0798
1.70 0.174 -0.64 0.41 -0.033 0.0211
2.40 0.207 0.06 0.00 0.000 0.000
2.90 0.243 0.56 0.31 0.036 0.0202
3.50 0.280 1.16 1.34 0.073 0.0847
4.20 0.317 1.86 3.46 0.110 0.205
X=234 Y=0.207 =102 X=0.619
(©
0.35 .
0.3 |
0.25 |
0.2 |
0.15 ]
0.1
0.05 |
0

(@) (b)

0.35 1 0.35
0.3 1 ' 0.3
0.25 1 . 0.25
0.2 1 0.2
0.15 1 0.15
0.1 1 0.1 1
0.05 0.05 A

0 - - - - . 0 .

10 11 12 13 14 15 10 11

12

13 14 15 10 11 12 13 14 15

FIGURE 6.9 Plot of experimental data obtained in the laboratory illustrating chart complexity. (a) Data without a line connecting the points. (b)
Data points have been connected with a line but the curve is much too complicated. (c) A best fit line drawn through the data points for a linear
curve more accurately representing the overall trend of the data being plotted.
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m= W (6.13)
=2 (6.15)
m=0.0607 (6.16)
b=Y-mX (6.14)
b=0.207-(0.0607) (2.34) (6.17)
b=0.0650 (6.18)

From our calculated slope of 0.0607 and y-intercept of 0.0650
we are now able to set up a general point-slope equation from the
curve data:

y=mx+b (6.6)
y=0.0607x+0.0650 (6.19)

This is very similar to the results that we obtained for the hand
fit best curve that was generated in Figure 6.8, as is expected.

6.8 COMPUTER-GENERATED CURVES

Typically the analytical laboratory that the chemist or technician
will be working in will have computer programs where the ana-
lyst may input the experimental data and generate best fit curves
and also perform regression analyses for curve fitting. We will
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now look at the use of some of these programs and how they
greatly simplify the tasks of plotting curves and obtaining best
fit curves. Your ChemTech program contains a page that will
allow us to input data and generate plots of the data along with
regression analysis for a best fit curve.

6.8.1 Using ChemTech to Plot Data

ChemTech can be used in your laboratory at any time to help sim-
plify the plotting of data and best fit line curve fitting of data that
have been gathered in the laboratory. If not already open, open
ChemTech and go to the Chapter 6 Main Menu page. Click
the button “PLOT DATA” to open a data graphing and regression
calculation page, as depicted in Figure 6.10. The graphing inter-
face page that is now showing is depicted in Figure 6.11. Let us
spend a moment to become familiar with the various parts of the
page. In the upper left-hand corner are the x—y data input boxes.
These will be used to input the x and y data points in which we
want to plot. Below the x and y data point input boxes is a button
labeled “ENTER X-Y DATA.” This will be clicked each time a
set of x and y values are being entered. Below this button is the
“PLOT X-Y DATA” button, which we will use to plot the data
after all of the data points have been entered. To the right is a
blank box where the plotted data as a graph is displayed. Let
us begin by entering a small set of data and displaying a graph.

6.8.2 Entering the Data

Using the data from Table 6.3, enter each concentration value for
the “x” data and each associated absorbance for the “y” data. The

(B e 5|
SHORT CUTS
- -
= e2 [ - =
T_.._;f!;!! Z‘iA\;—.\|
g=y=tx 7
Ibs to rams n-1
Click to use the unit Click 1o go to the Statistics
converler calculator Calculation Page
Click the scientific .. S
calculator to use - -
i} Click to go to data plotting and
_] regression analysis

Worksheet

Double Click to open
Microsoft Excel

FIGURE 6.10 ChemTech Chapter 6 Main Menu page. Click the button “PLOT DATA” to open a data graphing and regression

calculation page.
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FIGURE 6.11 Data plotting page. The data are entered into the X and Y input boxes for plotting. After each associated x and y data points are

entered, the “ENTER X-Y DATA” button is clicked.

TABLE 6.3 Experimental data.

Cu(Il) concentration (ppm) x-axis 0.5 1.2
Absorbance (abu) y-axis 0.094 0.137

1.7 24 29 3.5 42
0.174 0.207 0.243 0.280 0.317

best way to do this is to place the mouse cursor over the x input
data box and left click to put the active cursor into that box. Type
in the first value of “0.5” and press the TAB key. This will move
the cursor over to the y input data box. This can also be obtained
by using the mouse to move the cursor into the y input data box by
clicking in the box. Type in the first y value of “0.094” and press
the TAB key. This will move the active cursor over to the
“ENTER X-Y DATA” button. Press ENTER on the keypad or
click the button with the mouse and this will enter the first set
of x and y values for plotting. This will also move the active cur-
sor back to the x input data box ready for the next value to be
added. Enter the second x data value of “1.2” from Table 6.3
and press the TAB key. Enter the next associated y data value
of “0.137” into the y input data box and press the TAB key. Press
the ENTER key to input the second set of x and y values into the
program for plotting. Continue in this way for the remaining 5
sets of x and y values from Table 6.3.

6.8.3 Plotting the Data

After the last data point has been inputted into the graphing pro-
gram, press the “PLOT X-Y DATA” button. After pressing the
button the results of the plotting will be displayed in the form’s

graph box and should look like the page in Figure 6.12. If you are
not seeing the same graph as that displayed in Figure 6.12, then
an error may have taken place during the inputting of the data
values. In this case, click the “CLEAR DATA” button and reenter
the data values and try clicking the “PLOT X-Y DATA” button
again. At any time the “CLEAR DATA” button can be clicked to
reinitialize the graphing page and the data entry can be started
again. As before, take care that each x—y data value needs to
be typed into the data input boxes and the “ENTER X-Y DATA”
button clicked for each x—y data set. If the graph continues to be
different than that depicted in Figure 6.12, then keep resetting the
page and practice inputting the data until the proper results are
obtained.

6.8.4 Linear Regression of the Data

We can next perform regression analysis of the inputted x and y
values by pressing the “LINEAR REGRESSION” button. After
doing this, the results of the regression analysis should appear in
the output boxes located under the graph. This is depicted in
Figure 6.13. The first linear regression output box is the linear
regression factor or commonly known as the “R squared” value
that indicates the linearity of the data. A value of R*=1 would
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indicate a perfectly linear relationship between the x and y values.
For the data listed in Table 6.3, an R? value of 0.998 was obtained
indicating an acceptable level of linearity between the concentra-
tion of the Cu(Il) standards and the spectrophotometric absorb-
ance. Note that the values that ChemTech calculated for the
slope and y-intercept are actually slightly different than those
that we calculated by hand. For example, the hand-calculated
slope and intercept were m =0.0607 and b =0.0650, while the
ChemTech-calculated values are m=0.0605 and b=0.0656.
This is due to ChemTech carrying all of the decimal places
through the calculation where the final result is to be reported
with the proper significant figures. The differences are minimal
and for all practical purposes can be ignored. Note also that
ChemTech is reporting an extra form of the point-slope equation
that makes it a little more straightforward to calculate an
unknown’s concentration from its absorbance using the regres-
sion form of the best fit equation.

6.8.5 Adding the Best Fit Line

By clicking the “ADD BEST FIT LINE” button the line that con-
nects the data points is removed and replaced by a best fit line
calculated using the regression point-slope equation. Click the
“ADD BEST FIT LINE” button and the graph should appear
as that depicted in Figure 6.14.

6.8.6 Entering a Large Set of Data

Now let us look at an example of a set of x—y data points (n = 10)
that would be a very time-consuming task to plot and calculate

TABLE 6.4 Linear Set of Data Collected of Concentration Versus
Fluorescence.

Urea (mM, x data) Fluorescence (Intensity, y data)

5 229
11 218
24 204
36 196
52 154
77 133
89 99
106 85
124 52
156 33

the regression curve by hand. If not already open, open Chem-
Tech and go to the Chapter 6 Main Menu page. Click the button
“PLOT DATA?” to open the data graphing and regression calcu-
lation page, as previously depicted in Figure 6.14. Using the data
from Table 6.4, enter each urea concentration value for the “x”
data and each associated fluorescence intensity for the “y” data.
As before, the best way to do this is to place the mouse cursor
over the x input data box and left click to put the active cursor
into that box. Type in the first value of “5” and press the TAB
key. This will move the cursor over to the y input data box. This
can also be obtained by using the mouse to move the cursor into
the y input data box by clicking in the box. Type in the first y
value of “229” and press the TAB key. This will move the active
cursor over to the “ENTER X—Y DATA” button. Press ENTER
on the keypad or click the button with the mouse and this will
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FIGURE 6.15
indicating an inverse relationship.

enter the first set of x and y values for plotting. This will also
move the active cursor back to the x input data box ready for
the next value to be added. Enter the second x data value of
“11” from Table 6.4 and press the TAB key. Enter the next asso-
ciated y data value of “218” into the y input data box and press the
TAB key. Press the ENTER key to input the second set of x and y
values into the program for plotting. Continue in this way for the
remaining 8 sets of x and y values from Table 6.4. After the last
data point has been inputted into the graphing program, press the
“PLOT X—Y DATA” button. Next, perform regression analysis of
the inputted x and y values by pressing the “LINEAR REGRES-
SION” button. Finally, click the “ADD BEST FIT LINE” button.
The graph should appear as that depicted in Figure 6.15. For the
data listed in Table 6.4, an R? value of 0.984 was obtained. The
ChemTech calculated slope and y-intercept should be m = —1.385
and b =234.48. Note that this particular relationship is what is
known as an “inverse relationship” where the slope is negative.
If you are not seeing the same graph as that displayed in
Figure 6.15, then an error may have taken place during the input-
ting of the data values. In this case, click the “CLEAR DATA”
button and reenter the data values and try clicking the “PLOT
X-YDATA? button again. At any time the “CLEAR DATA” but-
ton can be clicked to reinitialize the graphing page and the data
entry can be started again. As before, take care that each x—y data
value needs to be typed into the data input boxes and the “ENTER
X-Y DATA” button clicked for each x—y data set. If the graph
continues to be different than that depicted in Figure 6.15, then
keep resetting the page and practice inputting the data until the
proper results are obtained.

156
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Final graphing and linear regression results from data entered from Table 6.4. Note the curve possesses a negative slope

6.9 CALCULATING CONCENTRATIONS

The next step after curve fitting is to calculate the concentration
of a sample from the measured value using the curve fit equation.
In Table 6.4, the fluorescence values were plotted against the
urea concentration in millimeter. The fitted curve was found to
be y=—1.385x+234.48. At the bottom of the page, depicted
in Figure 6.15 is a button labeled Calculate Concentration. This
is depicted in Figure 6.16. In ChemTech press the button to bring
up a page as shown in Figure 6.17.

The ChemTech program uses the most recent curve that was fit-
ted on the previous page to calculate a concentration. Type the value
of 135 into the input box with the label “y=""and press the Calculate
Concentration button. The page should display a result of 71.83 for
the curve fit concentration “x =" as depicted in Figure 6.18.

6.10 NONLINEAR CURVE FITTING

Often in the analytical laboratory the chemist will be confronted
with a concentration versus measurement system that deviates
from Beer’s law. Later in Chapter 13 we will take an in-depth look
at Beer’s law which states that the absorbance of a substance is
proportional to the concentration of the substance, the path length
that the absorbing light travels through the sample, and the prob-
ability that absorbance takes place with an individual part of the
substance, such as each molecule or atom. Systems will deviate
from Beer’s law and produce a nonlinear relationship between the
concentration and the measurement system such as a UV/Vis
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FIGURE 6.17 ChemTech page used to calculate curve fit
concentrations.

detector or a fluorescence detector. When a relationship deviates
from Beer’s law it is usually due to the influence of another factor
besides the concentration and response. This is often seen with
detectors that are impact multiplier detectors, but can be observed
in just about any system used.

The curve fitting used for nonlinear systems is more complicated
than that used for linear systems. We just covered the use of a cal-
culated slope (m) and y-intercept (b) to set up a general point-slope
equation from curve dataas y = mx + b for a linear system. For non-
linear curve fitting, matrix notation is used and n simultaneous
linear equations are used. Typically, computer programs are used
for nonlinear curve fitting such as Microsoft Excel® or for more
complex work a program such as OriginPro may be used.

m = slope, b = intercept

Enier Unknown Absorbance Vilue lo
Calculate Concentration from Cuarve Fit

v= | x= |

Calculate |
-

FIGURE 6.18 Using ChemTech to calculate a concentration from a
curve fit.

Curve Fit Conoentrabon

If we return to our main graphing page in ChemTech, a link
button to do nonlinear curve fitting is located on the left as
depicted in Figure 6.19. Click on the link to open the page as
depicted in Figure 6.20.

In this page, enter the data that are listed in Table 6.5. Mouse
click into the x input box to activate that box ready to accept data.
Begin entering the data that is listed in Table 6.5 by typing in the x
value, hit the tab key, type in the associated y value, hit the tab key
and then press enter. This will enter into the page the set of x and y
values, and then bring the cursor back to the x data box. Go ahead
and enter the rest of the data in Table 6.5 in the same manner.
When completed, click on the Graph the Data button, as depicted
in Figure 6.21. A graph should appear in the page the same as that
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FIGURE 6.19 Link for opening the nonlinear curve fitting page.
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FIGURE 6.20 Nonlinear curve fitting page.

TABLE 6.5 Nonlinear Set of Data Collected of Concentration

Versus Fluorescence.

121

shown in Figure 6.21. As you can see, the plot of the data is not

Urea (mM, x data)

2
5
8
11
13
17
23
35

Fluorescence (Intensity, y data) relationship.
11 Next, we want to get the coefficients of the second-order
40 equation that best fits this line. This is nonlinear least-squares
57 regression analysis and is somewhat complicated. To get the
69 coefficients, press the Perform Non-Linear Regression button.
75 The coefficients will be displayed in the output box beneath the
84 example of higher order equations, as depicted in Figure 6.22.
gg The coefficients, and subsequent second-order equation calcu-

lated is —0.1522x% +7.731x+0.8686 =y.

a straight line, but rather is curved. This is the plot of a nonlinear
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FIGURE 6.22 Calculation of the nonlinear regression coefficients.

The page also contains a link to a page where concentrations
can be calculated from the nonlinear regression. Click the button
labeled Calculate Concentrations from Second Order Equations
on the left as depicted in Figure 6.23. This will bring up the page
depicted in Figure 6.24.

The input page is in the form to accept data as 0 = ax® + bx +c.
The user has to determine the coefficients a, b, and c. The gen-
eralized forms of the second-order equation coefficients are
generated from the previous page, and the second-order equation
is in the form y=ax?+ bx+c. If we want to calculate possible
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FIGURE 6.23 Button link labeled Calculate Concentrations from Second Order Equations to bring up concentration calculating page.
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FIGURE 6.25 Results of calculating the concentration of an
unknown urea sample.

roots for the second-order equation based upon a response value
collected for an unknown concentration, then we need to substi-
tute the unknown'’s response value for y and rearrange the equa-
tion into the form 0= ax? + bx + ¢. For example, suppose we have
the generalized form of the second-order equation from the pre-
vious page as y= —0.1522x? +7.731x +0.8686 for our data from
Table 6.5. Let us also suppose that we collected a value of 79 for
an unknown urea sample’s fluorescence. We need to plug 79 into
the equation as y to get 0= —0.1522x% +7.7306x—-78.1314. We
are now ready to enter these coefficients into the page to calculate
the two possible concentrations of the unknown (two roots). After
entering the three coefficients and clicking the calculate concen-
trations button, the results and page should look like that in
Figure 6.25. The two possible concentrations are 13.9 and
36.9 mm. The result of 13.9 mm falls on the curve and is the cor-
rect concentration for the unknown.

6.11 CHAPTER KEY CONCEPTS

6.1 Rectangular Cartesian coordinate system (named after
Descartes) is a system to represent ordered pairs of numbers
(x, y) in different quadrants of a set of axes laid in the plane
of the page.

6.2 The fundamental design of a graph is based upon the rec-
tangular Cartesian coordinate system where the plane of
the paper is divided into four quadrants.

6.3 When a point in two-dimensional space within the prede-
fined confines of the system is to be located, its distances
from the x- and y-axes with respect to each other are used
to designate the point’s location.
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PLOTTING AND GRAPHING

When data points are plotted, the relationship between
them can be used to derive very useful equations in the
analytical laboratory.

A “best fit” line is drawn across the data points where often
not all of the data points touch the line. The best fit line
drawn from the experimental data points is used to extract
a curve function that represents the linear relationship
between the data.

The slope of the best fit line is defined as the vertical dis-
placement from point 1 on the curve (x;, y;) to point 2
on the curve (x,, y,) divided by the horizontal displacement.
Slopes can be either negative or positive but nonzero.
A horizontal line contains a zero slope, and a vertical line
has an undefined slope.

The slope-intercept form of the linear line equation is the
most useful form for the analytical laboratory technician.
A mathematical approach is employed that makes use of the
linear regression approach to derive the best fit line from a
calculated slope and y-intercept that uses all of the data
pairs in the construction of the calibration curve.

CHAPTER PROBLEMS
Using graph paper plot the following sets of data (2, 5),
(6, 10), (10, 15), (13, 19).
Draw a best fit line through the data points.
Estimate the y-intercept and the slope using rise over run.

From the slope and y-intercept, derive the slope-intercept
form of the equation for the data in Problem 6.1.

Use Equation 6.13 to calculate the slope (m), and
Equation 6.14 to calculate the intercept (b) for the data in
Problem 6.1.

Using the following table, use Equation 6.13 to calculate
the slope (m), and Equation 6.14 to calculate the intercept

(D). Derive the slope-intercept form of the equation for

the data.

X; Y, X-X (X-X)’ Y-Y (X-X)(Y;-Y)
321 0.095

6.21  0.135

8.81  0.176

1235 0.231

1399  0.257

1687  0.292

19.54  0.325

X= Y= 2= 2=

6.7 Use ChemTech to plot the following data to derive the

point-slope equation. What is the Linearity factor value?

Sodium (Na) 0.7 1.5 20 29 33 3.8 45
concentration
(ppm) x-axis

Absorbance (abu)
y-axis

0.114 0.157 0.180 0.227 0.253 0.290 0.327

6.8 Use ChemTech to plot the following data to derive the
point-slope equation. What is the Linearity factor value?

Glucose (M, x data) Fluorescence (Intensity, y data)

65 244
81 228
104 209
126 187
152 166
175 147
193 123
211 105
233 84
251 66




USING MICROSOFT EXCEL® IN THE LABORATORY

7.1 Introduction to Excel®
7.2 Opening Excel® in ChemTech
7.3 The Excel® Spreadsheet
7.3.1 Spreadsheet Menus and Quick Access Toolbars
7.4  Graphing in Excel®
7.4.1 Making Column Headings
7.4.2 Entering Data into Columns
7.4.3 Saving the Spreadsheet
7.4.4 Constructing the Graph
7.4.5 The Chart Wizard
7.4.6 The Chart Source Data
7.4.7 Chart Options
7.5 Charts in Excel® 2010
7.6 Complex Charting in Excel® 97-2003
7.6.1 Calcium Atomic Absorption (AAS) Data
7.6.2 Entering Ca Data into Spreadsheet

7.1 INTRODUCTION TO EXCEL®

Up to this point ChemTech has taught us in a simple and straight-
forward manner how to do simple statistics upon a given set of
data, such as calculating averages and standard deviations, and
also how to plot simple linear graphs. The laboratory technician
however will often have instances where a relationship between a
set of data may not be linear, or a more advanced statistical
treatment of data is needed. We will now move on to using Micro-
soft Excel®, which will allow us to do more extensive statistical
treatment of data and graphing including both linear and nonlin-
ear relationships. Whether the student at this point is well versed
in the use of Excel®, or this is the first introduction to it, we will
begin at the very basic description of the use of Excel®, and then
move into more advanced features of the spreadsheet software.

7.2 OPENING EXCEL® IN ChemTech

If not already open, open ChemTech and go to the Chapter 7
Main Menu page. Double click the button “Microsoft Excel®”
to open a standard workbook. The workbook “Bookl” is the

7.6.3 Average and Standard Deviation
7.6.4 Constructing the Calibration Curve
7.6.5 Entering the Chart Options
7.6.6 Error Bars
7.6.7 Trendline

7.7 Complex Charting in Excel® 2010
7.7.1 Entering the Data
7.7.2  Using the Formula Search Function
7.7.3 Inserting the Chart
7.7.4 Formatting the Chart

7.8 Statistical Analysis Using Excel®
7.8.1 Open and Save Excel® StatExp.xls
7.8.2 Sulfate Data
7.8.3 Excel® Confidence Function
7.8.4 Excel® Student’s ¢ Test
7.8.5 Excel® Tools Data Analysis

basic “spreadsheet” that ChemTech uses and opens when we start
Microsoft Excel® from ChemTech. The blank form of Book1 is
depicted in Figure 7.1. This is a spreadsheet in Excel® 1997-2003
format. Figure 7.2 depicts the Excel® 2010 format. The two for-
mats are basically the same, but Excel® 2010 has placed more
emphasis on what they are calling the “Quick Access
Toolbar,” which is just an enhanced toolbar. We will take a
moment to go over the layout and basic features of the workbook
so that we may become more familiar with its construction
and use.

7.3 THE EXCEL® SPREADSHEET

A workbook in Excel® is a workspace made up of spreadsheets.
The workbook in Figure 7.1 is opened to “Sheet 1,” as you
can see as the active sheet (the sheet tabs are located at the bottom
left of the sheet window and in this case contains one sheet).
The spreadsheets are made up of rows and columns where a par-
ticular location of row-column is a cell. The first cell in the furthest
most upper left-hand corner is the Al cell for column A and
row 1. This particular version of Excel® is the 2000 version which

Analytical Chemistry: A Chemist and Laboratory Technician’s Toolkit, First Edition. Bryan M. Ham and Aihui MaHam.

© 2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc.
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FIGURE 7.1 Basic example of the Microsoft Excel® workbook containing sheets (spreadsheets, Excel® 97-2003). The page contains menus
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by a heavy lined box (cell Al in this example). Used with permission from Microsoft.
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emphasis on what they are calling the “Quick Access Toolbar,” which is just an enhanced toolbar.
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FIGURE 7.3 Example of the Excel® 97-2003 drop-down “File” menu where operations such as file Open, Close, Save, and Print may be

selected and executed.

contains 65,536 rows (1 to 65,536) and 217 columns (A to IV)
equating to a total of 14,221,312 cells. While the sizes of the
spreadsheets and some features change with each new version,
the basic construction and fundamental uses remain almost
entirely the same. For example, the 95 version contained 16,385
rows (1 to 16,385) and 217 columns (A to IV) equating to a total
of 3,555,545 cells, however the data entry, statistical treatment,
and graphing are still quite similar and it is easy to adjust from
one version to the next (i.e., if your computer is using a newer ver-
sion than the 2000 version, the following tutorial will still be appli-
cable, e.g., the 2003 version contains the same number of rows and
columns as the 2000 version).

7.3.1 Spreadsheet Menus and Quick Access Toolbars

Referring back to the spreadsheet depicted in Figure 7.1 we see
that the top of the page contains menus that are similar to those
used in Microsoft Word, which many may already be familiar
with. For example, clicking on the File drop-down menu results
in the choices for file manipulation such as Open, Save, Close,
Print, Exit, and so on as depicted in Figure 7.3. As we go through
a few examples and exercises, we will become more familiar with
the use and functionality of Excel®. Figure 7.4 depicts file manip-
ulation in Excel® 2010.

7.4 GRAPHING IN EXCEL®

A major use of Microsoft Excel® is the graphing ability. Origi-
nally, Excel® was developed primarily as a business tool but
quickly found use in just about every other discipline. It is rela-
tively easy and straightforward to use and has been utilized by
chemist in the chemistry laboratory.

7.4.1 Making Column Headings

Let us begin with a simple graphing exercise that will require the
typing in of data into the spreadsheet and the subsequent con-
struction of a graph. From Table 7.1, in our spreadsheet type into
the Al cell the label for our x data “Urea (mm).” Do this by pla-
cing the mouse pointer over the A1 cell and left click to make that
cell the active cell. An alternative way to move around the spread-
sheet is to use the arrow keys on the keypad. The arrow keys will
move the active cell cursor to different places within the spread-
sheet according to the arrow used. Take a moment and try both of
these movements, the mouse cursor and left clicking, and the
arrow keys to get a feel for moving about the spreadsheet in a
small, local area. Again, make the A1 cell the active cell and type
“Urea (mm).” The typed phrase can be put into the cell by either
moving the mouse cursor away to another cell and left clicking,
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FIGURE 7.4 Example of the Excel® 2010 drop-down “File” menu where operations such as file Open, Close, Save, and Print may be selected

and executed.

TABLE 7.1 Experimental data.
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into columns.

or by pressing the Enter key which will move the cursor to the cell
directly below and make that the active cell. This can be helpful if
a large amount of data is needed to be input where the value is
typed, the Enter key pressed, the next data is typed and the Enter
key pressed, and so on. Now, into cell B1 our y data label “Fluo-
rescence (Intensity)” is typed in and press the Enter key. In a
spreadsheet, data can be listed in either rows or columns, it is
up to the choice of the user. In this example, we will input data

7.4.2 Entering Data into Columns

Move the mouse cursor (or arrow key over to) to the A2 cell and
click to make it the active cell. Now we are ready to begin enter-
ing our data into the spreadsheet in preparation for graphing.
Type in the first Urea mM x data “5” and press Enter. The value




of “5” has been entered into the A2 cell and the cursor has been
moved to the A3 cell making it the active cell. Continue in this
manner entering the rest of the x data values from Table 7.1 by
typing in the next value (e.g., “11” would be the next x data value)
and pressing Enter. When you have finished entering in the x data
values move the mouse cursor over to the B2 cell and left click to
make it the active cell. Type into the cell the “229” y data value,
press the Enter key and continue until all of the y data values have
been entered. The spreadsheet should look like the one depicted
in Figure 7.5a.

7.4.3 Saving the Spreadsheet

Note however that the name of the workbook is “Book1”” which is
our base Excel® workbook (see red ellipse in figure). At this point
we need to rename the workbook as “UreaFluor” (or any name
wanted but must be remembered). Click on the drop-down menu
“File” and select “Save As,” type in “UreaFluor,” and finally
press the “Save” button to complete the saving process. The
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workbook should now have the heading file name as that
depicted by the ellipse in Figure 7.5b.

7.4.4 Constructing the Graph

Let us move on now to graphing the set of data from Table 7.1 that
we have just entered into our spreadsheet. To select the cells that
we want to graph move the mouse cursor over the Al cell, hold
down the mouse cursor with the left mouse button and drag over
until the B14 cell. This has highlighted the cells that are wanted to
graph. This should look like the spreadsheet in Figure 7.5 where
the cells from Al to B14 are highlighted. An alternative method
for selecting cells in preparation for plotting or data manipulation
is to left click the A1 cell, hold down the “Shift” key and left click
the A14 cell. This approach will also highlight the section of cells
as depicted in Figure 7.6. This approach can be useful if there is a
large area of the spreadsheet that must be included in the plotting
(as we will see and is typical of Excel®, there are also other ways of
doing the same operation such as selecting cells for plotting).
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FIGURE7.5 (a) Example of the spreadsheet after adding the data column headings and entering the associated data from Table 7.1. The current
name of the workbook is “Book1” as encircled. (b) Same spreadsheet but with the workbook renamed to “UreaFluor.”
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FIGURE 7.6 Example of cells selected (highlighted) within the
spreadsheet in preparation for plotting.

7.4.5 The Chart Wizard

Next, we can either click on the “Chart Wizard” icon in the tool-
bar ( i ) or choose in the drop-down menu “Insert” then “Chart.”
Both will bring up the “Chart Wizard—Step 1 of 4—Chart Type”
selection window shown in Figure 7.7. Here, a variety of chart
types can be selected and used to present data. In this example
the “XY (Scatter)” type is to be selected along with the second
subtype as “Scatter with data points connected by smooth lines.”
Note that there is a button under the chart types that by pressing
and holding down an example of the selected graph type can be
previewed. These three steps are depicted by ellipse in Figure 7.8.

7.4.6 The Chart Source Data

Click the “Next” button to bring about “Step 2 of 4” of the Chart
Wizard, as depicted in Figure 7.9, for a description of the chart
source data. For the data range, the selected cells in the spread-
sheet are listed by the spreadsheet designation “Sheetl!$SA$1:
$B$14,” and we have the series in columns. At this point the data
range can also be selected for the graph by clicking the small

Chart Wizard - Step 1 of 4 - Chart Type

Clustered Column. Compares values
across cateqories.

Press and Hold to View Sample |

@ Cancel [ mext> | Enen |

FIGURE 7.7 The “Chart Wizard—Step 1 of 4—Chart Type”
selection window listing a variety of chart types that can be
selected and used to present data. The current window has the
column chart subtype selected.

Chart Wizard - Step 1 of 4 - Chart Type

Standard Types | Custom Types [

Chart sub-type:

Scatter with data points connected by
smoothed Lines.

»
Press and Hold to View Sample b

Next > Einish |

FIGURE 7.8 The “Chart Wizard—Step 1 of 4—Chart Type”
selection window. The “XY (Scatter)” type, to the left in red
circle, is selected along with the second subtype as “Scatter with
data points connected by smooth lines.” Note that by pressing and
holding down the button under the chart types, an example of the
selected graph type can be previewed.
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FIGURE 7.9 The “Chart Wizard—Step 2 of 4—Chart Source Data”
page with Data Range tab selected.

spreadsheet button to the right of the Data range box. Clicking
this button brings the user to the spreadsheet where a data range
selection can be made for plotting. To return to the Chart Wizard,
click on the small button or close the input box. Clicking the sec-
ond tab “Series” brings up a window that is depicted in
Figure 7.10. This page allows the user to add and remove data
series contained within the spreadsheet. At this point we will
not be adding or removing data series in our example (this is a
more advanced application of plotting that we will use in a later
example).

7.4.7 Chart Options

Clicking the Next button will bring up the “Chart Wizard—Step 3
of 4—Chart Options” page where a variety of formatting of the
graph can be done. The first “Titles” tab allows the entering of a
Chart title and labels for the x and y axes. For the chart title, type
in “Urea Concentration versus Fluorescence.” For the Value (X)
axis type in “Urea (mM),” for the Value (Y) axis type in “Fluo-
rescence (Intensity).” This is depicted in Figure 7.11. Click the
second “Axes” tab. The Value (X) axis and Value (Y) axis boxes
should be checked. Click the third “Gridlines” tab. If there is a
check mark in any of the gridline selection boxes, remove them
by clicking on the box. Click the fourth “Legend” tab. If the Show
legend box is checked, remove the legend by clicking on the box.
A legend is not necessary in this example because there is only
one data series. Finally, click on the fifth “Data Labels” tab
and ensure that none of the data label boxes are checked. Click
the Next button and this will bring up the “Chart Wizard—Step
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FIGURE 7.10 The “Chart Wizard—Step 2 of 4—Chart Source
Data” page with Series tab selected.

Chart Wizard - Step 3 of 4 - Chart Options

Titles | axes | Gridiines | Legend | DataLabels
Chart title:
[ion versus Fluorescence Urea Concentration versus
Fluorescence
Value (X) axis: o 250 e ~
Jurea (miv) % o P
value (Y) axis: é. & \. —
Florescence (Intensity) \.\ | Ih«u"';fw
s
| o
[ £ . s
0 S0 100 150 200
| Urea (mM)
@ Cancel < Back Next > Einsh
o)

FIGURE 7.11 The “Chart Wizard—Step 3 of 4—Chart Options”
page with Titles tab selected. Note that the Chart title and X and Y
axes titles have been typed into the Chart Options window.

4 of 4—Chart Location” page as shown in Figure 7.12. Select the
“As object in: Sheetl” option to place the graph within our cur-
rently opened spreadsheet. Click the Finish button to complete
the construction of the chart. The chart has now been placed into
the spreadsheet and should look something similar to that
depicted in Figure 7.13. The chart can now be edited and moved
around the spreadsheet if needed. To move the chart place the
mouse cursor over the chart, click the left button and drag the
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FIGURE7.13 The chart that was just constructed from Table 7.1 has
been finalized and is now located in Sheetl.

chart to another location in the sheet. The chart is released by let-
ting go of the left mouse button. It is also easy to format the chart
at this point. Clicking on the chart will make it the active object.
The chart can be resized, the scales of the axis can be changed,
boarders, shading, and gridlines can be added or removed,
and the font sizes can be changed. Finally, as depicted in
Figure 7.13, all of the steps that have just been covered can be
accessed of the chart by right clicking the chart. This will bring
up the menu as shown in Figure 7.13. There is also a Chart option
on the drop-down main menu that may be used when the chart has
been selected to access the various options of the chart.

7.5 CHARTS IN EXCEL® 2010

The graphing function in Excel® 2010 is a little different as com-
pared to what was just covered. We will now take a brief look
at graphing in Excel® 2010. Using the same set of data, click

Bar ribbon. This is depicted in Figure 7.17. Clicking OK will
result in the Chart depicted in Figure 7.18. Excel® 2010 makes
it a little easier and more straightforward to make charts using
the ToolBar ribbon selections. The Quick Layout can be used
to configure the chart with a number of saved styles. Also, by
selecting the data table first, and then inserting the chart, Excel®
will automatically assign the chart data and construct the chart
that is depicted in Figure 7.18. Go ahead and try it out.

7.6 COMPLEX CHARTING IN EXCEL® 97-2003

7.6.1 Calcium Atomic Absorption (AAS) Data

Let us now take a look at a slightly more complex example of
plotting data in Microsoft Excel®. In this example, a number
of replicate analyses have been gathered that will allow us to plot
an average and construct error bars based upon the standard
deviation of the measurements. Table 7.2 contains a series of data
points (n = 3) that have been collected for a set of calcium stan-
dards that were measured on an atomic absorption spectro-
photometer (AAS). The concentrations of the set of calcium
standards are listed in the first column of the table in parts per
million (ppm).
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TABLE 7.2 Experimental data.

Absorbance (abu)

Calcium

concentration (ppm) Run 1 Run 2 Run 3
0.3 1109 1069 1155
1.2 1225 1168 1233
2.1 1308 1241 1276
33 1472 1319 1389
4.2 1497 1523 1472
5.1 1569 1599 1579
5.9 1688 1647 1625
7.2 1785 1765 1742
8.0 1833 1898 1849
10.1 2066 2012 2051

7.6.2 Entering Ca Data into Spreadsheet

If not already open, open ChemTech and go to the Chapter 7
Main Menu page. Click the button “Microsoft Excel®” to open
the standard workbook “Bookl.” The workbook “Bookl” is
the basic “spreadsheet” that ChemTech uses and opens when
we start Microsoft Excel® from ChemTech. Construct a spread-
sheet based upon Table 7.2. In the blank cell Al type in “Ca
(ppm),” in cell B1 type in “Absorbance,” in cell B2 type “Run
1,” in cell C2 type “Run 2,” and in cell D3 type “Run 3.” Type
in the calcium standard concentrations from 0.3 to 10.1 ppm in
cells A3 to A12. Next, type in the absorbance data for Runs 1
through 3 in the same manner. Rename the workbook as “Calciu-
mAAS” (or any name wanted but must be remembered). Click on
the drop-down menu “File” and select “Save As,” type in
“CalciumAAS,” and finally press the “Save” button to complete
the saving process. An example of how the workbook and spread-
sheet should look is depicted in Figure 7.19.

7.6.3 Average and Standard Deviation

When a series of replicate data has been collected such as that in
Table 7.2, an average can be calculated and plotted using func-
tions within the spreadsheet. This is generally a more accurate
representation of the response of the standards with increasing
concentration in instrumental analysis as compared to any sin-
gle run. This is also typically how a calibration curve is con-
structed for a particular analytical methodology. In cell E2 of
the spreadsheet type in “Average.” In cell E3 of the spreadsheet
type in “=AVERAGE(B3:D3)” and press Enter. This will cal-
culate the average of the three replicate analyses (Run 1,
Run 2, and Run 3) of the 0.3 ppm calcium standard and place
the value of “1111” into cell E3. Click on the cell E3, go to
the drop-down menu and press “Edit” and then “Copy.” Click
on the cell E4, hold down the left mouse button and drag down
to cell E12 to select the cell range from E4 to E12. Go to the
drop-down menu and select “Edit” and then “Paste” to paste
the average calculation into these cells. In cell F2 of the spread-
sheet type in “StdDev.” Click on cell F3 and type in “=STDEV
(B3:D3)” to calculate the standard deviation of the three repli-
cate analyses (Run 1, Run 2, and Run 3) of the 0.3 ppm calcium
standard and place the value of “43.03487” (Note: the exact
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FIGURE 7.19 CalciumAAS workbook.

number will depend upon the number format of the cell) into cell
F3. Click on the cell F3, go to the drop-down menu, press
“Edit,” and then “Copy.” Click on the cell F4, hold down the
left mouse button and drag down to cell F12 to select the cell
range from F4 to F12. Go to the drop-down menu and select
“Edit” and then “Paste” to paste the average calculation into
these cells. The spreadsheet should now look like that depicted
in Figure 7.20.

7.6.4 Constructing the Calibration Curve

We are now ready to construct our calibration curve of calcium
concentration (ppm) as measured by atomic absorption spectro-
photometry. As often with Microsoft Excel®, there are a number
of ways of plotting these data. The first approach we will take here
is one of the simplest and will introduce a way to remove unwanted
series of data as needed. First, click on the A3 cell, hold down the
left mouse button, and drag until the E12 cell to select the data
range. Click on the “Chart Wizard” icon in the toolbar ( §li ) to
open up the Chart Wizard. Select the “XY (Scatter)” type of
graph along with the second sub type as “Scatter with data points
connected by smooth lines” and press the Next button. This chart
however will contain multiple series due to the data range that
was initially selected. This is shown in Figure 7.21. Click on
the “Series” tab to view the series that have been included in
the data range plotted as depicted in Figure 7.22. In the series
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Data” page with Series tab selected.

Cancel

window in the bottom left there are four series listed as Series1,
Series2, Series3, and Series4. Click on Series1 to display the loca-
tion of the series. To the right will be the locations as X Values:
“=Sheet]1!$A$3:3A$12” and Y Values: “=Sheet]!$B$3:$B$12.”
This is not the series that we want to plot; this is the data values
forRun 1. Clicking on the second Series2 will show the series loca-
tion as X Values: “=Sheetl!$A$3:$A$12” and Y Values:
“=Sheet]1!$C$3:$C$12.” Note that the location of the X Values
is the same, and this is correct. The furthest most column of data
selected in the data range will be automatically designated as the X
Values. However, the Series2 is still not the data that we want to
plot. As might be guessed, the Series4 is the data that we want to
plot as X Values: “=Sheetl!$A$3:$A$12” and Y Values:
“=Sheet1!$E$3:$E$12.” We can remove these unwanted series
by clicking on each one and pressing the “Remove” button located
below the list of series. Go ahead and remove Series1, Series2, and
Series3. This will leave the Series4 in the plot, which is the average
of the three runs in Table 7.2.

7.6.5 Entering the Chart Options

Clicking the Next button will bring up the “Chart Wizard—Step 3
of 4—Chart Options” page where again a variety of formatting of
the graph can be done. The first “Titles” tab allows the entering of
a Chart title and labels for the x and y axes. For the chart title type
in “Calcium Concentration versus Absorbance.” For the Value
(X) axis type in “Calcium (ppm),” for the Value (¥) axis type
in “Absorbance (abu).” Click the second “Axes” tab. The Value
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FIGURE 723 The “Chart Wizard—Step 3 of 4—Chart
Options” page.

(X) axis and Value (Y) axis boxes should be checked. Click the
third “Gridlines” tab. If there is a check mark in any of the grid-
line selection boxes, remove them by clicking on the box. Click
the fourth “Legend” tab. If the Show legend box is checked,
remove the legend by clicking on the box. A legend is not nec-
essary in this example because there is only one data series.
Finally, click on the fifth “Data Labels” tab and ensure that none
of the data label boxes are checked. The page should now look
like that shown in Figure 7.23 for the “Chart Wizard—Step 3
of 4—Chart Options” page. Click the Next button and this will
bring up the “Chart Wizard—Step 4 of 4—Chart Location” page.
Select the “As object in: Sheet1” option to place the graph within
our currently opened spreadsheet. Click the Finish button to com-
plete the construction of the chart. The chart has now been placed
into the spreadsheet and should look like that depicted in
Figure 7.24. Clicking on the chart will make it the active object.
The chart can be resized, the scales of the axis can be changed,
boarders, shading, and gridlines can be added or removed, and
the font sizes can be changed. Left click on the Y axis to place
it into focus, now right click to open a drop-down menu. Choose
the “Format Axis” option. Click on the second tab “Scale” and
type into the Minimum box “1000” and type into the Maximum
box “2100.” Left click on the X axis to place it into focus, now
right click to open a drop-down menu. Choose the “Format Axis”
option. Click on the second tab “Scale” and type into the Mini-
mum box “0” and type into the Maximum box “12.” This will
rescale the X axis and should look like the chart in Figure 7.25.

7.6.6 Error Bars

We are now ready to add our Y error bars to the plot. These Y error
bars give us an idea about the scatter in each data point measure-
ment. A large standard deviation value will result in a wide error
bar indicating the amount of variance in the measurement of that
data point. Place the mouse cursor over one of the plotted data
points and left click to activate the data points. Right click to open
up a menu and select “Format Data Series.” Under the “Patterns”
tab for “Line” select “None.” Under the “Y Error Bars” tab select
“Custom” at the bottom and click on the “+” spreadsheet icon that
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FIGURE 7.24 Calcium concentration versus absorbance chart.
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is to the right of the input box. This is depicted in Figure 7.26. In
the spreadsheet select the range F3 to F12 by clicking on the F3 cell
and dragging down to the F12 cell. Close the “Format Data
Series—Custom +” window to return to the “Format Data Series”
window. Click on the “-” spreadsheet icon and select the range F3
through F12 as before. Close the “Format Data Series—Custom -
window to return to the “Format Data Series” window. The “Dis-
play Both” should now be blackened as depicted in Figure 7.27.
Click “OK” to close the “Format Data Series” window.

7.6.7 Trendline

Right click on the data series in the plot again and select the menu
option “Add Trendline.” Select the “Linear” type as depicted in

Format Data Series [ ? x‘
Data Labels | Series Order | Options |
Patterns ] Axis | X Error Bars Y Error Bars
Display
Both Plus Minus None
Error amount Click on sheet icon to add
 Eied vake: Iﬂ error bars
" Percentage: [ =%

( Standard deviation@): |1 =
(" Standard error
® Custom: 4+

= | E

Cancel

oK |

Figure 7.28. Click the “Options” tab and select “Display equation
on chart” and “Display R-squared value on chart” as depicted in
Figure 7.28. Click the “OK” button to implement the additions to
the chart. The chart should now look like that in Figure 7.29. Note
that the line connecting the plotted values has been replaced with
a best-fit line, and that an R? value of 0.9991 has been added
to the chart along with the slope-intercept linear equation y =
95.503x + 1086.1.

This concludes the basic tutorial of Microsoft Excel® in
respect to the fundamental skills required for plotting simple lin-
ear relationships in Excel® 97-2003.

Add Trendline 2
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FIGURE 7.26 The “Format Data series” page.
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FIGURE 7.27 The “Format Data series” page of the “Y Error
Bars” tab.

FIGURE 7.28 The “Add Trendline” page.
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FIGURE 7.29 Calcium concentration versus absorbance chart with
best-fit line, R* value, and slope-intercept equation.



7.7 COMPLEX CHARTING IN EXCEL® 2010

7.7.1 Entering the Data

Constructing charts in Excel® 2010 is very similar to that of
Excel® 97-2003, both use the basic construct of cells in a spread-
sheet. For Excel® 2010, open a new spreadsheet and type into the
cells we covered earlier for the headings and data of Table 7.2.
Next type in a new heading into cell E2 as “Average” and F2
as “StdDev” for the standard deviation.

7.7.2 Using the Formula Search Function

Place the cursor arrow over the E3 cell and click to make it the
active cell. Next, click on the Formula tab and then click on
the Insert Function shortcut in the ToolBar ribbon. A window
will open that allows the selection of a function. Type into the
Search “Average” and click the GO button. This will bring up
the window shown in Figure 7.30. Click the OK button which
will bring up the functions argument window as shown in
Figure 7.31. In the Numberl box put the data range “B3:D3”
for the average. Click the OK button which will place the average
into the E3 cell. Next, highlight the F3 cell and click it to make it
active. Click the Insert Function shortcut to open the functions
window. Search the functions for Standard Deviation and select
the STDEV function and click OK. This will open up the standard
deviation function window as shown in Figure 7.32. In the Num-
berl box type in the data range “B3:D3” for the standard devia-
tion. Click the OK button which will place the standard deviation
into cell F3 as depicted in Figure 7.33. Next highlight cells E3
and F3, right click and press copy to copy these two functions
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FIGURE 7.30 Inserting the Average function into the spreadsheet.
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onto the clipboard. Now highlight cells E4 through F12, right
click, and select paste. This will paste the functions into these
cells and also perform the calculations. The spreadsheet should
now look like the one depicted in Figure 7.34.
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deviations.

7.7.3 Inserting the Chart

Let us start by highlighting cells A3 through E12 and select Insert
and Charts and select the with straight lines and markers chart.
Next click the Select Data shortcut. This will open up the data
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FIGURE 7.35 Spreadsheet with data selection window open.
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FIGURE 7.36 Chart with proper dataset plotted.

selection window as shown in Figure 7.35. We want to remove
series 1 through 3 to give the chart depicted in Figure 7.36.

7.7.4 Formatting the Chart

Next, click on the chart to make it active and bring up the chart
formatting Toolbars. Click on the Layout tab and then click the



Chart Title selection and select Above Chart. This will insert a
text box above the chart. Click inside the chart title text box
and type in Calcium Concentration vs Absorbance. Next select
axis titles and place a title box for the x and y axes. You can call
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FIGURE 7.38 Chart with Trendline.
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the y axis Absorbance and the x axis Concentration. The chart
should now look like the one depicted in Figure 7.37. Next click
layout and legend and then select None. Next click the data line to
highlight the data markers. Right click and select Format Data
Series. Click on Line Color and select No Line. Next click on
Analysis and select Trendline. Next select More Trendline
Options. Select Linear and click on Display equation on chart
and Display R* on chart. The chart should now look like that
depicted in Figure 7.38.

This concludes the basic tutorial of Microsoft Excel® in
respect to the fundamental skills required for plotting simple lin-
ear relationships in Excel® 2010. We will next cover the use of
spreadsheets for simple statistical calculations.

7.8 STATISTICAL ANALYSIS USING EXCEL®

7.8.1 Open and Save Excel® StatExp.xls

In plotting the data of the calcium analysis by atomic absorption
spectroscopy in Table 7.2, we used the CalciumAAS workbook
spreadsheet to calculate an average of the three replicate analyses
by typing into the spreadsheet the function “=AVERAGE(B3:
D3).” The average values were then used in the chart as the depend-
ent Y axis values. We also calculated a standard deviation of the
replicate analyses by typing into the spreadsheet “=STDEV(B3:
D3)” that was used for constructing the Y error bars in the chart.
Excel® contains both a wide variety of functions such as AVER-
AGE and STDEV that can be inserted into the spreadsheet. If
not already open, open ChemTech and go to the Chapter 7 Main
Menu page. Click the button “Microsoft Excel®” to open the stand-
ard workbook “Bookl.” The workbook “Bookl” is the basic
“spreadsheet” that ChemTech uses and opens when we start Micro-
soft Excel® from ChemTech. Go ahead and save the blank spread-
sheet as “C:\StatExp.xIs” for our statistical example work.

7.8.2 Sulfate Data

Table 7.3 lists the experimental data for the gravimetric measure-
ment (n = 10) of sulfur content as molarity (M) sulfate [SO,F].

The average sulfate concentration is X =2.106 M with a sam-
ple standard deviation s = 0.0358 M. If we choose a factor of risk
level at a=0.05 (i.e., confidence of a 95% probability that u
would fall within our limits) then the degrees of freedom is

TABLE 7.3 Experimental data.

X;

2.125
2.103
2.110
2.131
2.108
2.129
2.107
2.111
2.009
2.130
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df=9 and the Student’s ¢ value is 2.262. Using Equation 5.12, the
confidence limits were calculated as

%o o logn s (2:262)(0.0358M)
vn V10
=2.106M £0.026 M

(5.12)

From these calculations it can be determined that with a prob-
ability of 95%, p will fall within the sulfate concentration [SO?{]
range of 2.080-2.132 M.

7.8.3 Excel® Confidence Function

Excel® can also be used for calculations such as this by either typ-
ing the function into the cell, or alternatively by using the “Insert”
“Function” capability. Go to the main drop-down menu and click
on “Insert” and choose “Function” if using Excel® 97-2000. If
using Excel® 2010 click on “Formulas” tab and then click on
“Insert Functions.” This will open up the “Insert Function” win-
dow. Select the category “Statistical” and scroll down and select
“CONFIDENCE.” There will be a brief description of the func-
tion under the scroll down window such as “CONFIDENCE.
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FIGURE 7.39 Microsoft Excel® Function window. Insert Function
window illustrating the selection of a category and a function. Note
the function’s description at the bottom of the window.

NORM(alpha,standard_dev,size) Returns the confidence interval
for a population mean, as depicted in Figure 7.39. Pressing the
“OK” button will bring up a “Function Arguments” page. Type
into the input boxes “0.025” for “Alpha,” “0.0358” for
“Standard_dev,” and “10” for “Size.” An example of this is
depicted in Figure 7.40. Press the “OK” button and the value
of “0.025375” should be placed into the spreadsheet at the orig-
inal location of the active cell. Also note in the “f, function” input
box the line “=CONFIDENCE(0.025,0.0358,10),” which could
have also been typed into the cell to obtain the same result. Using
this result we find the confidence interval as 2.106 + 0.025 M for
a range of 2.081-2.131 M.

7.8.4 Excel® Student’s ¢ Test

7.8.4.1 Spreadsheet Calculation I Excel® can also be used to
calculate the Student’s ¢ test to determine whether two separate
analytical methods have the same mean in the absence of any
systematic error. Using the data in Example 5.8 for the gas
chromatography (GC) measurement of cholesterol content from
a corn oil extract comparing a method recently developed on a
new high-pressure liquid chromatography (HPLC) instrument
installed in the laboratory. Using the data listed in Table 7.4
the average cholesterol concentration for the GC method is
Xcc=3.50% with a sample standard deviation sgc =0.030%,
and for the new HPLC method Xpypic=3.52% with a sample
standard deviation sgpp.c=0.037%.

When comparing the means of two sets of data we are per-
forming a statistical hypothesis in order to answer the question
of whether the means are the same or different. The assumption
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FIGURE 7.40 “Function Arguments” page. Type into the input

boxes “0.025” for “Alpha,” “0.0358” for “Standard_dev,” and
“10” for “Size.”



TABLE 7.4 Experimental data.

X; (GC, %) X, (HPLC, %)
3.51 3.52
3.54 3.56
3.49 3.48
3.47 3.56
3.52 3.46
3.46 3.51
3.53 3.52

that the means are the same is called the null hypothesis and is
illustrated as H,, where y; —p, =0. The case where the means
are not equal is called the alternative hypothesis and is illustrated
as Hy, where u; —u, # 0. If we choose a factor of risk level at a =
0.05 (i.e., confidence of a 95% probability that g would fall
within our limits), then the degrees of freedom is taken from
the sample set with the lowest number of data. In this problem,
the df=6 and the associated Student’s ¢ value is 2.015. Using
Equation 5.16 and setting u; —u, =0, the calculated ¢ value for
the comparison was

(3.50-3.52)

10.0307 . 0.037%
7 7

r=-1.111

(5.16)

The absolute value of the calculated 7 value (1.111) is less than
the Student’s ¢ test value (2.015) thus indicating that there is not a
significant difference in the means obtained from the two
methodology.

7.8.4.2 Spreadsheet Calculation I We essentially calculated
this by hand using Equation 5.16. If the data in Table 7.4 are
entered into a spreadsheet, then the 7 value can be calculated using
the functions in the spreadsheet. Set up the “StatExp” spreadsheet
as depicted in Figure 7.41. In the B9 cell we have entered the
function “=COUNT(B2:B8),” in cell B10 “=AVERAGE(B2:
B8),” and in cell B11 “=STDEV(B2:BS8).” In the C9 cell we
have entered the function “=COUNT(C2:C8),” in cell C10
“=AVERAGE(C2:C8),” and in cell C11 “=STDEV(C2:C8).”
On the basis of these functions in the spreadsheet in cell B13
we can now enter a formula based upon Equation 5.16 to calcu-
late the ¢ statistic:

t:M (5.16)
7 é
np n

. (B10-C10) (7.1)

/B112 LCl 12
B9 C9
What is actually typed into cell B13 is “=((B10-C10)/SQRT

((B112/B9)+(C11"2/C9))).” This returns the value “~0.70638”
for the ¢ statistic.
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FIGURE 7.41 Set up the “StatExp” spreadsheet including in the B9
cell the function “=COUNT(B2:B8),” in cell B10 “=AVERAGE(B2:
B8),” and in cell B11 “=STDEV(B2:B8).” In the C9 cell the function
“=COUNT(C2:C8),” in cell C10 “=AVERAGE(C2:C8),” and in cell
Cl11 “=STDEV(C2:C8).”

Alternatively, the “Insert” “Function” window can be used to
calculate and return the result of the #-Test. However, the ¢ statistic
is not returned by a probability value representing the significance
of the difference. In general, if this is used, a probability value of
“p <0.05” indicates a significant difference in the means of the two
sample populations. This is a useful tool if a quick test is desired for
comparing means for a difference that is statistically significant.

7.8.5 Excel® Tools Data Analysis

7.8.5.1 Analysis ToolPak Finally, a more advanced way of
calculating the ¢ statistic in the spreadsheet is to utilize the
“Tools” “Data Analysis” menu selection. This is from the Anal-
ysis ToolPak add-in that can be installed during Excel® setup, or
by clicking the main drop-down menu “Tools” and selecting
“Templates and add-ins” to install the Analysis ToolPak. For
Excel® 2010, click the File tab, click Options, and then click
the Add-Ins category. In the Manage box, select Excel® Add-
ins and then click Go. In the Add-Ins available box, select the
Analysis ToolPak check box, and then click OK. Tip: If Analysis
ToolPak is not listed in the Add-Ins available box, click Browse
to locate it. If you are prompted that the Analysis ToolPak is not
currently installed on your computer, click Yes to install it.

7.8.5.2 ToolPak Functions The following is a list of the
functions available in the ToolPak.

+Anova

+Correlation
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+Covariance

+Descriptive Statistics
+Exponential Smoothing
+F-Test Two-Sample for Variances
+Fourier Analysis
+Histogram

+Moving Average

+Random Number Generation
+Rank and Percentile
+Regression

+Sampling

+t-Test

+z-Test

Note The data analysis functions can be used on only one
worksheet at a time. When you perform data analysis on grouped
worksheets, results will appear on the first worksheet and empty
formatted tables will appear on the remaining worksheets. To per-
form data analysis on the remainder of the worksheets, recalcu-
late the analysis tool for each worksheet.

7.8.5.3 Data Analysis t-Test: Two-Sample Assuming Unequal
Variances Go to the “Tools” main drop-down menu and select
“Data Analysis” to open the Data Analysis window as shown in
Figure 7.42. Scroll down the choices and click on “z-Test: Two-
Sample Assuming Unequal Variances” and click “OK.” This will
bring up a second input window where ranges and parameters for
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FIGURE 7.42 Data Analysis window.

the ¢ statistic calculation are entered. Set up the ranges and para-
meters as depicted in Figure 7.43 and press the “OK” button. This
will place into the spreadsheet the results of the ¢-Test calcula-
tions, and should resemble that of Figure 7.44.
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FIGURE 7.45 Spreadsheet results of the F-Test calculations.

A small table of results is generated using the “t-Test: Two-
Sample Assuming Unequal Variances” tool listing the mean of
the two variable data sets, the variances (standard deviation
squared), the null hypothesis of equal means, the degrees of free-
dom (df ), and the 7 Stat calculated at —0.70638. Notice that this is
the same value as that obtained in cell B13. The output table also
contains a “¢ Critical one-tail” and a “t Critical Two-tail” value
extracted from #-Test critical tables (Table 5.6) for statistical dif-
ference determination. The ¢ Stat result —0.70638 calculated
using the spreadsheet Analysis ToolPak is less than the 7 Critical
values agreeing with the previous #-test calculations that the
means of the two methods are not statistically different.

7.8.5.4 Analysis ToolPak F-test Another statistical test from
the Analysis ToolPak that can be applied to the comparison of
GC and HPLC methods listed in Table 7.4 is the F-test. The
F-test is a ratio of the variances (F=s7/s3) that have been
arranged to give a number greater than 1. A value closer to 1 indi-
cates that the variances are similar for the two methods. While the
F-test ratio can easily be calculated within the spreadsheet, the
use of the Analysis ToolPak also gives a results output table that
includes a critical value for comparison that would otherwise
require lookup in an F-test critical value table. If the resultant
F-test value is less than 1, then the order of the inputted variables
needs to be reversed. Go to the “Tools” main drop-down menu
and select “Data Analysis” to open the Data Analysis window
as shown in Figure 7.42. Scroll down the choices and click on
“F-Test Two-Sample for Variances” and click “OK.” This will
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FIGURE 7.46 Spreadsheet results of the Descriptive Statistics
calculations.

bring up a second input window where ranges and parameters
for the F statistic calculation are entered. Set up the “Variable
1 Range:” as C1 to C8, and the “Variable 2 Range:” as B1 to
B8, click the labels box, put the “Output Range:” as D2, and press
the “OK” button. This will place into the spreadsheet the results
of the F-Test calculations, and should resemble that of
Figure 7.45. The F value is 1.51 which is much smaller than
the “F Ceritical one-tail” value of 4.28 indicating that the preci-
sions of the two methods are not significantly different.

7.8.5.5 Analysis ToolPak Statistical Summary The Analysis
ToolPak can also be used to calculate and give an output table of a
statistical summary of data including the mean, standard error,
standard deviation, maximum, minimum, and count. Go to the
“Tools” main drop-down menu and select “Data Analysis” to open
the Data Analysis window as shown in Figure 7.42. Scroll down the
choices and click on “Descriptive Statistics” and click “OK.” This
will bring up a second input window where ranges and parameters
for the descriptive statistic calculations are entered. Set up the input
range as “$A$2:$B$9,” put Grouped By: as Columns, click the
“Labels in first row” box, put the Output Range as “$H$31,” click
the “Summary statistics” box, and press the “OK” button. This will
place into the spreadsheet the results of the descriptive statistics cal-
culations, and should resemble that of Figure 7.46.

There are numerous other calculations that can be performed
in Excel® using functions, the Analysis ToolPak, macros, and
visual basic for applications (VBA). Some of these approaches
will be used in subsequent chapters.
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8.1 INTRODUCTION

The preparation of laboratory solutions is a very important step in
many analyses and calibrations. The proper makeup of solutions
will help to ensure that the testing done and the methods used will
result in the most accurate and precise measurements being done.
Care needs to be taken in selecting the right reagent, the proper
grade of the reagent, the weighing or taking an aliquot of the rea-
gent, and the final volume of the prepared solution.

8.2 LABORATORY REAGENT FUNDAMENTALS

There are some basic, fundamental analytical aspects that we
need to consider about reagents before calculating the makeup
of the various laboratory solutions that will be needed to perform
a variety of analytical methodologies and instrumental calibra-
tions. The analyst in the laboratory needs to become familiar with
the chemist’s fundamental quantity known as the mole. A mole
is designated by Avogadro’s number of 6.023 x 10** molecules
of any given substance (6.023 x 10> mol™"). One mole of a sub-
stance is the gram formula weight obtained by adding the stand-
ard atomic weights of the elements that the substance’s formula is
composed of. The standard atomic weights of the elements are

8.9  Computer-Based Solution Calculations
8.9.1 Computer-Based Concentration
Calculation—Molarity I
8.9.2 Computer-Based Concentration
Calculation—Molarity II
8.9.3 Computer-Based Concentration
Calculation—Normality I
8.9.4 Computer-Based Concentration
Calculation—Normality II
8.10 Reactions in Solution
8.11 Chapter Key Concepts
8.12 Chapter Problems

listed in the periodic table in Appendix IV, or alternatively in
ChemTech found as a link in the Main Menu options. If not
already open, open ChemTech and go to the Main Menu page.
Click on the “PERIODIC TABLE OF THE ELEMENTS” button
to open up the periodic table (or alternatively if needed go to the
periodic table in Appendix IV).

8.3 THE PERIODIC TABLE

The periodic table that the laboratory analyst works with lists the
average weighted mass for the various elements that are listed in
the periodic table. The elements in the periodic table have relative
weights based on the carbon isotope of mass number 12 (* 2C). How-
ever, carbon in the periodic table is listed as having a standard
atomic weight of 12.0107 g mol ™" while by definition the carbon
12 isotope has a unified atomic mass unit (u) of 12.000000 u.
The abundances of the natural isotopes of carbon are 2c
(12.000000 u by definition) at 98.93(8)% and "*C (13.003354826
(17)u) at 1.07(8)%. Therefore, the weighted average of the two car-
bon isotopes gives an atomic weight of 12.0107 g mol™" as is found
in the periodic table. This is true of all the elements where the aver-
age atomic weight values in the periodic table represent the sum of
the mass of the isotopes for that particular element according to their
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natural abundances (see Appendix I for a listing of the naturally
occurring isotopes). For example, chlorine has two isotopes at
31 (34.968852721(69 u at 75.78(4)% natural abundance) and
37C1(36.96590262(11) u at 24.22(4)% natural abundance) equating
to standard atomic weight of 35.453(2) gmol™'. In calculating
grams and moles in the laboratory, we will always use the standard
atomic weights that are listed in the periodic table (later in
Chapter 12 we will see when itis necessary to use the unified atomic
mass units in place of the standard atomic weights of the elements).

8.3.1 Periodic Table Descriptive Windows

With the periodic table open in ChemTech, click on the carbon ele-
ment symbol. This will open up a descriptive page of carbon listing
some elemental facts and also a picture of a common form of the
element. This is an interactive periodic table that contains elemental
facts and pictures of each of the elements. For 15 of the elements
there is also included a rotatable three-dimensional movie of the
element (see listing of elements with movies at bottom of the peri-
odic table window). Close the carbon elemental facts window and
click on the element zinc. In the zinc elemental facts page, double
click on the zinc.mov link to open up a three-dimensional movie of
the element. Using the left button of the mouse, the zinc metal
block can be rotated 360°. Go ahead and try it. These movies
are included for informational purposes only and are not in fact
used in our specific laboratory work. Close the movie to return back
to the zinc elemental facts page. The periodic table can be used to
obtain an atomic weight of an element or for any of the descriptive
information contained within the elemental facts page if needed.

8.4 CALCULATING FORMULA WEIGHTS

To calculate the formula weight of a substance, the atomic
weights of all of the elements contained within the formula are
added. For example, water has the formula H,O, which consists
of two hydrogen atoms and one oxygen atom. The formula
weight (FW) would therefore be calculated as

FWH,;0=2x1.00794 g mol™" + 1x15.9994 ¢ mol~!
FW H,0 =18.01528 gmol !

This is the same for ions, inorganic compounds, and organic
substances:
FWCl™ =1x35.453 gmol ™!
FW Cl~ =35.453 gmol ™!

8.5 CALCULATING THE MOLE

The mole of a substance is the formula weight of that substance
expressed in grams. Thus, for water, 1 mole H,O =18.01528 g.
To calculate the number of moles of a substance, the number
of grams is divided by the formula weight as

grams

Moles of subst: =
oles of substance = =

(8.1)

Here, the formula weight (FW) can be an ionic weight such as that
of phosphate (PO, 94.97136 g mol™"), a molecular weight such
as for sucrose (C;,H2,0q;, 342.29648 g mol™), or an atomic
weight such as for sodium metal (Na, 22.98977 g mol_]). Thus,
3.56 g of sucrose equals

3.56g
342.29648 gmol ™!
Moles of sucrose =0.0104 mol

Moles of sucrose =

8.6 MOLECULAR WEIGHT CALCULATOR

Learning to do this by hand helps the analyst to understand mole
calculations, but it is not always necessary in today’s lab where
computer-based programs can assist the analyst with calculations
of this kind. ChemTech contains one such program, Molecular
Weight Calculator, for the analyst’s use in the laboratory that
is quite diverse in its calculations. If not already open, open
ChemTech and go to the Main Menu. Click on the “CALCULATE
FORMULA WEIGHTS?” button to open the molecular weight cal-
culator. The window for the molecular weight calculator should
look like that in Figure 8.1. The program will allow the calculation
of formula weights in a wide variety of representations. At this
point, we will be using the approach of typing in the formula such
as H,O, and then press the “Calculate” button. Be sure to also have
the “Average” choice selected for the element mode of calculation.
Go ahead and type in H,O and press “Calculate.” The displayed
result should be “18.01528.”

8.7 EXPRESSING CONCENTRATION

There are many ways that the analyst in the laboratory can use
to express the concentration of a solution. Table 8.1 lists the most

P polecular Weight Calculator

Formula 1 ‘HQO &'
MWV = 18.01528 (£0.0003) e Sonpe
Fomua 2. |FeCly-6H,0
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MW = 327 1576 (+0.003) ? ‘[i:;f;;f
Formula 4: ‘”SCGH&'-‘IHEO  Imeger
MW = 85.84917 (:0.0002)
Formula 5 ‘HGIyLeuTerH
MW = 35139762 (+0.003)
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MW = 265973 (+0.003)
lﬁ(endy

FIGURE 8.1 Main view of molecular weight calculator program.



TABLE 8.1 Forms of Expressing Concentration and Their
Calculation.

Concentration Label Calculation

Formal F gram—formula—weight of solute
liters of solution

Molal M moles of solute

kilograms of solvent

Mole fraction N moles of solute

moles of solute + moles of solvent

Molar M moles of solute
liters of solution
Normal N equivalents of solute

liters of solution

Volume percent  vol % liters of solute

———x1
liters of solution x 100

grams of solute

Weight percent ~ wt % %
grams of solute + grams of solvent

100

milligrams of solute

milligrams of solute
or
kilograms of solution

Parts per million Ppm

liters of solution

Parts per billion ~ Ppb  micrograms of solute

liters of solution

Parts per trillion Ppt  nanograms of solute

liters of solution

Grams per - grams of solute

volume liters of solution

commonly used forms of concentration designation. Though the
molar, normal, and parts per million (ppm) are the most widely
used concentration expressions, we will take a look at the calcu-
lation of a number of the types of concentration expressions listed
in Table 8.1. When the term ‘“solute” is used in Table 8.1, it refers
to the substance that is being dissolved in the solution. For exam-
ple, in an aqueous salt solution consisting of 20 ppm sodium
chloride (NaCl), the sodium chloride would be the solute while
the aqueous (water, H,O) would be the solvent making up the
solution.

8.7.1 Formal (F) Solutions

8.7.1.1 Formal (F) Solution Example What is the formal
concentration of a solution made up of 3.165 g of Na,HPOy, in
829 ml of water? The formal calculation is based on the formula
weight of the original form of the solute irrespective of whether it
dissociates into other species.

_ gram—formula—weight of solute

F 8.3
liters of solution (8.3)
3.165 gNa,HPO,
141.95884 g mol !
F= .
0.8291 (8:4)
F=0.02689
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8.7.2 Molal (m) Solutions

8.7.2.1 Molal (m) Solution—Simple Example What is the
molal concentration (molality) of a solution made up of
1.524 g of pure formic acid (CH,0,) in 0.627 kg of methanol
(CH40)? The molality calculation is based on the moles of solute
and kilograms of solvent.

moles of solute

= 8.5
" kilograms of solvent (8:5)
1.524 g CH,0,
_ 46.02538 gmol ™!
T 0.627ke (8.6)
m=0.05281

Often in the laboratory the analyst is working with reagents
that are in different percentage purities, or may already be in solu-
tion in a predetermined concentration. Let us look at a similar
example as 5.2 but in a more complex situation where the analyst
must take into account a number of physical factors before the
final concentration calculation.

8.7.2.2 Molal (m) Solution—Complex Example What is the
molal concentration of a solution made up of 1.524 ml of concen-
trated (90.5% purity) formic acid (CH,0,, dﬁo =120¢g ml™}) in
627 ml of methanol (CH,0, d}’=0.7915 gml™")?

Our first step is to convert milliliters of formic acid into moles
of formic acid taking into account that the formic acid solution is
90.5% pure, and that its density is 1.20 gml™":

1.524mlx 1.20 gml~" x0.905
46.02538 gmol ™!
Moles CH,0, =0.03596

Moles CH,0, =

(8.7)

Next, we need to convert milliliters of methanol into
kilograms:

kg CH;0=627mlx0.7915gml~' x 1kgx 1000g~"
kg CH,;0=0.4963

Finally, the molality of the solution can be calculated.

_0.03596 mol CH,0,
~0.4963kg CH,0

m=0.07246

(8.8)

As can be seen from Examples 8.2 and 8.3 though the pro-
blems started out with the same numeric values, the final concen-
tration calculations are quite different. As the analyst begins to
learn, there are numerous tables that are very useful in the analyt-
ical chemistry laboratory. One such table is the listing of some
common acids and bases that are often used in the laboratory
along with their associated concentrations as illustrated in
Table 8.2. The reagents are usually purchased from vendors
and typically contain the same concentrations. For example,
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TABLE 8.2 Listing of Some Common Laboratory Acids and Bases Including Physical Properties Necessary for Solution Preparations.

Reagent Formula and Formula Weight Purity % by Weight Density g ml™" (25 °C) Molarity
Acetic acid glacial CH;COOH 60.052 99.8 1.049 17.43
Ammonium hydroxide NH,4OH 35.046 57 0.90 14.80
Ammonia solution® NH; 17.030 28 0.90 14.80
Formic acid HCOOH 46.025 96.0 1.22 25.45
Hydrobromic acid HBr 80.912 48 1.49 8.84
Hydrochloric acid HCI 36.461 37 1.2 12.18
Hydrofluoric acid HF 20.006 51-55 1.15 29.32-31.62
Hydroiodic acid HI 127.912 57 1.701 7.58
Nitric acid HNO; 63.013 70 1.400 15.55
Oxalic acid in H,O HO,CCO,H - 0.99 0.1N
Perchloric acid HCI10,4 100.458 70 1.664 11.59
Phosphoric acid H;PO, 97.995 85 1.685 14.62
Potassium hydroxide KOH 56.106 45 1.456 11.68
Sodium hydroxide NaOH 39.997 40 1.327 10.0
Sulfuric acid H,S0,4 98.079 97 1.840 18.20

# Same solution as ammonium hydroxide expressed as ammonia.
Note: Need to reference Sigma-Aldrich and Merck Index.

the concentrated hydrochloric acid (HCI) reagent used in the lab-
oratory is not a 100% pure solution but rather an approximate
37% purity. Pure hydrochloric acid is in fact a gas at room tem-
perature and not a solution. The concentrated hydrochloric
acid reagent the analyst uses in the laboratory is a saturated
solution prepared by bubbling pure HCI gas through water.
A concentrated (saturated) solution of HCI can be prepared in
the laboratory by bubbling pure HCI gas through water (in fact,
this is how the reagent was prepared in the laboratory before com-
mercial availability quite a while ago), but this is not practical or
convenient in the volumes that concentrated HCI are typically
used in the laboratory, nor very safe due to the high toxicity of
the pure HCI gas.

8.7.3 Molar (M) Solutions

8.7.3.1 Molar (M) Solution Example What is the molar con-
centration (molarity) of a solution made up of 4.357 g of pure
sodium chloride (NaCl) in 637 ml of H,O? The molar calculation
is based on the moles of solute and liters of final solution. In the
makeup of molar solutions, typically the salt is weighed into a vol-
umetric flask, a portion of solvent is added to dissolve the salt, and
then the volume is brought to the final calibrated mark of the flask.

moles of solute

= 8.9
liters of solution (89)
4.357 gNaCl
58.44247 gmol ™!
=5 1
M 0.6371 (8.10)
M=0.1170

An important point to note here is that the molar solution is
different from the formal solution in that the formal solution is
based on the FW of the solute irrespective of dissolution and
any subsequent solute dissociation, while the molar solution
can represent the original solute or any dissociated species
derived from dissolution.

To illustrate this, the sodium chloride solution in Example
8.4 has a concentration that can be represented as both
0.1170 F and 0.1170 M NaCl. However, because of the fact
that sodium chloride dissociates ~100% in solution, it is also
0.1170 M Na* and 0.1170 M CI". This can be shown by way
of the use of what is known as “gravimetric factors.” Gravimet-
ric factors are multiplication factors used to convert the amount
of one substance into the amount of another related substance
using the following relationship:

m x formula weight (substance needed)

Gravimetric factor = -
n x formula weight (second substance)

(8.11)

For example, to convert grams NaCl into grams Na*, the
following relationship is used:

1 x formula weight Na*

Na* = NaCl 8.12
grams Na = = grams Nat-l x 7= formula weight NaCl ( )
1 x 22.98977
. 1 X 2298971
gramsNa® =4.357 grams X =077 (8.13)
gramsNa* =1.714 g
Thus the molarity of the sodium is
1.714gNa*
22.98977 gmol !
M=——T—"7"F——
0.6371 (8.14)
M=0.1170

And in a similar manner, to convert grams NaCl into grams
CI, the following relationship is used:

1 x formula weight C1~

grams C1~ = grams NaCl x (8.15)

1 x formula weight NaCl



1 x 35.4527
Cl~ =4.357 T
grams B X 1 58.44247 (8.16)
gramsCl™ =2.643 g
Thus the molarity of the chloride is
2.643gCl™
_35.4527 gmol !
B 0.6371 (8.17)
M=0.1170

In this particular case, making a sodium chloride (NaCl)
salt solution that is 0.1170 M, a solution that is also 0.1170 M
in Na* and CI” is also produced due to ~100% dissociation in
aqueous solution.

8.7.3.2 Molar (M) Solution of K,CO3; A solution is made up
of 3.891 g of pure potassium carbonate (K,COj3) in 862 ml of
H,0O? Assuming 100% disassociation, what is the molar concen-
tration (molarity) of the potassium carbonate, the potassium ion
(K™*), and the carbonate ion (CO572)?

Molarity of potassium carbonate:

3.891 gK2C03
_ 138.2055 gmol ™!
- 0.8621

M =0.03266

M (8.18)
Molarity of potassium ion:

2 x formula weight K*
1 x formula weight K,CO3

grams K* = grams K,CO;3 x

(8.19)
2 % 39.0983
+ —
grams K™ =3.891 grams x % 138.2055 (8.20)
grams K* =2.2015 g
2.2015gK*
_ 39.0983 gmol ™!
T 08621 (8.21)

M =0.06532

Molarity of carbonate ion:

1 x formula weight CO%’

S CO2_ = K CO
grams LU5 - = grams BotUs X 17 formula weight K,CO;

(8.22)
1 x 60.0089
CO2- =3.891 TRVRTTw v
grams CO3 B X 138.2055 (8.23)
grams CO3™ =1.689 g
_1.689gCO5™
60.0089 gmol~!
_ 60.0089 gmol”’ 8.24
M 0.8621 529
M=0.03266
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From the above exercise, we see that the molarity of the potas-
sium ion is twice that of the original potassium carbonate and
also the carbonate ion. This is because the formula for potassium
carbonate, K,COj3, contains 2 moles of potassium and 1 mole of
carbonate for every mole of potassium carbonate.

Sometimes the laboratory analyst finds it more convenient
to work in millimoles. This allows volumetric calculations to
be based on milligrams and milliliters versus grams and liters.
A millimole (mmoles) is the expression of the moles of a sub-
stance as milligrams divided by the formula weight.

mg

les = ————— 8.25
N — Y weight ( )
mmoles
Molarity = 8.26
olarity -~ (8.26)

Some useful expressions involving molar calculations are as
follows:

(liters) (M) = moles (8.27)
(moles)(formula weight) = grams (8.28)
(liters) (M) (formula weight) = grams (8.29)
(ml)(M) =mmoles (8.30)
(mmoles)(formula weight) = mg (8.31)
(ml) (M) (formula weight) = mg (8.32)

8.7.4 Normal (N) Solutions

When working with normal solutions, the “equivalents” of solute
need to be taken into account. The equivalents are based on the
moles of a reactant that the solute is able to contribute to some
type of chemical reaction. For acid and base reactions, an equiv-
alent (eq) of acid is the quantity of acid that supplies 1 mole of H,
while an equivalent of base is the quantity of the base reacting
with 1 mole of H". The use of normality effectively “normalizes”
the concentrations to take into account the reacting ratio of the
species in solution. This allows a direct use of the normality of
the solution when performing titration calculations (will be
covered in Chapter 10). Normality is expressed as

_ equivalents of solute

8.33
liters of solution ( )

where

gsolute
equivalent weight solute”

equivalents of solute = (8.34)

The equivalent is related to the formula weight as follows:

1eqof HCl=1mole of HC1
=36.461 g of HCI (formula weight of HCI).
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This is due to the fact that HCI supplies 1 mole of H* (formula
is H,Cl,); thus, 1 eq of HCI equals the formula weight of HCI.
Let us look at sulfuric acid (H,SOy):

leqof H,SO4 = ¥2 mole H,SO,4
=49.0397 g of H,SO4( ¥2 formula weight of HySOy).

This is due to sulfuric acid supplying 2 moles of H" for every
mole of H,SO,4. When dealing with bases, it is the number of base
substance (OH") that is supplied to neutralize the acid (H").
For example, the weight of an equivalent of sodium hydroxide
NaOH is

1 eqof NaOH = 1 mole NaOH
=39.997 g of NaOH (formula weight of NaOH).

Sodium hydroxide in solution supplies 1 mole of OH™ for
every mole of NaOH; thus, 1 eq of NaOH equals the formula
weight of NaOH. The same for bases also applies when more than
1 mole of base is supplied. For example, for calcium hydroxide
Ca(OH), (slightly soluble in water):

1 eqof Ca(OH), = ¥2 mole Ca(OH),

=37.0463 gof Ca(OH),
x (V2 formula weight of Ca(OH), ).

This is due to calcium hydroxide supplying 2 moles of base
(OH"), which requires 2 moles of acid (H) to neutralize.

Therefore, we can set up a general expression for the equiva-
lent weight of a substance as

formula weight

equivalent weight = (8.35)

number of H* ’

where the “number of H"” represents either the number of H*
supplied by an acid (e.g., 2 H" supplied by H,SO,) or the number
of H* required to neutralize the number of base (hydroxyl OH™)
molecules supplied by the base (e.g., NaOH supplies 1 OH™
requiring 1 H" to neutralize it). Thus, the equivalents of solute
is expressed as

gsolute

equivalents of solute = —————.
equivalent weight

(8.36)

The complete expression of normality is

gsolute
_equivalent weight

= 8.37
liters of solution ( )

In abbreviated notation, this becomes

(8.38)

(8.39)

Normality can also be expressed in milligrams and milliliters
using milliequivalents (meq):

mg

= 8.40
meq =t (8.40)
meq
N=—1 41
- (8.41)

8.7.4.1 Normal (N) Solution Calculation Example What is
the normality of a solution made up of the addition of 5 ml of con-
centrated sulfuric acid to water that is brought to a final volume
of 350 ml. Note: the addition of concentrated sulfuric acid to
water is a very exothermic reaction that generates substantial
heat. When mixing acids with water a rule of thumb is ALWAYS
to add acid to water, never add water to acid. Also, when prepar-
ing an acidic solution from concentrated sulfuric acid, the water
contained within the Erlenmeyer flask or beaker for the solution
is first immersed in an ice bath and allowed to cool thoroughly.
The sulfuric acid is then added very slowly to the chilled water
and stirred often to dissipate the generated heat into the ice bath.
Adding the concentrated acid too quickly will generate a danger-
ous amount of heat and also produces sputtering out of the solu-
tion of the acid which is also very dangerous if contacted to skin
or eyes. Always wear the proper protective clothing and eye pro-
tection when working in the laboratory. As covered in Chapter 2
Laboratory Safety always flush exposed skin for 5 min with water
and splashes to the eye should be flushed for 15 min.

We must first convert the milliliters of sulfuric acid into
grams. From Table 8.2, we obtain the purity and density of the
sulfuric acid from which the amount can be obtained:

1.840¢g % 0.97

weight H,SO4 =5 ml x (8.42)

weight H, SO, =8.924 ¢

The eq wt of H,SO, is 49.0397 g (V2 the formula weight due to
2 H* available) thus the normality is

8.924 ¢
49.0397¢g
T 03501 -

N=0.5199

(8.43)

An alternative approach would be to use the stated molarity of
the sulfuric acid of 18.20 M, where the relationship between
molarity and normality is

N=MxnH"*
N=1820x2 (8.44)
N=36.40
NVi=NgV
e (8.45)
(18.20N)(5 ml) = Np(350 ml)
_ (1820 N)(5ml)
T (350ml) (8.46)

Np=0.52



The analyst should note that normality does not represent a
general expression of concentration but is substance specific
according to reacting ratios. It has become more common in
the laboratory to list the molarity of a solution as representing
its general use concentration, and then calculating the normality
of the specific analytes in the solution according to the use of
the solution (e.g., if used for titrations). In light of this, The
National Institute of Standards and Testing (NIST) has stated
that the concentration designation of normality is obsolete and
has recommended that it should eventually be discontinued.

8.8 THE PARTS PER (PP) NOTATION

An often convenient representation of a concentration is to use
the “parts per” notation such as “ppm,” which denotes that there
is one part of something for a million parts of something else.
The concentration unit of ppm is often used in trace analysis
of analytes of interest from for example trace metals analysis
(e.g., <1.5 ppm mercury, Hg), pesticide analysis (e.g., 3.64 ppm
malation), and mycotoxin analysis (e.g., 1.55 ppm total afla
toxin). Interestingly, the ppm designation was not recently intro-
duced but stems back from a British beer poisoning epidemic in
1900. A Royal Commission headed by Lord Kelvin (William
Thomson) initiated an arsenic tolerance based on the ppm con-
centration designation. PPM can be a weight/weight (wt/wt) rela-
tionship such as mg/kg, or a weight/volume (wt/v) such as mg/l.
If the numeric value for ppm is 10,000 or greater, it is converted
to % (i.e., 10,000 ppm = 1%).
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milligrams of solute  milligrams of solute

ppm = (8.47)

~ kilograms of solution ~ liters of solution

The parts per billion (ppb) and parts per trillion (ppt) are
subsequent 10~ factors and calculated as follows:

_ micrograms of solute (8.48)

liters of solution

_ nanograms of solute (8.49)

liters of solution

8.9 COMPUTER-BASED SOLUTION
CALCULATIONS

Now that we have gone through the calculating and making of
laboratory solutions by hand, let us now turn to computer-based
solution calculations. ChemTech has the ability to help in simple
solution calculations for both the preparation of molar and normal
solutions. Open ChemTech and click on “Chapter 8: Laboratory
Solutions and Titrations” to open up the Chapter 8§ main menu
shown in Figure 8.2. Click on the “Making Laboratory Solu-
tions” button to open up the main menu shown in Figure 8.3. This
main menu contains links to making molar solutions, normal
solutions, and buffer solutions at different pH values. Click on
the first button “Making Molar Solutions I’ to open up the molar
solution solver page as shown in Figure 8.4.

3 CHAPTER 10 MAIN MENU

MAKING LABORATORY SOLUTIONS: CHAPTERS 8 AND 9

o 4 o) o)

EXIT - RETURN TO MAIN MENU

FIGURE 8.2 Chapter 8 Laboratory Solutions and Titrations main menu.
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FIGURE 8.3 Chapter 8 Making Laboratory Solutions main menu.

Making a Molar Solution:

What is the solution's molarity (M)?

Enter the for Molar Sohuion fnol required] Calcudale formulal
weesght lroem
Fomdy
Ented the schule weight in gram: [requied] —_—
Erter the fomnula weight of the compound. If you need to “‘g"f?mﬁ
calculste the fomula weight. use the bution to the aght (reqused) and othes ueshd
molas
Eniter the final volume (in Liers) of solution [requied) cakcudations
ﬁzﬂm&o}lm
MOLARITY | M 2
Fletun lo
Making Sohdions
Cleas Entiies |  Click to resed page Menu

FIGURE 84 Chapter 8 Making a Molar Solutions I: What is the
solution’s molarity (M)?

This is another user input form where the parameters of the
calculation are entered to get the needed result. This solution
solver will calculate the molarity (M) of a solution from weights
and volumes. To the right of the page there is a link to the molec-
ular weight calculator if a formula weight needs to be obtained.
The second button on the right brings up a page that contains
helpful reminders concerning calculating molar solutions that
were just covered.

8.9.1 Computer-Based Concentration
Calculation—Molarity 1

What is the sodium chloride molarity (M) of a solution made up
of 6.883 g NaCl dissolved in 1.4521 H,0?

In the Chapter 8 option Making Molar Solutions I: Known
weight solute unknown M (What is the solution’s molarity
(M)?) page as shown in Figure 8.4, enter the compound in the
first input box as “NaCl” (this is actually not required but can
be useful if the page is printed out with the parameters and
results). In the second input box, the solute’s weight is entered
(in grams) as 6.883. Next, click the “Calculate formula weight
from formula” button to open the formula weight calculator.
Enter NaCl to get 58.44247 g mol™". Enter this value (excluding
units) into the third input box. Finally, in the fourth input box
enter the final volume as 1.452 (in liters). Press the “Calculate
MOLARITY” button. The results of the calculation should
be 8.111153E-02 M (result presented in scientific notation
when £0.09). The page should look like the one shown in
Figure 8.5. To reset the page and clear the previous entries, the
bottom “Clear Entries” button can be pressed.

While calculating the molarity of a solution from known sol-
ute weight and final volume is a direct application of molarity,
often in the laboratory the analyst knows the desired molarity
of a solution needed for a test, but does not directly know the
weight of solute needed. Thus, often the weight of solute is
needed according to a predetermined molarity and final solution
volume. The next example presents a form within ChemTech that
we can use to determine the weight of solute needed to prepare a
certain molar solution at a predetermined volume.

8.9.2 Computer-Based Concentration
Calculation—Molarity II

What weight of potassium permanganate (KMnO,) is needed to
make a 0.155 molar solution in 695 ml of H,O?

In this instance, we are entering the molarity desired, the for-
mula weight of the solute, and the final volume of the solution.
The page also contains a link to the formula weight calculator
and a page outlining molar calculations.
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FIGURE 8.5 Chapter 8 option Making a Molar Solutions I: Known
weight solute unknown M (What is the solution’s molarity (M)?)
results page with input from Example 8.7.

Making a Molar (M) Solution: What
weiaht of compound is needed?

| Enter the compound for Molar Solution [nol requised) Caleulste fomda
weight rom
formuls
I Enter what molaiity is needed equired]
Eniet the festmuls weight of the compound If you Defirition of
I ned to calculste Ihe formwla wesght, use the Mol Solusions
bulion to the ngh [reqused) Wﬂfm’:.““"‘
| Enter the final volume [ Liters) of scluion desied (requived) calculations
Retun to
Calculate i . ’ Making Sokutions
amounk lo oo is needed lo make this solution Menu
use _—
Retum to Main
Clear Entries |  Chck 1o resel page Menu Options:

FIGURE 8.6 Chapter 8 option Making Molar Solutions II: Known
M unknown weight solute (What weight of compound is needed?)

In the Chapter 8 option Making Molar Solutions II: Known
M unknown weight solute (What weight of compound is
needed?) page as shown in Figure 8.6, enter the compound in
the first input box as “KMnO,” (this is actually not required
but can be useful if the page is printed out with the parameters
and results). In the second input box, the molarity of the solution
is entered as 0.155. Next, click the “Calculate formula weight
from formula” button to open the formula weight calculator.
Enter KMnO, to get 158.03395 g mol ™. Enter this value (exclud-
ing units) into the third input box. Finally, in the fourth input box
enter the final volume as 0.695 (in liters). Press the “Calculate
amount to use” button. The results of the calculation should
be 17.0242 g. The page should look like the one shown in
Figure 8.7. To reset the page and clear the previous entries the
bottom “Clear Entries” button can be pressed.

The calculations involved with normal solutions are also
included in ChemTech Chapter 8. Open Chapter 8 option Making
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Making a Molar (M) Solution: What
weiaht of compound is needed?

KMO4  Ertes the compound for Molar Soksion [not requied) Caleulste fomus)

weigh fiom

015 ; formada
Entes what molanty is needed [requied]
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FIGURE 8.7 Chapter 8 option Making Molar Solutions II: Known
M unknown weight solute (What weight of compound is needed?)
page illustrated with input from Example 8.8 and subsequent result.

Making a Normal solution: What
is the solution's normality (N)?

See Listing of
Common
’— Entes the compoud for Neamal Sclution [not equised) e
F ‘Emmﬁmﬁi&ﬂmnmhwma Calouate formdal
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equivalent weights, use the bulton to the right [requied)
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Mommal
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Retun lo
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o

FIGURE 8.8 Chapter 8 option Making Normal Solutions I: What is
the solution’s Normality?

Laboratory Solutions main menu as depicted in Figure 8.3. Below
the options for making molar solutions I and II that was just
covered are similar buttons for procedures to make normal solu-
tions. Click on the button for Making Normal Solutions I: Known
weight solute unknown N to open up a calculation page as shown
in Figure 8.8. This page is for calculating the normality of a solu-
tion when the weight of solute and final volume are known. The
page also contains links to some useful pages needed when calcu-
lation the normality of solutions. Let us look at a specific example.

8.9.3 Computer-Based Concentration
Calculation—Normality I

What is the hydrochloric acid normality (N) of a solution made
up of 3.55 g HCl dissolved in 739 ml H,O?
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FIGURE 8.9 Listing of Common Equivalent Weights page.
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FIGURE 8.10 Listing of Common Equivalent Weights HCI page.

In the Chapter 8 option Making Normal Solutions I: Known
weight solute unknown N page as shown in Figure 8.8, enter
the compound in the first input box as “HCI” (this is actually
not required but can be useful if the page is printed out with
the parameters and results). In the second input box, the solute’s
weight is entered (in grams) as 3.55. While the page does contain
a link for calculating formula weights from the formula, the page
also contains a link to a listing of some common equivalent
weights. Click the “See Listing of Common Equivalent Weights”
button to open the page that is shown in Figure 8.9. The page is
listing the associated data for acetic acid. Use the horizontal data
scroll bar located under the data boxes to move to hydrochloric
acid. When there, the page should look like that in Figure 8.10.
The value needed can either be written down or the page can be
printed using the printer button at the bottom of the page. Click
the “Return to Calculating Normal Solutions I: button to return to
our previous page. Enter the equivalent weight of 36.461 g mol™
(excluding units) into the third input box. Finally, in the fourth
input box enter the final volume as 0.739 (in liters). Press the

Making a Normal solution: What
is the solution's normality (N)?

See Listing of
Common
Equrvalent
HO Enrites the compound for Nomal Solution [not required) Weights
35 %
[— Eries the wesght of the schute in grams Cak bourmda
= . weight hiom
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|l1?33 5 i i Definition of
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#nd othes uzelul
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| NORMALITY!
= - LET
Making Solutons:
Meru
H“P‘ml (Clck 1o resel the page for another calculation _
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FIGURE 8.11 Results of Normality calculation.

“Calculate NORMALITY” button. The results of the calculation
should be 0.1317 N. The page should look like the one shown in
Figure 8.11. To reset the page and clear the previous entries, the
bottom “Clear Entries” button can be pressed. Finally, the
page includes a helpful link with hints and reminders concerning
normal calculations.

As was previously the case with molar calculations, there is
also a form for determining the weight of solute needed to prepare
a solution of a specific normality. Again, while calculating the
normality of a solution from known solute weight and final vol-
ume is a direct application of normality, often in the laboratory
the analyst knows the desired normality of a solution needed
for a test, but does not directly know the weight of solute needed.
Thus, often the weight of solute is needed according to a prede-
termined normality and final solution volume. The next example
presents a form within ChemTech that we can use to determine
the weight of solute needed to prepare a certain normal solution
at a predetermined volume.

8.9.4 Computer-Based Concentration
Calculation—Normality II

What weight of sulfuric acid (H,SOy,) is needed to make a 0.515
normal solution in 825 ml of H,O?

In this instance, we are entering the normality desired, the
equivalent weight of the solute, and the final volume of the
solution. The page also contains a link to common equivalent
weights, the formula weight calculator, and a page outlining nor-
mal calculations.

In the Chapter 8 option Making Normal Solutions II: Known
N unknown weight solute page as shown in Figure 8.12, enter the
compound in the first input box as “H,SO,” (this is actually not
required but can be useful if the page is printed out with the para-
meters and results). In the second input box, the normality of
the solution is entered as 0.515. This page also contains a link
for calculating formula weights from the formula, and a link to
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FIGURE 8.12 Making Normal Solutions II: Known N unknown
weight solute page.
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FIGURE 8.13 Listing of Common Equivalent Weights for
sulfuric acid.

a listing of some common equivalent weights. Click the “See
Listing of Common Equivalent Weights” button to open the page
that is shown in Figure 8.9. The page is listing the associated data
for acetic acid. Use the horizontal data scroll bar located under
the data boxes to move to sulfuric acid. When there, the page
should look like that in Figure 8.13. The value needed can either
be written down or the page can be printed using the printer but-
ton at the bottom of the page. Click the “Return to Calculating
Normal Solutions II: button to return to our previous page.
Enter the equivalent weight of 49.039 g mol™' (excluding units)
into the third input box. Finally, in the fourth input box enter the
final volume as 0.825 (in liters). Press the “Calculate amount to
use” button. The results of the calculation should be 20.835 g.
The page should look like the one shown in Figure 8.14. To reset
the page and clear the previous entries, the bottom “Clear
Entries” button can be pressed. Finally, the page includes a link
to helpful hints and reminders concerning normal calculations.
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FIGURE 8.14 Result of Normality calculation.

8.10 REACTIONS IN SOLUTION

In the previous sections, we have been considering the concentra-
tions of solutes in solution. This has included processes in solu-
tion such as the dissolving and solvation of a salt in solution such
as dissolving sodium chloride NaCl in water where the salt is dis-
sociated into sodium ions Na* and chloride ions CI~. We have
also looked at the addition of acids and bases to solutions such
as the base sodium hydroxide, which dissociates into a sodium
ion Na* and a hydroxyl ion OH™, and also simple acids such
as hydrochloric acid HCI, which when added to water dissociates
into a hydrogen proton H" and a chloride ion CI™. These are sim-
ple reactions in solution that we have represented as completely
dissociating (100%) in solution into various components of the
compound. We can note at this time that most of the work done
in the analytical laboratory is in aqueous solutions. Though some-
times it is possible that the technician will also do analyses in
other solvents, such as organic solvents (e.g., acetonitrile, ace-
tone, and chloroform), the theory and procedures presented here
can be translated to other solution matrices directly without the
specific consideration of a solvent’s properties (some special con-
siderations will be presented, such as pH determinations). Often it
is the case that if analyses are done in solvents other than water, a
specific method will be available and followed. If not, the general
approach presented here can be applied to other solvents.

8.11 CHAPTER KEY CONCEPTS

8.1  The preparation of laboratory solutions is a very important
step in many analysis and calibrations.

8.2 A mole is designated by Avogadro’s number of 6.023 x
102 molecules of any given substance (6.023 x
10> mol™"). One mole of a substance is the gram formula
weight obtained by adding the standard atomic weights of
the elements that the substance’s formula is composed of.
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The periodic table that the laboratory analyst works with
lists the average weighted mass for the various elements
that are listed in the periodic table. The elements in the
periodic table have relative weights based on the carbon
isotope of mass number 12 (*20).

The abundances of the natural isotopes of carbon are
12C (12.000000u by definition) at 98.93(8)% and '*C
(13.003354826(17) u) at 1.07(8)%. Therefore, the weighted
average of the two carbon isotopes gives an atomic weight
of 12.0107 gmol™" as is found in the periodic table.

To calculate the formula weight of a substance, the atomic
weights of all of the elements contained within the formula
are added.

The mole of a substance is the formula weight of that sub-
stance expressed in grams.

The term ““solute” refers to the substance that is being dis-
solved in the solution, while the solvent is the substance
that is dissolving the solute.

Gravimetric factors are multiplication factors used to con-
vert the amount of one substance into the amount of
another related substance.

Some useful expressions involving concentration calcula-
tions are as follows:

. (liters) (M) =moles

. (moles) (formula weight) = grams

. (liters) (M) (formula weight) = grams
(ml) (M) = mmoles

. (mmoles) (formula weight) = mg

. (ml) (M) (formula weight) = mg
mg

- 0 &0 O

. mmoles =

)<}

formula weight

1
h. Molarity = T

i. N=M xnH*
j. NiVi=NgVg

The equivalent is related to the formula weight as follows:
eq of compound=1 mole of compound=formula
weight of compound.

CHAPTER PROBLEMS

Calculate the formula weight of each of the following
listing the contribution from each element.

a. FW Cu,SO, =2 x63.546 gmol ™! + 1 x 32.064 g mol ™!
+4x15.9994 gmol ™!

b. FW C4HgO, =6x12.0107 gmol ™
+6x1.00794 gmol ™!
+2x15.9994 g mol !

c. FW C4H sNPO, =6x12.0107 gmol~!
+16x1.00794 g mol !
+1x14.00674 gmol ™!
+1x30.973761 gmol ™!
+4x15.9994 gmol ™!

8.2
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d. FW Ca3Si,04(0OH), =3 x40.078 + 2 x 28.0855
+10%15.9994 + 6 x 1.00794

Calculate the formula weight of each of the following.

a. CaMg(AsO4)(OH)

b. NaMg;(SizAl)O,o(OH)
c. C4Hg

d. Cr(CO)q

e. Hg(CHs)a

f. CioH16N20g

What is the molal concentration (molality) of a solution
made up of 0.987 g of pure sulfuric acid (H,SO,) in
0.400 kg of ethanol (CH;CH,OH)?

What is the molal concentration of a solution made up
of 1.321 ml of concentrated (92.8% purity) sulfuric
acid (H,S0,, d2°=1.84gml™") in 550 ml of ethanol
(CH5CH,OH, d3°=0.789 g ml™")?

What is the molar concentration (molarity, M) of a
solution made up of 6.239 g of pure (>99.9%) lithium
hydroxide (LiOH) in 857 ml of H,O? What is the
molar concentration of the lithium (Li*) and hydroxide
(OH")?

A solution is made up of 2.597 g of pure (Na,HPO,) in
728 ml of H,O? Assuming 100% disassociation, what is
the molar concentration (molarity) of the sodium hydro-
gen phosphate, the sodium ion (Na*), and the hydrogen
phosphate ion (HPO4_2)?

What is the normality of a solution made up of the addition
of 6.5 ml of concentrated phosphoric acid to water that is
brought to a final volume of 475 ml? Assume complete
dissociation of the acid.

What is the parts per million (ppm) of a solution made up
of 12.3 mg lactose in 750 ml water? What is the parts per
billion (ppb)? What is the lactose concentration expressed
in percentage (%)?

What amount of copper(I) sulfate (Cu,SO,) is needed
to make a solution that is 108 ppm copper in 685 ml
water?

What is the potassium nitrate (KNO3) molarity (M) of
a solution made up of 5.968 g KNO; dissolved in
1.2331 H,0?

What weight of potassium permanganate KMnO, is
needed to make a 0.15 molar solution in 425 ml of H,O?

What is the nitric acid normality (N) of a solution made up
of 2.21 g HNOj dissolved in 987 ml H,O?

What weight of sulfuric acid (H,SO,) is needed to make a
0.125 normal solution in 850 ml of H,O?
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9.1 INTRODUCTION

The uses of acids and bases in the analytical laboratory are quite
numerous: there are volumetric methods to determine the per-
centage of an acid or base in a solution, which we will cover later
in this chapter, the analyst measures the acidity or basicity of a
solution as pH, the analyst uses acid and base solutions to adjust
the pH of solutions, an acid or base may be added to neutralize a
solution, and buffer solution are made from acids, bases, and their
conjugate salts.

9.2 ACIDS AND BASES IN EVERYDAY LIFE

The student is in fact quite aware of acids and bases in everyday
life if you stop to think about it. For example, citric acid (CgHgO-,
the formula does not do this weak organic acid justice as it con-
tains three organic acid moieties, see Figure 9.1), an organic acid,
is found in citrus fruits such as oranges, grapefruits, lemons, and
limes; hydrochloric acid (HC]I) is the major acid in stomach diges-
tive juices; carbonic acid (H,COs) is what gives soft drinks their

9.11.2  Solubility of Lithium Carbonate
9.12 The pH of a Solution
9.13 Measuring the pH
9.13.1 The Glass Electrode
9.14 Buffered Solutions—Description and Preparing
9.14.1 Le Chatelier’s Principle
9.14.2 Titration Curve of a Buffer
9.14.3 Natural Buffer Solutions
9.14.4 Calculating Buffer pH
9.14.5 Buffer pH Calculation I
9.15 ChemTech Buffer Solution Calculator
9.16 Chapter Key Concepts
9.17 Chapter Problems

fizz and zip; and acetic acid (C;H40,, see Figure 9.1) is the one
that gives vinegar its sour taste and recognizable smell. The sour
taste is one of the general characteristics of an acidic water solu-
tion. The word acid is derived from the Latin acidus, which
means sour or sharp tasting. The tastes of basic solutions in water
are described to be bitter. Some common examples of basic solu-
tions are the ammonia (NH;) solutions that are used as household
cleaners and lye solutions that are derived from sodium hydroxide
(NaOH). Basic solutions also will feel slippery like soap when
rubbed between the fingers.

9.3 THE LITMUS TEST

Another general characteristic of acidic and basic solutions is the
well-known “litmus” test. Litmus paper is an easy and straight-
forward way of telling if something is acidic or basic. If dipped
in solution and the litmus paper turns red the solution is acidic, if
turned blue the solution is basic. Litmus was originally the name
of the dye erythrolitmin that is extracted from small plants
found in the Netherlands. Today we often hear of a litmus test
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as pertaining to a simple answer one way or the other. For the
technician, litmus paper as it comes in many forms (often most
conveniently in strips) and pH ranges from manufacturers is a
very useful tool in the laboratory (see Figure 9.2). We will take
acloser look at the definition of pH and the measurement of pH in
the analytical laboratory in a later section.

9.4 EARLY ACID-BASE DESCRIPTIONS

The description of acids and bases, and their reaction behavior in
aqueous solution has a bit of a long history and stems back to
1776 where the French chemist Antoine Lavoisier first described
acids as substances containing oxygen, or oxyacids, such as
nitric acid (HNOs) or sulfuric acid (H,SO,). (Miessler, L. M.,
Tar, D. A., (1991) p166—Table of discoveries attributes Antoine
Lavoisier as the first to posit a scientific theory in relation to oxy-
acids.) This of course is a limited view as it does not take into
account many other acids such as iodic acid (HI) or hydrochloric
acid (HCI). This was followed by Justus von Liebig in 1838 who
was working primarily with organic acids. (Miessler, L. M.,
Tar, D. A., (1991) p166—Table of discoveries attributes Justus
von Liebig’s publication as 1838.) In this work, von Liebig
described the relationship of acids containing metal-replaceable

@ o _oH (b)
o O

|
/C\
HO OH H;C OH
OH

(0}

FIGURE 9.1 (a) Structure of citric acid that contains three organic
acid moieties (-C=0O0H). (b) Structure of acetic acid that contains
one organic acid moiety (-C=OOH).

hydrogen. Next there is the description by Svante Arrhenius
around 1884 where he described the dissociation of acids in solu-
tion to form the hydronium ion (an oxonium) (H3O%) ion, and
bases which when added to aqueous solution formed the hydrox-
ide (OH") ion. (Miessler, L. M., Tar, D. A., (1991) p165) Coming
from this description was the general rule that the neutralization
reaction of an acid and base produced a salt and water.

Acid + base — salt + water (9.1)

HCl+NaOH — NaCl+H,0 (9.2)

Finally, we arrive at the Brgnsted—Lowry definition, which is
now the generally recognized description of simple acid—base
reactions in solution. The Brgnsted—Lowry description was inde-
pendently developed in 1923 by both Johannes Nicolas Brgnsted
in Denmark and Martin Lowry in England where the idea that
acids are compounds that can donate protons (H) and bases
are compounds that can accept protons. (Miessler, L. M., Tar,
D. A, (1991), p167-169—According to this page, the original
definition was that “acids have a tendency to lose a proton.”)
In this definition, the neutralization reaction of an acid and base
in solution produces the “conjugate” of the original acid or base.

9.5 BRONSTED-LOWRY DEFINITION

According to the Brgnsted—Lowry definition, when a strong acid
is dissolved in water it dissociates completely into a solvated
hydrogen proton (hydronium ion) and its conjugate base. The
general representation of this is depicted in Figure 9.3, where
the double arrow “=" represents a system in a state of equilib-
rium (the forward reaction is in equilibrium with the reverse reac-
tion). In general, acid; (AH) will produce a base; (A™), while

base, (H,O here) will produce acid, (hydronium ion).

FIGUREY.2 Examples of commercially available pH test strips and pH indicator papers. Some test strips cover the entire pH range from 1 to 14.
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acid + water —_— hydronium + anion
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(b) / conjugates \
AH  + H,0 =——= H;0* + A"
acid, base, acid, base;

\/ conjugates J

FIGURE 9.3 (a) Production of the hydronium ion upon addition of
an acid to water. (b) Relationship of acid and base conjugates.

Using hydrochloric acid (HCI) as an example, we have

HCl (acid; ) + HyO(base,) — H30* (acidy) + C1™ (basey ).
(9.3)

Using sulfuric acid (H>SO,) as an example, we have

H,S04(acid; ) + H,O (base;) — H3O™* (acid, ) + HSO; (base; ).
(9.4)

The principle for the solvation of a base in aqueous solution is
similar:

B (basey) + HyO (acid;) — BH™ (acid;) + OH™ (base;).  (9.5)
Using sodium hydroxide (NaOH) as an example, we have

NaOH (base; ) + H,O (acid; ) — Na™ (spectator ion)

9.6
+OH™ (base; ) + H,O (acid,) (9:6)

Using ammonia (NH3) as an example, we have
NH; (base; ) + H,O(acid; ) — NH; (acid;) + OH™ (base;) (9.7)

In the simplest of terms, when an acid and base are mixed
together, there is a neutralization reaction that takes place:

H;0" (acid) + OH™ (base) — 2H,0. (9.8)

9.6 THE EQUILIBRIUM CONSTANT

In the laboratory, the technician will frequently use solutions that
may be either “acidic” or “basic.” An acidic solution of course
contains a dissolved acid, such as 0.1 M HCL, while a basic solu-
tion contains a dissolved base, such as 0.1 M NaOH. The expres-
sion used in the analytical laboratory of the acidity or basicity of a
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solution is the pH of the solution. The pH of a solution is the rep-
resentation of the molar hydrogen ion concentration [H*], (M), in
solution. Let us spend a moment to consider a little deeper the
behavior of acids and bases in solution as systems at equilibrium
that will lead us to the definition and calculation of pH.

For the dissociation of an acid in aqueous solution, we have
the general Equation 9.9:

AH +H20 = H3O+ +B~
acid . base
hydronium
ion

(9.9)

Reactions such as the dissolution of an acid in aqueous solu-
tion can be expressed in equation notation as the molar concen-
tration of the products divided by the reactants. This form of
expression is equal to the equilibrium constant of the reaction
(K.) and written as such:

_ [H;07][A7]
Ke= TAHTH,O] (9.10)

The molar concentration of water, [H,O], in solutions that are
dilute acids or bases is always 55.51 M, so the equilibrium equa-
tion can be written as

_ [H;0*][A7]
Ke={AHIG31) (9.11)

9.7 THE ACID IONIZATION CONSTANT

We can now derive what is known as the acid ionization con-
stant, K,, for a general acid in aqueous solution (after substituting
[H*] in the place of [H30™)):

+1A—
K. x 55.51=w=Ka.

AH] (9.12)

Since the molar concentration of water has been incorporated
into the ionization constant, the dissolution of an acid in aqueous
solution is usually written without H,O as

AH=H"'+A". (9.13)

For the dissolution of hydrochloric acid in aqueous solution:

HCI=H" +CI". (9.14)
The expression for the acid ionization constant is
[H*][CT]
Ky=——7—+— 9.15
Y [HA (.15)

Table 9.1 lists some common acid ionization constants (K,).
As a general guideline, if K, is greater than 1 x 10? then the acid
is very strong; if K, is between 1 x 10* and 1 x 1072 then the acid
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TABLE 9.1 Acid Ionization Constants (K,) in Aqueous Solution

at 25°C.
Substance Formula K,
Acetic acid HC,H50, 1.8x 1073
Acrylic acid HC;3H;0, 5.5%x107°
Aluminum 3+ ion Al**(ag) 14%x107°
Ammonium ion NH; 5.6x107"°
Anilinium ion CeHsNHy 14%x107
Arsenic acid H;AsO, 6.0x107°
H,AsO; 1.0x 1077
HAsO?" 32x10"
Arsenous acid H;AsO; 6.6x1071°
Ascorbic acid H,C¢HgO4 6.8%x107°
HC4HO; 2.8x 10712
Bromoacetic acid HC,H,BrO, 13x1073
Benzoic acid HC-;H50, 63x107
Beryllium 2* ion Be**(aq) 3% 1077
Boric acid H;BO; 5.9%x1071°
Butyric acid HC,H,0, 1.5x 1073
Carbonic acid H,CO; 44x107
HCO; 4.7x10™"
Chloroacetic acid HC,H>Cl0, 1.4%x107°
Chlorous acid HCIO, 1.1x107
Chromic acid H,CrO, 1.5% 10"
HCrO; 32x107
Chromium 3* jon Cr(ag) 6.6x107*
Citric acid H,;C¢HsO, 74%x107*
H,CsHs507 1.7x107
HCeH502~ 40x1077
Cobalt 2* ion Co**(aq) 13x107°
Codeine ammonium ion HC,sH,,05 N* 1.1x1078
Cyanic acid HOCN 3.5x107*
Dichloroacetic acid HC,HCI,0, 5.5%x 1072
Diethylammonium ion (C,Hs),NH; 14x 107!
Dimethylammonium ion (CH3),NH; 1.7x107"
Ethylammonium ion C,HsNHY 23%x1071!
Ethylenediammonium ion NH,CH,CH,NH; 1.9x 107"
Fluoroacetic acid HC,H,FO, 2.6x107°
Formic acid HCHO, 1.8x 107
Hydrazinium ion N,HZ 12x10°®
Hydrazoic acid HN; 1.9%107°
Hydrocyanic acid HCN 6.2x1071°
Hydrofluoric acid HF 6.6x107
Hydrogen peroxide H,0, 22x107"2
Hydrogen selenate ion HSeO, 22x107
Hydrogen sulfate ion HSO; 1.1x1072
Hydroselenic acid H,Se 1.3%x107
HSe™ 1x1071
Hydrosulfuric acid H.S 1.0x 1077
HS~ 1x107"
Hydrotelluric acid H,Te 23x107
HTe™ 1.6x 107"
Hydroxylammonium ion HONH; 1.1x10°°
Hypobromous acid HOBr 25%107°
Hypochlorous acid HCIO 29x107®
Hypoiodous acid HOI 23x107"
Hyponitrous acid H,N,0, (HON=NOH) 8.9x1078
HN,0; (HON=NO") 4x10712
Todic acid HIO; 1.6x 107
Todoacetic acid HC,H,10, 6.7x107*
Iron 2% ion Fe**(aq) 32x1071°

TABLE 9.1 (Continued)

Substance Formula K,
Iron 3 ion Fe**(aq) 63x107°
Isoquinolinium ion HCoH,N" 40x107°
Lactic acid HC3Hs0;5 13x107*
Malonic acid H,C5;H,0, 15%x107
HC3H,0; 2.0x107°
Methylammonium ion CH;3;NH; 2.4x10™"
Morphinium ion HC,;H,;,0; N* 1.4x1078
Nickel 2+ ion Ni**(aq) 25x107"
Nitrous acid HNO, 72%x107*
Oxalic acid H,C,04 54x107
HC,0; 53x107°
Phenol CeHsOH 1.0x 10710
Phenylacetic acid HCgH,0, 49x%107
Phosphoric acid H;PO, 7.1%x107
H,PO; 63x1078
HPO2™ 42x107"3
Phosphorous acid H;PO; 3.7%x1072
H,PO; 2.1x107
Piperidinium ion HCsH,;N* 7.7 %1072
Propionic acid HC;3H50, 13%107°
Pyridinium ion CsHsNH* 6.7x10°
Pyrophosphoric acid H4P,0, 3.0x1072
H;P,07 44x%x107°
H,P,03~ 2.5% 1077
HP,03" 56x107"°
Pyruvic acid HC;H;05 14x107*
Quinolinium ion HCyH,N* 1.6x 107
Selenous acid H>SeO5 23x107°
HSeO3 54x107
Succinic acid H,C4H,0O, 62x107°
HC,H,0; 23x107°
Sulfurous acid H,SO; 13%x1072
HSO; 6.2x 1078
Thiophenol HSC¢Hs 32x1077
Trichloroacetic acid HC,C150, 3.0x107!
Triethanolammonium ion HC¢H,s05 N* 1.7%x1078
Triethylammonium ion (C,Hs); NH* 1.9% 107!
Trimethylammonium ion (CH3);NH" 1.5%1071°
Urea hydrogen ion NH,CONHy 6.7x10™"
Zinc 2+ ion Zn**(aq) 25x%x1071°

is strong; if K, is between 1 x 107> and 1 x 1077 the acid is weak;
and if the K, is less than 1 x 107’ the acid is very weak.

9.8 CALCULATING THE HYDROGEN ION

CONCENTRATION

What the acid ionization constant is illustrating is that acids ion-
ize and release into solution different concentrations of the hydro-
gen proton [H*]. The analytical chemist can use the ionization
constants to calculate the concentration of the hydrogen ion in
solution giving a relative value as to the “acidity” of the solution.
We should note here that unless the ionization constant is large,
such as 1072, the amount of original species can be used in the
denominator. For example, let us compare the hydrogen ion



concentration in aqueous solution of a 0.1 M hydrofluoric acid
(HF) solution to that of a 0.1 M hypochlorous acid (HCIO) solu-
tion. The 0.1 M HF solution contains

HF=H"* +F" (9.16)
6.6 x 1074 = % (9.18)

Because the same amount of F~ is dissolved as that of H*, we
can express the equation as

6.6x 1074 = (’8.(1’“) (9.19)
x*=(6.6 x 107%)(0.1) (9.20)
X~ V6.6 x 1073 (9.21)
x~8.1 x 1073 =[H*] (9.22)

The 0.1 M HCIO solution contains

HCIO=H"* +CLO"~ (9.23)
Lo 920
3.0x 1078 = % (9.25)

Because the same amount of C1O™ is dissolved as that of H*,
we can express the equation as

g (0)(x)
3.0x 1078 =01 (9.26)
x*=(3.0x 107%)(0.1) (9.27)
x=V3.0x 1077 (9.28)
x=55x 10" =[H"] (9.29)

There is ~150 times more [H'] in the HF solution as that in the
HCIO solution; therefore, the HF solution is more acidic than the
HCIO solution.

9.9 THE BASE IONIZATION CONSTANT

Analogous to this, the base ionization constant (K},) is represented
in a similar manner as follows:

B+H,0=BH"* +OH" (9.30)

[BH*][OH™]
K= "Bim0 (6:31)
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We can now derive what is known as the base ionization con-
stant, Ky, for a general base in aqueous solution (after substituting
55.51 M for [H,0])):

[BH*|[OH™]

[B]

For the reaction of ammonia in water, the base ionization con-
stant is

K. % 55.51= =K, (9.32)

NH3+H20;\NHI +OH"™ (933)
[NH; | [OH"]

Ky=— 9.34

b= NH) (9:34)

Table 9.2 lists some common base ionization constants (Ky).
As a general guideline, if K}, is greater than 0.1, then the base is
very strong; if K, is between 0.1 and 1 x 10_2, then the base
is strong; if K, is between 1 x 1072 and 1 x 1077, then the base
is weak; and if the Kj, is less than 1 x 1077, then the base is very
weak.

9.9.1 OH™ Ion Concentration Example

Calculate the OH™ ion concentration of a solution that is made up
of 0.50 M sodium cyanide, where K}, of the cyanide ion, CN7, is
1.6x 107,

Sodium is a spectator ion, so we write the equilibrium equa-
tion as

CN™ +H,O0 <~ HCN+OH". (9.35)

The concentration of the species at the start is 0.50 M for CN™,
and O M for both HCN and OH™. At equilibrium, the concentra-
tions are 0.50 —x for CN™, HCN =x, and OH™ =x.

[HCN][OH]

Ky=1.6%x1077=
bToX CN7]

(9.36)

TABLE 9.2 Base Ionization Constants (K}, in Aqueous Solution at
25°C.

Substance Formula Ky
Ammonia NH,4 1.8x107°
Aniline C¢HsNH, 40x1071°
Methylamine CH;NH, 44%x107*
Ethylamine CH;CH,NH, 5.6x107
Dimethylamine (CH3),NH 59%x 107
Trimethylamine (CH;); N 6.3%x107°
Hydrazine N,oHy 9.8x 1077
13x107"
Ethylenediamine H,NCH,CH,NH, 3.6x107*
54%1077
Hydroxylamine HONH, 9.1x107
Calcium hydroxide Ca(OH), 3.7x1073
Lithium hydroxide LiOH 2.3
Potassium hydroxide KOH 0.3
Sodium hydroxide NaOH 0.6
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1.6x10-5= )

T 0.50—x (937)

¥ =80x10"°-1.6x10"%x (9.38)
¥ +1.6x107°x-8.0x1076=0 (9.39)
x=2.8x107°M=[OH"] (9.40)

In this calculation, we included the amount of loss of the CN™
ion, as 0.50 —x, but if we calculate using just the original amount
of 0.50 M, the same result of 2.8 x 107> M is obtained. This is
illustrated in the next example.

9.9.2 Percent Ionization Example

What is the percent ionization of a 0.10M solution of
methylamine?

From Table 9.2 we see that K, =4.4 x 1074,

The ionization reaction is

CH3NH2 +H20<—>CH3NH3+ +OH"™ (941)
CH;3NH; |[OH™
, = [CHaNH; JIOHT] (9.42)
[CH3NH,]
La_ ()
44%x107%= 9.43
8 0.10 (9.43)
X=44x107° (9.44)
x=V4.4x107° (9.45)
x=6.6x107M=[OH"| (9.46)
The percent ionization equals
H-
Percent ionization = _[oH7] x 100 (9.47)
[CH3NH,]
6x107
Percent ionization = % x 100 (9.48)

Percent ionization = 6.6%

9.10 ION PRODUCT FOR WATER

To simplify the relative comparison of the acidity of solutions,
chemist devised a general way of expressing the hydrogen ion
concentration as pH. Water itself ionizes to a small extent accord-
ing to the following equation:

2H,0 =H;0* +OH". (9.49)

The equilibrium equation for the ionization of water is written as

k. = HO7IOHT] (9.50)
[H,0]

The ionization constant, K, for water is thus derived as

[H;0"][OH]

KC:W (9.51)
K. x (55)*=[H;0*] [OH] (9.52)
Ky=[H*] [OH"]. (9.53)

Measurements have shown that the molar concentrations of
H* and OH™ in solution are both 1.0 x 107" mol/l. Thus the ion
product for water, K, is

(9.54)
(9.55)

Ky=(1.0x107")(1.0x107)
Ky=10x10""

The relationship between the ion product for water, K., the
acid ionization constant, K,, and the base ionization constant,
Ky, is Ky =K, %Ky,

9.11 THE SOLUBILITY PRODUCT
CONSTANT (Ksp)

When a solution contains a precipitate such as a metal-anion
complex, denoted MA, there will be a small amount of the dis-
sociated metal cation (M") and the anion (A”) in solution. While
for acid—base dissociation, the amount of the acid or base deter-
mines the concentration of the conjugate acid and bases, the con-
centrations of the metal cation (M) and the anion (A") in solution
is not dependent upon the amount of the precipitated MA. The
equilibrium constant for a precipitate is written as

M.Ap (s)=aM +bA
M]"[A]"

(9.56)

K=
Kyp= [M]a[A]b

The solubility product constant is dependent upon the temper-
ature of the given solution. The K, values listed in Table 9.1 give
us an indication of the solubility of the compounds at 25 °C. For
example, a small value for the K, indicates an insoluble sub-
stance, while a large value indicates a more soluble substance.
Table 9.3 lists the product solubility constants (K,) of many
compounds encountered in the laboratory.

9.11.1 Solubility of Silver(I) Thiocyanate

What is the solubility of silver(I) thiocyanate (AgSCN) at 25 °C
with K, =1.03x 107'*?

AgSCN(s)=Ag* +SCN~
Kipagscn =[Ag*][SCNT]

Each mole of AgSCN that dissolves in water produces one
mole of [Ag*] and one mole of [SCN™]. Thus, we can set the sol-
ubility as [Ag*]=[SCN].



TABLE 9.3 Product Solubility Constants (Kp).
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TABLE 9.3 (Continued)

Compound Formula Ky, (25°C) Compound Formula Ky, (25°0)
Aluminum hydroxide Al(OH), 3x 10734 Europium(III) hydroxide Eu(OH), 9.38x107%
Aluminum phosphate AIPO, 9.84x 107" Gallium(TIT) hydroxide Ga(OH); 7.28 x 107¢
Barium bromate Ba(BrO3), 243x107* Iron(II) carbonate FeCO;3 3.13x 107!
Barium carbonate BaCO; 2.58x107° Iron(II) fluoride FeF, 236x107°
Barium chromate BaCrO, 1.17x107'°  Tron(Il) hydroxide Fe(OH), 4.87x 107"
Barium fluoride BaF, 1.84%1077 Tron(II) sulfide FeS 8x 107"
Barium hydroxide octahydrate Ba(OH), x 8H,0  2.55x107* Iron(IIl) hydroxide Fe(OH); 2.79%107%
Barium iodate Ba(10;), 4.01x107° Iron(III) phosphate dihydrate FePO, x 2H,0 9.91x107'°
Barium iodate monohydrate Ba(103), x H,O 1.67x107° Lanthanum iodate La(I05); 7.50x 10712
Barium molybdate BaMoO, 3.54% 1078 Lead(II) bromide PbBr, 6.60x 107°
Barium nitrate Ba(NOs), 464x1073 Lead(Il) carbonate PbCO; 7.40% 10714
Barium selenite BaSeOy, 3.40x 1078 Lead(II) chloride PbCl, 1.70x 1073
Barium sulfate BaSO, 1.08x1071%  Lead(Il) chromate PbCrO, 3x 10713
Barium sulfite BaSO, 50x107'%  Lead(II) fluoride PbF, 33x107®
Beryllium hydroxide Be(OH), 6.92x 1072 Lead(II) hydroxide Pb(OH), 143x107°
Bismuth arsenate BiAsO, 4.43x1071° Lead(II) iodate Pb(I105), 3.69x 10713
Bismuth iodide Bil 771x107°  Lead(ll) iodide Pbl, 9.8x107°
Cadmium arsenate Cd3(AsOy)» 22%10733 Lead(II) oxalate PbC,0, 8.5%107°
Cadmium carbonate CdCO; 1.0x 1072 Lead(Il) selenate PbSeO, 1.37x1077
Cadmium fluoride CdF, 6.44%x1073 Lead(II) sulfate PbSO,4 2.53x1078
Cadmium hydroxide Cd(OH), 72%x107" Lead(ID) sulfide PbS 3x 1078
Cadmium iodate Cd(103), 25%x1078 Lithium carbonate Li,CO; 8.15x107*
Cadmium oxalate trihydrate CdC,04%x3H,0  1.42x107° Lithium fluoride LiF 1.84x107°
Cadmium phosphate Cd;(PO,), 2.53x107% Lithium phosphate LisPO, 237x107*
Cadmium sulfide CdS 1x107% Magnesium ammonium phosphate ~ MgNH4PO, 3x10713
Caesium perchlorate CsClOy 3.95%x 1073 Magnesium carbonate MgCO; 6.82x 1076
Caesium periodate CslOy 5.16x107° Magnesium carbonate MgCOj; x 5SH,0 3.79%107°
Calcium carbonate (aragonite) CaCOs; 6.0x107° pentahydrate

Calcium carbonate (calcite) CaCOs 3.36x107° Magnesium carbonate trihydrate MgCO; x 3H,0 2.38x107°
Calcium fluoride CaF, 3.45x 107" Magnesium fluoride MgF, 5.16x 107"
Calcium hydroxide Ca(OH), 5.02%x107° Magnesium hydroxide Mg(OH), 5.61x10712
Calcium iodate Ca(103), 6.47x107° Magnesium oxalate dihydrate MgC,0, x2H,0  4.83x107°
Calcium iodate hexahydrate Ca(103), x6H,0  7.10x 1077 Magnesium phosphate Mg;(PO.), 1.04 x 1074
Calcium molybdate CaMoO 1.46x 1078 Manganese(II) carbonate MnCO; 2.24%x 107"
Calcium oxalate monohydrate CaC,04 x H,O 2.32x107° Manganese(II) hydroxide Mn(OH), 2% 10713
Calcium phosphate Ca;(PO,), 2.07x1073 Manganese(Il) iodate Mn(IO3), 437x1077
Calcium sulfate CaSO, 493%x107° Manganese(II) oxalate dihydrate MnC,04 x 2H,O 1.70x 1077
Calcium sulfate dihydrate CaSO,4 x 2H,0 3.14x107° Manganese(II) sulfide (green) MnS 3x 1074
Calcium sulfate hemihydrate CaS0O,4 x 0.5H,0 3.1%x1077 Manganese(II) sulfide (pink) MnS 3x 107!
Cobalt(Il) arsenate Co5(AsOy)» 6.80x 107 Mercury(I) bromide Hg,Br, 6.40x 1072
Cobalt(II) carbonate CoCO, 1.0x 10710 Mercury(I) carbonate Hg,CO; 3.6x 107"
Cobalt(IT) hydroxide (blue) Co(OH), 5.92x107"°  Mercury(I) chloride Hg,Cl, 1.43x107'8
Cobalt(II) iodate dihydrate Co(I03), x 2H,O 1.21x1072 Mercury(I) fluoride Hg,F, 3.10x107°
Cobalt(II) phosphate Cos(POy)» 2.05%x107% Mercury(I) iodide Hg,l, 52%x107%°
Cobalt(Il) sulfide (alpha) CoS 5% 10722 Mercury(I) oxalate Hg,C»04 1.75x 10712
Cobalt(II) sulfide (beta) CoS 3x 10726 Mercury(I) sulfate Hg,SO,4 6.5%1077
Copper(I) bromide CuBr 6.27x107° Mercury(I) thiocyanate Hg,(SCN), 3.2x107%°
Copper(I) chloride CuCl 1.72x 1077 Mercury(Il) bromide HgBr, 6.2x 10720
Copper(I) cyanide CuCN 3.47%x1072°  Mercury(Il) hydroxide HgO 3.6x107%°
Copper(I) oxide Cu,O 2%x1071 Mercury(II) iodide Hgl, 29%107%°
Copper(I) iodide Cul 127x 1072 Mercury(I) sulfide (black) HgS 2x 1073
Copper(I) thiocyanate CuSCN 1.77x 10713 Mercury(II) sulfide (red) HgS 2% 1074
Copper(Il) arsenate Cus(AsOy), 7.95%107°  Neodymium carbonate Nd»(CO3)3 1.08 x 10732
Copper(Il) hydroxide Cu(OH), 48x107%°  Nickel(Il) carbonate NiCO; 1.42x1077
Copper(Il) iodate monohydrate Cu(IO3), xH,0  6.94x107® Nickel(IT) hydroxide Ni(OH), 5.48x 1071
Copper(Il) oxalate CuC,0, 443%x 107 Nickel(Il) iodate Ni(I03), 471x107°
Copper(Il) phosphate Cu;(PO,), 1.40x 107 Nickel(I) phosphate Niz(PO,)» 474 x 10732
Copper(Il) sulfide CuS 8x107% Nickel(IT) sulfide (alpha) NiS 4%107%

(continued )
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TABLE 9.3 (Continued)

Compound Formula Ky (25°C)
Nickel(II) sulfide (beta) NiS 1.3%x107%°
Palladium(II) thiocyanate Pd(SCN), 439 %1072
Potassium hexachloroplatinate K>PtClg 7.48%x107°
Potassium perchlorate KClO4 1.05x 1072
Potassium periodate KIO, 3.71x107*
Praseodymium hydroxide Pr(OH); 3.39% 107
Radium iodate Ra(103), 1.16x107°
Radium sulfate RaSO, 3.66x 107!
Rubidium perchlorate RuCIO, 3.00%x 1073
Scandium fluoride ScF; 5.81x 107
Scandium hydroxide Sc(OH); 2.22x 107!
Silver(I) acetate AgCH;COO 1.94x 1073
Silver(I) arsenate AgzAsO, 1.03x 10722
Silver(I) bromate AgBrO; 5.38x107°
Silver(I) bromide AgBr 535%x 107"
Silver(I) carbonate Ag,CO; 8.46x 10712
Silver(I) chloride AgCl 1.77x 10710
Silver(I) chromate Ag,CrOy 1.12x 10712
Silver(I) cyanide AgCN 5.97x 107"
Silver(I) iodate AglO; 3.17x1078
Silver(I) iodide Agl 8.52x 107"
Silver(I) oxalate Ag,C04 5.40% 10712
Silver(I) phosphate AgsPO, 8.89x 107"
Silver(I) sulfate Ag,SOy4 1.20x 1073
Silver(I) sulfide Ag,S 8x 107!
Silver(I) sulfite Ag,S0; 1.50x 10714
Silver(I) thiocyanate AgSCN 1.03x107"2
Strontium arsenate Sr3(AsOy), 429% 107"
Strontium carbonate SrCO;3 5.60x 10710
Strontium fluoride SrF, 433%x107°
Strontium iodate Sr(105), 1.14x 1077
Strontium iodate hexahydrate Sr(103), x 6H,O 455x%x 1077
Strontium iodate monohydrate Sr(I05), x H,O 3.77x1077
Strontium oxalate SrC,0,4 5%1078
Strontium sulfate SrSO, 3.44 %1077
Thallium(I) bromate TIBrO; 1.10x 107
Thallium(I) bromide TIBr 3.71%x107°
Thallium(I) chloride TICI 1.86x 107
Thallium(I) chromate T1,CrO,4 8.67x10713
Thallium(I) hydroxide TI(OH), 1.68x 107+
Thallium(I) iodate TIIO; 3.12x107°
Thallium(I) iodide TII 5.54%x1078
Thallium(l) sulfide TL,S 6x 1072
Thallium(I) thiocyanate TISCN 1.57x107*
Tin(Il) hydroxide Sn(OH), 5.45x 1077
Yttrium carbonate Y,(CO3); 1.03x1073!
Yttrium fluoride YF; 8.62x 1072!
Yttrium hydroxide Y(OH), 1.00x 10722
Yttrium iodate Y(105); 1.12x1071°
Zinc arsenate 7Zn3(AsOy), 2.8x%x10728
Zinc carbonate 7ZnCO;, 1.46x 1071°
Zinc carbonate monohydrate ZnCO;5 x H,O 5.42x 107!
Zinc fluoride ZnF 3.04x 1072
Zinc hydroxide Zn(OH), 3x107"
Zinc iodate dihydrate 7Zn(103), x 2H,O 41%107°
Zinc oxalate dihydrate 7ZnC,04 x 2H,0 1.38x107°
Zinc selenide ZnSe 3.6x 10726
Zinc selenite monohydrate ZnSe x H,O 1.59% 1077
Zinc sulfide (alpha) ZnS 2x107%
Zinc sulfide (beta) ZnS 3x 1072

Kipagsen =[Ag*|[SCN7]
Kpagsen =[Ag +]2

1.03 x 1072 =[Ag*]?
[Ag*]=V1.03x 10"
[Ag*]=1.01 x 10~°M

Solubility of AgSCN = form wtagsen X [Ag*]
Solubility of AgSCN=165.95164 x1.01 xx 10~°M
Solubility of AgSCN=1.68 x 10~*M

9.11.2 Solubility of Lithium Carbonate
What is the solubility of lithium carbonate (Li,CO;) at 25 °C with
Ky, =8.15x107%

Li,CO3 =2Li+CO3~

Kyprincos = [Li*]? [cO37]

For each mole of lithium carbonate that dissolves there are 2
moles of lithium ions to 1 mole of carbonate ions. From this we
see that the solubility of lithium carbonate is equal to the concen-
tration of the carbonate [CO%‘]. We also see that the concentra-
tion of the lithium ion is twice that of the carbonate ion.

We set x as the number of moles per liter of lithium carbonate
that dissolve by

(€03 =x
[Li*]=2[CO; | =2x

We now substitute into the solubility product equation and get

8.15 x 107* = (2x)*(x)
8.15 x 104 =443

1/8.15% 107
X=\/—
4

X=0.0588M

9.12 THE pH OF A SOLUTION

Assigning pure water as a neutral pH solution gives a hydrogen
ion concentration of 1.0 x 107" M. On the basis of this, chemists
define the pH of a solution as

1

pH=log e or pH=-log[H"] (9.57)
The pH of pure water is therefore
pH=-log[H"] (9.58)
pH=—log (1x 10"7) (9.59)
pH=7.00 (9.60)
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FIGURE 9.4 The pH scale, the hydrogen ion concentration [H*], the hydroxide ion concentration [OH™], the pOH, and the pH of some

common solutions and substances.

The pH scale, the hydrogen ion concentration [H*], the
hydroxide ion concentration [OH™], the pOH, and the pH of some
common solutions and substances are illustrated in Figure 9.4.

The pH scale in general is defined as

If the solution pH is 7.0, the solution is neutral.
If the solution pH is <7.0, the solution is acidic.
If the solution pH is >7.0, the solution is basic.
The pOH in Figure 9.4 is the negative log of the molar [OH™]

concentration.

pOH = —log[OH ]

(9.61)

A useful relationship exists between pH, pOH, and the ion

product for water, K:

pH+pOH=pK,

(9.62)

If we know the pH of a solution, then we can calculate the
pOH from the relationship in Equation 9.12. Suppose a solution
has a pH of 5.9. The value of pK,, is —log(1 x 107'*y= 14, thus:

5.9+pOH=14
pOH=8.1

(9.63)
(9.64)

9.13 MEASURING THE pH

The laboratory technician and chemical analyst will often meas-
ure the pH of a solution or of a substance dissolved in water. The
pH is not usually calculated from a determination of the hydrogen
ion [H*] molar concentration by any wet chemical analyses such
as titration, but typically by a pH meter, or sometimes as an
approximate estimation by pH paper or strips as depicted in
Figure 9.2. An example of a typical pH meter is depicted in
Figure 9.5. The pH meter system consists of a pH sensing elec-
trode and a readout screen.

9.13.1 The Glass Electrode

The heart of the pH meter is the glass electrode depicted in
Figure 9.6.

The pH meter determines the [H*] concentration in an
unknown solution by measuring the difference in potential of
two internal electrodes. The outer reference electrode and its
solution do have contact with the solution to be measured through
a junction or salt bridge as depicted in Figure 9.6. The inner elec-
trode is completely isolated from the test solution and is associ-
ated with a glass sensing membrane. The glass sensing membrane
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FIGURE 9.5 Example of a bench top pH meter including LCD readout and pH electrode.

Electrode body
nonconducting glass

¥ Internal solution

refill port

Reference electrode
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1—— Junction or salt bridge

Internal solution

saturated KC1 + 0.1 M HCI

Internal electrode

N\

4

(AgCl or HgCl)

U— Glass sensing membrane

FIGURE 9.6 pH meter glass electrode.

bulb located at the bottom of the electrode is composed of three
layers. One classic example of a glass pH sensing electrode con-
sists of an inner hydrated glass gel (usually silicic acid, H4SiOy),
a middle dry glass layer, and an outer hydrated glass gel.
A potential difference across the membrane develops due to dif-
ferences in [H*] concentrations within the electrode and the test
solution. The dry glass boundary experiences an ion exchange
between alkali metal ions in the glass and hydrogen ions, which
results in the conductance of current through the dry glass by
alkali metal movement. The internal solution that is contained
with the reference electrode (outer electrode sleeve) needs to
be periodically added through the refill port to replenish solution
lost through evaporation. The pH electrode is calibrated using
external solutions that are made of buffers of known pH (the tech-
nician needs to follow the specific instructions pertaining to the
pH meter model that is being used in the laboratory for calibra-
tions and pH solution measurements). The meters often have
thermocouples to adjust for temperature, and give direct readouts
of pH with £0.01 pH units.

9.14 BUFFERED SOLUTIONS—DESCRIPTION
AND PREPARING

Buffer solutions are solutions that contain a weak acid and the
salt of the acid, or they contain a weak base and the salt of the
base, or an acid salt such as potassium acid phthalate. These
types of solutions have the ability to react with strong acids
and strong bases, when added in small amounts, while maintain-
ing the buffered solutions original pH (or a small change in pH).
As an example of this, suppose we have made a buffered
solution out of phosphoric acid (H3PO4) and monobasic
sodium monophosphate (NaH,PO,) one of its salts. If we add
some hydrochloric acid to the buffered solution, the basic
sodium monophosphate reacts with the acid to produce more
phosphoric acid molecules and the pH does not change
appreciably:



H* + HZPOZ — H3PO4 (965)

Also in the other direction if we add some sodium hydroxide
(NaOH) to the buffered solution, the added base hydroxide ion
will react with and remove from the solution hydrogen ions:

OH™ +H* —H,0 (9.66)

9.14.1 Le Chatelier’s Principle

In response to this (according to Le Chatelier’s principle), the
phosphoric acid will ionize to form more hydrogen ions:

H;PO, — H* +H,PO; (9.67)

Le Chatelier’s principle states that if a chemical system at
equilibrium experiences a change in concentration, temperature,
volume, or partial pressure, then the equilibrium shifts to coun-
teract the imposed change, and a new equilibrium is established.
This principle also applies to a buffered solution composed of a
base and its salt. Suppose we have a buffered solution of ammo-
nia and its salt ammonium chloride. If we add hydrochloric acid
to the buffered solution, hydroxide ions will be converted to
water thus removing the hydroxide ions from solution. The
ammonia in the solution will in response ionize to form more
hydroxide ions:

NH; +H,0 — NH; +OH~ (9.68)
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On the other hand, if some sodium hydroxide is added to the

buffered solution the acidic ammonium ion will react with the

hydroxide ion and form more of the ammonia in solution:

OH™ +NH} — H,0+NH; (9.69)

9.14.2 Titration Curve of a Buffer

A titration curve can help illustrate the changes in pH according
to an acid or base being added to the buffer system. Such a curve
of the addition of either acid or base to a buffer solution is
depicted in Figure 9.7. The bottom scale of the graph is the addi-
tion of an acid (H") to the buffer solution, while the top scale is
the addition of a base (OH"). The middle portion of the curve
illustrates the buffer region of the solution. As can be seen, with
the addition of either an acid or base, the pH changes (left scale)
very little. The buffer capacity is the amount of acid or base that
the solution can take until the pH changes by 1 unit. The greatest
buffer capacity of the solution is at the midpoint of the curve
where the conjugate acid and base of the buffer are in solution
at equal molar concentrations.

9.14.3 Natural Buffer Solutions

Buffered solutions are important in many areas of analytical
chemistry, biology, biochemistry, bacteriology, microbiology,
and physiology. Both synthetic organic reactions are often
controlled by pH as well as physiological reactions involving
biosynthesis and the action of enzymes. The major intracellular
buffer in living organisms is the conjugate acid base pair of

Titrant ml of base (OH-)

0 1 2
11.0

3

4 5 6 7

10.0

100% B
[}

9.0

8.0

7.0

— Buffer reg'\‘o“ -

pH

6.0

/

Midpoint

5.0

L

4.0
100% BH*

3.0

7 6 5

4

3 2 1 0

Titrant ml of acid (H*)

FIGURE 9.7 Titration curve of a buffered solution.
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dihydrogenphosphate—monohydrogenphosphate (H,PO, -
HPO,>"), while the major extracellular buffer is the conjugate
acid-base pair of carbonic acid-bicarbonate (H,CO;-HCO;3").
The carbonic acid-bicarbonate conjugate acid base pair is the
buffer system responsible for the maintenance of an approximate
7.4 pH in blood.

9.144 Calculating Buffer pH

A very useful relationship for calculating the pH of buffers, or the
amounts of the conjugate acid base pair needed is derived as
follows:

K.,= % (9.70)
H']=K, % (9.71)
—log[H*]= —logKa—log% (9.72)
pH=pK;,-log [[ié]} (9.73)

pH =pK, +log [[32} (9.74)

9.14.5 Buffer pH Calculation I

‘What is the ratio of [HPO42_]:[H2PO4_] required to keep an intra-
cellular compartment at a pH of 7.8?

pH=pKa+log% (9.75)
7.8=-log(6.2x107%) +log% (9.76)
7.8:7.2+log% (9.77)
EIIST(EH = antilog (0.6) (9.78)
ESTOC‘EH =4 (9.79)

From this we see that the ratio of [HPO42_]:[H2PO4_] needed
to keep the pH at 7.8 would be 4:1. This is a theoretical approach
to calculating the ratio of acid to conjugate base needed to prepare
a buffer solution. This is only an approximation, and the pH of the
buffer solution should be checked with a pH meter and the pH
adjusted with strong acid or base to the desired pH.

9.15 ChemTech BUFFER SOLUTION CALCULATOR

The ChemTech Toolkit program contains a page that can be used
to prepare six different buffer solutions that encompass the entire
pH range. If not already open, open ChemTech, go to the Main
Menu and select the Chapter 9 Main Menu. In the Chapter 9 Main
Menu select the Making Solutions link. Then select the Making
Buffer Solutions link. This will bring up a set of options as
depicted in Figure 9.8. As can be seen by each of the six options,
there is an acetate buffer for pH range 3.6-5.6, two sets of phos-
phate buffers with ranges 2.0-3.2, and 5.6-8.0. The citrate buffer
range is 3.0-7.0, and this is followed by two buffers in the basic
pH range. These buffers cover the typical ranges that are often
needed for a laboratory buffer. However, there are numerous buf-
fers that can be required by specific methodology where the
buffer described in the method should be prepared and used. This
buffer solution preparation page in ChemTech will be used as a
guideline for preparing several types of common buffers. For con-
venience, there are many buffer solutions and dry forms that are
commercially available to the laboratory analyst for purchase
either used as is or mixing the powder in a certain volume of water.
In the buffer preparation page let us select “Option 1 Prepara-
tion procedure to make an acetate buffer in the pH range of 3.6-5.6.
Selecting Option 1 will bring up the page shown in Figure 9.9.
This is a calculator page where the analyst may enter into the
“Enter pH desired” input textbox a certain pH that he would like
to prepare a buffer solution for. Upon clicking the “Enter pH
desired” button, the page will display the volumes of Solution
A needed to mix with Solution B. At the top of the page there
is the recipe for preparing the two solutions A and B. As we have
learned, the buffer solution is composed of the acid and its salt.
For preparing the acetate buffer, Solution A (0.1 M acetic acid) is
made by adding ~500 ml of distilled and deionized (DDI) water
to a 1L volumetric flask. Next, 5.8 ml (6.0 g) of glacial acetic
acid (water-free acetic acid) is added to the 11 volumetric flask.
The final volume is brought to 11 with the DDI water and the

| Preparing Buffer Solutions at & Desired pH

& Opecst  Preparation procedure to make an Acetate buffer in the pH range of 3.6 to 5.6
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 opsoed  Preparation procedure to make a Citrate buffer in the pH range of 3.01t0 7.0

opss  Preparation procedure to make a Glycine butfer in the pH range of 8.6 to 10.6
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FIGURE 9.8 Buffer preparation page in ChemTech.
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FIGURE9.10 Output for the preparation of an acetate buffer at pH 4.7.

solution is mixed well. For the preparation of Solution B (0.1 M
sodium acetate), ~200 ml DDI water is added to a volumetric flask.
Then, 8.2 g of sodium acetate (C,H;P,Na), or alternatively 13.6 g
of C,H;3P,Na - 3H,0 (sodium acetate with three waters of hydra-
tion), is added to the flask and mixed well. Finally, the volume is
brought to 11 with DDI water and the solution is mixed well.

Suppose we would like to prepare an acetate buffer at a pH of
4.7 for some specific application. By entering 4.7 into the desired
pH entry box and clicking the Enter button, the page displays the
result as shown in Figure 9.10.

The result shown in Figure 9.10 instructs that 447 ml of Solution
A are to be mixed with 553 ml of Solution B to prepare 1 1 of the pH
4.7 acetate buffer. This is illustrated in the “Final Step” instruction
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at the bottom of the page. Note in the bottom right-hand corner a
printer button that can be pressed to print the instructions for pre-
paring the buffer solutions A and B and the volumes needed for
the desired buffer pH. In an analogous manner, any of the six
options depicted in Figure 9.8 can be chosen to prepare various
buffer solutions. A note of caution, the buffer calculators can only
be used for the stated pH ranges. If a pH is entered that is outside of
the particular selected buffer range, then ChemTech will ask for a
pH to be entered within the buffer range stated. Secondly, the cal-
culator gives a starting point for preparing the buffer at a desired pH.
After preparing the buffer solution, if a very accurate pH is needed,
then the buffer should be checked with a pH meter and adjusted
with either a strong acid or base until the specific pH is obtained.

9.16 CHAPTER KEY CONCEPTS

9.1 The word acid is derived from the Latin acidus, which
means sour or sharp tasting.

9.2  The tastes of basic solutions in water are described to be
bitter.

9.3  Litmus paper is an easy and straightforward way of telling
if something is acidic or basic. If dipped in solution and the
litmus paper turns red the solution is acidic, if turned blue
the solution is basic.

9.4  The neutralization reaction of an acid and base produces a
salt and water.

9.5  Acids are compounds that can donate protons (H") and
bases are compounds that can accept protons. The neutral-
ization reaction of an acid and base in solution produces
the “conjugate” of the original acid or base.

9.6 The pH of a solution is the representation of the molar
hydrogen ion concentration [H*], (M), in solution.

9.7  The equilibrium constant (K..) of reactions such as the dis-
solution of an acid in aqueous solution can be expressed in
equation notation as the molar concentration of the pro-
ducts divided by the reactants.

9.8 The molar concentration of water, [H,O], in solutions that
are dilute acids or bases is always 55.51 M.

9.9 The base ionization constant, Ky, for a general base in
aqueous solution is equal to K. x 55.51.

9.10 The acid ionization constant, K,, for a general acid in
aqueous solution is equal to K. x 55.51.

9.11 The ion product for water, K, is 1.0 x 1074,

9.12 The relationship between the ion product for water, K;
the acid ionization constant, K,; and the base ionization
constant, Ky, is K, = K, X Ky,

9.13 The pH scale in general is defined as
a. If the solution pH is 7.0, the solution is neutral.

b. If the solution pH is <7.0, the solution is acidic.
c. If the solution pH is >7.0, the solution is basic.



172

9.14

9.15

9.16

9.17

ACID-BASE THEORY AND BUFFER SOLUTIONS
The pH of a solution

a. pH=-log [H]
b. pOH =-log[OH™]
c. pH+pOH =pK,,

Buffer solutions are solutions that contain a weak acid and
the salt of the acid, or they contain a weak base and the salt
of the base, or an acid salt such as potassium acid phthalate.

Le Chatelier’s principle states that if a chemical system at
equilibrium experiences a change in concentration, tem-
perature, volume, or partial pressure, then the equilibrium
shifts to counteract the imposed change, and a new equi-
librium is established.

CHAPTER PROBLEMS

Ionization Reactions and Constants

9.1

9.2

9.3

9.4

Write the conjugate base formula(s) for each of the follow-
ing acids.

a. Hydrochloric acid (HCI)

b. Sulfuric acid (H,SO,4)

¢. Fumaric acid (C,H,(COOH),)
d. Acetic acid (CH;COOH)

e. Formic acid (HCOOH)

‘Werite the reaction between the acids in Problem 9.1 and
ammonia (NHj3).

a. Hydrochloric acid (HCI)

b. Sulfuric acid (H,SO,4)

¢. Fumaric acid (C,H,(COOH),)
d. Acetic acid (CH;COOH)

e. Formic acid (HCOOH)

Write the equilibrium constant(s) for the reactions in
Problem 9.2.

Hydrochloric acid (HCI)
Sulfuric acid (H,SOy)
Fumaric acid (CoH,(COOH),)
Acetic acid (CH;COOH)
Formic acid (HCOOH)

o 0 op

Write the equilibrium constant for each of the following
reactions.

a. H2C03 =H*+ HCO;
b. Ni’* +4CN~ =Ni(CN);~

c. HCO;=H"* +CO3}~
d. Ag+2NH;=Ag(NH3),
e. H,CO3=2H" +CO;~

9.5  Write the equilibrium constant for each of the following
reactions.

CeHsNH, +H,0 — C¢HsNH; + OH~
CH3;NH, +H,0 « CH3NH; +OH~
CH;CH,NH, + H,0 < CH;CH,NH; + OH~
(CH3),NH +H,0 « (CH3),NH; + OH~
(CH3);N+H,0 < (CH3);NH* + OH"~
N,H4 +H,0 «+ N,HS + OH~
HONH; + H,0 <~ HONH, + OH~
Ca(OH), <> CaOH™" + OH~
LiOH < Li* +OH~
KOH «— K* +OH~
NaOH < Na* + OH~

Calculations with K, and K,

9.6  Calculate the concentration of the acid hydrogen ion for a
0.05 M acetic acid solution when K,=1.74 x 107>,

9.7 Calculate the concentration of the acid hydrogen ion
for a 0.1 M arsenous acid (H3;AsOs) solution when K, =
6.6x107"°.

9.8  Calculate the concentration of the acid hydrogen ion for a
1.65 g/l benzoic acid (C¢HsCOOH) and 2.97 g/l sodium
benzoate (CsHsCOONa) solution when K, =6.30x 107.

9.9 Calculate and compare the percent ionization of a
0.25M solution of dimethylamine to a 0.25 M solution
of trimethylamine.

9.10 Write the first and second ionization reactions for
ethylenediamine.

9.11 Write expressions for the first and second ionization con-
stants for ethylenediamine.

9.12 What is the percent ionization for the first and second ion-
ization reactions for a 0.5 M ethylenediamine solution?

Solubility Product K, Calculations

9.13 Write the dissociation equation for each.

a. Aluminum hydroxide (Al(OH);3)

b. Barium carbonate (BaCO;)

¢. Cadmium arsenate (Cd3(AsQOy),)

d. Calcium oxalate monohydrate (CaC,04 x H,0)



9.14

9.15

9.16

9.17

e. Calcium phosphate (Ca3(POy),)
f. Tron(Il) carbonate (FeCO3)
g. Iron(Il) hydroxide (Fe(OH),)

Write the solubility product constant expression for each
of the following compounds.

Lead(II) bromide (PbBr,)

Lithium carbonate (Li,COs)

Lithium fluoride (LiF)

Lithium phosphate (LizPO,)

Magnesium oxalate dehydrate (MgC,0,4 x 2H,0)
Palladium(II) thiocyanate (Pd(SCN),)

Silver(I) sulfite (Ag,SO3)

Zinc carbonate monohydrate (ZnCO; x H,O)

R0 0 op

What is the solubility of manganese(Il) carbonate
(MnCO:s) at 25°C?

Calculate the concentration of the potassium ion in a
solution that is in equilibrium with potassium hexachlor-
oplatinate (K,PtClg) while the solution contains sodium
hexachloroplatinate so that [PtClG]z’ =0.01 M.

What is the solubility of cadmium phosphate (Cd3(POy),)
at 25°C with Ky, =2.53 x 10732

Calculations Involving pH

9.18

Calculate the pH of the following solutions.

a. 0.025 M solution of nitric acid (HNO3).
b. 0.005 M sulfuric acid (H,SOy)

c. 0.002 M hydrochloric acid (HCI)

d. 0.01 M iodic acid (HIO3)

9.19

9.20

9.21

9.22

CHAPTER PROBLEMS 173

Calculate the pH of the following solutions.

a. 0.0147 M solution of sodium hydroxide (NaOH).
b. 0.001 M lithium hydroxide (LiOH)

c. 0.005M calcium hydroxide (Ca(OH),)

d. 0.01 M potassium hydroxide (KOH)

Calculate the pH of a 0.25M cyanic acid (HOCN)
solution.

Calculate the pH of a 0.15M solution of ethylamine
(CH;CH,NH,).

What is the pH of a solution made up of 0.30 M acetic
acid (HC,H;0,), which has 0.15M of sodium acetate
(NaC,H30,) added to it?

Buffer Solution Calculations

9.23

9.24

9.25

9.26

A solution contains 0.015 M pyruvic acid (HC;H;0;, K, =
1.4 x 10_4) and 0.015 M sodium pyruvate (NaC5;H303).

a. What is the pH of the solution?

b. What is the pH when 1.5ml of 0.10 M hydrochloric
acid is added to 30 ml of the buffer solution?

c. What is the pH when 1.5 ml of 0.10 M sodium hydrox-
ide is added to 30 ml of the buffer solution?

What molar ratio of bicarbonate ion (HCO3") to carbonic
acid (H,COs) is needed to maintain a pH of 6.9?

What is the pH change when 2.0 ml of a 1.0 M HCl solu-
tion is added to 100 ml of a buffered solution that is 0.5 M
in nitrous acid (HNO,) and 0.5 M in sodium nitrite.

What volume of a 0.1 M acetic acid solution is needed to
be mixed with a 0.1 M sodium acetate solution to make
1 liter of a pH 4.9 buffer?
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TITRATION—A VOLUMETRIC METHOD OF ANALYSIS

10.1  Introduction
10.2  Reacting Ratios
10.3  The Equivalence Point
10.4  Useful Relationships for Calculations
10.5  Deriving the Titration Equation
10.5.1 Titration Calculation Example
10.6  Titrations in ChemTech
10.6.1 Acid/Base Titrations Using Molar Solutions
10.6.2 Titration Calculation Example
10.7  Acid/Base Titration Endpoint (Equivalence Point)
10.8  Acid/Base Titration Midpoint
10.9  Acid/Base Titration Indicators
10.9.1 The Ideal Indicator
10.10 Titrations Using Normal Solutions
10.10.1 Normal Solution Titration Example
10.11 Polyprotic Acid Titration
10.12 ChemTech Calculation of Normal Titrations
10.13 Performing a Titration
10.13.1 Titration Glassware
10.13.2 Titration Steps

10.14 Primary Standards

10.1 INTRODUCTION

A very useful and widely employed technique in the analytical
laboratory is the titrimetric (volumetric) method of analysis.
Titrimetric analysis is the process of measuring a substance of
unknown concentration in a solution of interest via reaction with
a standard that we have made that contains a known substance
concentration. If we take a known weight or volume of our solid
or solution of interest, we can calculate the concentration of the
unknown from the measured use of our known concentration
solution. Chemists call the standard solution the titrant solution.

10.15 Standardization of Sodium Hydroxide

10.15.1 NaOH Titrant Standardization Example
10.16 Conductometric Titrations (Nonaqueous Solutions)
10.17 Precipitation Titration (Mohr Method for Halides)
10.17.1 Basic Steps in Titration
10.17.2 Important Considerations
10.18 Complex Formation with Back Titration (Volhard Method
for Anions)
10.18.1 TIron(Ill) as Indicator
10.18.2 Chloride Titration
10.18.3 The General Calculation
10.18.4 Chloride Titration
10.19 Complex Formation Titration with EDTA for Cations
10.19.1 EDTA-Metal Ion Complex Formation
10.19.2 The Stability Constant
10.19.3 Metal Ions Titrated
10.19.4 Influence of pH
10.19.5 Buffer and Hydroxide Complexation
10.19.6 Visual Indicators
10.20 Chapter Key Concepts

10.21 Chapter Problems

10.2 REACTING RATIOS

In a titration analysis, the reaction taking place is known with a
predetermined stoichiometry. The analyst knows what com-
pound is reacting with what compound and the moles of each.
Suppose we have a compound “A” that is the titrant and a com-
pound “B” that is our known substance of interest that we want
to determine the concentration of. A simplified representation
of the reaction is

aA +bB — products. (10.1)
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In the above reaction, a and b are the moles of reactants,
and are necessary to know to calculate concentrations. For
example, the reaction of a titrant of dissolved silver (Ag*) and
chloride (C17) in our test solution to produce the insoluble
compound silver chloride (AgCl) is represented as

Ag*(aq) +Cl™ (aq) — AgCl(s), (10.2)
where a=1, b=1, ag=aqueous (meaning the substance is in
solution), and s = solid (meaning the substance is not in solution).
For the determination of sodium hydroxide with the titrant
sulfuric acid, the reaction is

H,S0O4 +2NaOH — Na, SO, + 2H,0. (10.3)

In this case, a=1 and b =2.

10.3 THE EQUIVALENCE POINT

When we are performing titrations, it is most optimal if the reac-
tion basically goes to completion in a very short amount of time.
For most titrations that we will be looking at this is the case. Next,
the analyst needs a way to determine that the reaction between
the two compounds, the titrant and the sample, is complete and
a stoichiometric amount of the titrant has been added. The point
at which the stoichiometry of the reaction has been reached is
known as the equivalence point. This can be accomplished with
an indicator or with some type of potentiometric measurement
(often a pH meter). The determination of this point is called
the endpoint of the titration and ideally is equal to the equivalence
point. However, due to various reasons, this sometimes is not the
case (we will assume for our purposes that the endpoint is equal to
the equivalence point).

Let us consider our simplified reaction equation again, this
time listing the reactants according to a titration:

aA(titrant) + bB (substance titrated, titrand) — products.
(10.4)

104 USEFUL RELATIONSHIPS FOR
CALCULATIONS

In the titration reaction aA again is the titrant, the solution of
known concentration, and B is the substance titrated, the titrand
containing the compound of interest with unknown concentra-
tion. In the reaction, “a” is the moles of A that react with “b”
moles of B such as an acid-base neutralization reaction. Depend-
ing on whether the analysis in the laboratory is working in grams
or milligrams, there are some useful relationships that we will go
over as applied to titrations:

(ml)(M) =mmoles (10.5)

(mmoles) (milli form wt) = g,

(10.6)

alternatively (mmoles) (form wt) = mg

(ml)(M ) (milli formwt) =g,

10.7
alternatively (ml) (M) (form wt) = mg (107)

10.5 DERIVING THE TITRATION EQUATION

An important consideration in our titrations is the reacting ratio
between the titrant and the substance titrated. This allows us to
convert from the amount of titrant consumed in the titration
reaction to the amount of substance titrated:

(mmolesy ) <é> =mmolesg. (10.8)
a

In this way, if we combine in our calculation the volume of
titrant consumed in the titration reaction with the known molarity
of the titrant, the analyst can calculate the amount of substance
titrated as

(mla)(Ma) (S) (milli formwtg) =gg. (10.9)

If we know the starting material sample weight that was titrated,
then the percentage B in the sample can be calculated by dividing
both sides of the equation by the sample weight and multiplying
by 100:

(mlp)(Ma) <§) (milli form wtg) (100) o
==x100

(10.10
gs gs )

(mla) (M) (Z) (milli form wtg) (100)

gs

%B =

(10.11)

10.5.1 Titration Calculation Example

Let us look at a specific example. Suppose a powder sample is
thought to be pure sodium carbonate. A 1.068 g portion of the
sample that was dissolved in 50 ml distilled deionized (DDI)
water required 25.86 ml of a 0.5 M HCI titrant to neutralize the
base present. The base present is sodium carbonate (Na,CO3),
which has a milli form weight of 0.103 g/mmol, and reacts
according to the following equation:

2HCI + Na,CO; — 2NaCl + H,COs. (10.12)

In this case, a=2 and b=1.
This can be directly entered into Equation 10.7 as follows:

1 i
(mlyc)) (Muc) (E) (milli form Wtna,co,) (100)

gs

%N32C03 =

(10.13)



(25.86)(0.5) G) (0.103)(100)
1.068

%NayCO;3 = (10.14)

%Na,CO3=62.3

The sample is obviously not pure sodium carbonate.

10.6 TITRATIONS IN ChemTech

We have now gone over the fundamentals for titrations using
molar solutions. The Equations 10.1-10.4 can be used in many
different instances. ChemTech can also be used in the laboratory
for calculating the results of titrations using molar solutions.
The section in ChemTech can be used as a tool in the laboratory
for calculating titrations, and also can be used as a source of ref-
erence and reminder in the laboratory for the analyst. If not
already open, open ChemTech and go to the Main Menu options.
In the Main Menu options, click on the Chapter 10 link to pull up
the Main Menu for Chapter 10. In the Chapter 10 Main Menu,
choose the link for the Titrations Main Menu, which will open
a page as depicted in Figure 10.1.

10.6.1 Acid/Base Titrations Using Molar Solutions

Click on the first link “Acid/Base Titrations Using Molar
Solutions” to open up the titration calculation page depicted in
Figure 10.2. The calculation page contains input boxes used to

5 TITRATIONS MAIN MENU

Neutralization Titrations - Introduction
J f,Acidease Titrations using Molar Solutions

J \Acid/Base Titrations Using Normal Solutions
|[Steps for Using Pipet Bulbs

J Steps for a Titration - Using the Burette

IExample of Standardizing a Titrant from a
\Primary Standard

Retum fo Main
Menu

Retum fo Chapler 10
Main Menu

FIGURE 10.1
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calculate the results of a titration, and also links to other tools
and useful information. At the bottom right-hand side of the page,
there is also a button that can be used to print the page if needed.
Let us look at using the page to calculate the results of a specific
titration.

10.6.2 Titration Calculation Example

Suppose a submitted aqueous sample is calling for an acidity
measurement as sulfuric acid (HSO4). A 50 ml aliquot (this will
be the sample weight in grams as the density of water is 1 g/ml) of
the sample required 11.26 ml of a 0.015 M NaOH titrant to neu-
tralize the acid present. The acid present is being represented as
sulfuric acid (H,SO,). The milli form wt (g/mmol) of sulfuric
acid can be determined in two ways using the titration calculation
page. First, there is a link to a listing of some of the more common
analytes. Click on the third link, that is, “See listing of common
milli form wt” button, to pull up a page as shown in Figure 10.3.
Use the bottom scroll bar to thumb through the listing until sul-
furic acid is found.

Record the value of 0.098078 g/mmol as the milli formula
weight. If the analyte of interest is not found to be included in
the list, an alternative way to obtain the milli formula weight is
to use the molecular weight calculator link. Press the exit key
of the page shown in Figure 10.3 to return to the molar titration
calculation page. To the right, there is a button that links to
“Calculate formula weight from formula.” Press the button to
bring up the formula weight calculator. Enter “H,SO,” into the
top Formula 1 input box and press the Calculate button. Below

Advanced Titrations - Applications

‘ EConductomem'c Titrations (non-aqueous solutions)

[Precipitation Titration (Mohr) for Chieride (CI-) or Bromide
|(Br-) Analysis

i‘iomplex Formation with Back Titration (Volhard) for Anion
\Analysis

L]
L
J |Complex Formation with EDTA Titration for Cation
£l

|Analysis

[Oxidation-Reduction Titrations.

A look at burettes

Titrimetric (volumetric) main menu.
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M TITRATIONS USING MOLAR SOLUTIONS

W, TITRATIONS USING MOLAR SOLUTIONS

The basic trabion equation i
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FIGURE 10.2 Titrations using molar solutions calculation page with
included links.

M. MILLI FORMULA WEIGHTS

e

Reagent Formula Formula Formula
Weight Woight
CH3IC00H 6005 08005

|Ace‘.~:_AE|d_

USE THE SCROLL BARS BELOW TO FIND THE REAGENT
YOU ARE INTERESTED IN TO LIST ITS INFORMATION.

K| »n

Retumn to Molanty Tiirabons

FIGURE 10.3 Listing of some common milli formula weights used
in titration calculations. The bottom scroll bar can be used to navigate
to the information of the target analyte.

the formula input box will be listed the formula weight. To get the
milli formula weight, simply divide the value by 1000. Close the
Molecular Weight Calculator and return to the molar titrations
window. The reaction associated with this titration is
2NaOH + H,SO4 — 2NaSO4 +2H,0. (10.15)

In this case, a=2 and b=1.
Enter the associated information from the titration into the
calculation page and press the “Calculate Titration” button at

the bottom of the page. The page should look like that shown
in Figure 10.4.

FIGURE 10.4 Results of titration calculation in Example 10.2.

Note the result of 165 ppm. Let us use Equation 10.11 to cal-
culate this result by hand. The information from Example 10.2
can be directly entered into Equation 10.11 as follows:

1 .
(mLnaon) (Mnaon) (§> (milli form wty,so, ) (100)

gs

%H,S0, =

(10.16)

(11.26)(0.015) (%) (0.098078)(100)

%H,S0, = 30

(10.17)
%H,S04 =0.0166

To convert to ppm we multiply the result by a factor of 10,000,
and hence the result can also be expressed as 166 ppm.

10.7 ACID/BASE TITRATION ENDPOINT
(EQUIVALENCE POINT)

We have now had a brief introduction to titrimetric analyses and
the calculation of results, both by hand and also using ChemTech.
As can be seen in Figure 10.1 there are still a number of options
that can be chosen, and for us to explore, for titration analyses. At
this point, we want to take a closer look at acid—base type titra-
tions in respect as to how to determine an endpoint, and what a
plot of the titrations look like. Figure 10.5 is a plot of the titration
of a 0.1 M HCI solution with a 0.1 M NaOH titrant. In the plot,
the volume of the 0.1 M NaOH titrant is the x-axis values, and the
pH of the solution is plotted on the y-axis. In this titration exper-
iment, a pH meter was used to measure the pH as the titrant was



13.0

12.0 /

11.0

10.0

9.0

8.0

Equivalence

70 _—point
0.1 M HC1 + 0.1 M NaOH

pH

6.0

5.0

4.0

3.0

pH =pK,
2.0 /
__’o/
1.0 \
Midpoint
I
0 5 10 15 20 25 30 35 40

>
>

Titrant ml of base (NaOH )

FIGURE 10.5 Titration curve of the measurement of 0.1 M HCl
plotting pH of the solution versus volume of titrant (0.1 M
NaOH) added.

added. Note at the beginning of the titration the pH starts out at
approximately 1.5 pH. With the addition of the NaOH titrant, the
pH will change slowly as illustrated with the first part of the titra-
tion curve. The curve illustrates that as the titration approaches
the equivalence point, the pH will change very quickly. In the ini-
tial rise of the curve, there is a midpoint that can be used to
describe and predict how a titration curve will look. At the mid-
point, there is a direct relationship between the pH of the titration
and the pK, value of the analyte being measured. If we refer back
to the acid ionization constant equation, the pH of the solution
can be obtained with the following relationship:

[H*}:Kax% (10.19)
—log[H*]= —logKa—log@ (10.20)

[A7]
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FIGURE 10.6 Titration behavior at the equivalence point depending
upon the magnitude of the ionization constant K,. The weaker the acid
(smaller K,) the less dramatic in change of pH at the equivalence point.

pH=pK,-log [[i/_f]] (10.21)
pH=pK, + log% (10.22)

10.8 ACID/BASE TITRATION MIDPOINT

However, at the midpoint of the titration as shown in Figure 10.5,
the concentration of the protonated acid [HA] is equal to the
concentration of the deprotonated acid [A7], thus the equation
becomes

pH=pK, + logl.0 (10.23)
pH=pK,+0 (10.24)
pH=pK, (10.25)

A consequence of this is that a when strong acid is titrated with
a strong base, such as our example in Figure 10.5 of HCl titrated
with NaOH, the rise at the equivalence point of the pH value will
be very sharp. In contrast to this, a weak acid titrated with a strong
base will have a much less dramatic rise in the pH at the equiv-
alence point. From Table 9.1, the K, value for hypochlorous acid
(HCIO) is small at 3.0 x 107® indicating a very weak acid. Its titra-
tion curve will only have a slight pH change of approximately
2-3 units when titrated with a strong base such as NaOH. The
comparison of three different titration curves for three acids with
decreasing ionization constants is depicted in Figure 10.6. This
can make it difficult sometimes to catch the equivalence point.
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10.9 ACID/BASE TITRATION INDICATORS

The equivalence point in the titration is the point where in the
solution there is an equal molar concentration of titrant and ana-
lyte. In acid-base titrations, this is the point of neutralization.
There are a number of visual indicators that are used to show
the equivalence point of a titration, often more convenient than
doing titrations with a pH meter. Acid-base indicators are weak
organic acids and bases that have a dramatic color change in
accordance with the solutions pH. Some of the indicators
change in color such as chlorophenol red, which is yellow at
a pH of 4.8, and purple at a pH of 6.4. There are some like
phenolphthalein that at pH 8.2 is colorless, and at pH 9.8 is
red/violet. A simple representation of the ionization of an
acid-base indicator is

pH range

Acid-base indicator color change

0.0 2.6
Yellow Green

——

0.1 2.3
Yellow Blue

Brilliant green

Methyl green

Thymol blue

Colorless Pink
| |

2.8 4.7
Colorless

[ ]

3.0 4.6
Yellow Blue/violet

|

3.0 52
Blue Yellow/orange

|

3.1 4.2
Red  Yellow/orange

B ]

3.8 5.4
Yellow Blue

I |

44 6.2
Red  Yellow/orange

|

5.0 8.0
Red Blue

Quinaldine red

2,4-Dinitro phenol

Bromophenol blue

Congo red

Methyl orange

Bromocresol green

Methyl red

Litmus

HInd =H"*+ Ind”

acidic form basic form
color 1 color 2

(10.26)

Since the indicator is, for acidic indicators, a weak acid at low
concentration, the stronger analyte acid will titrate first. When
the analyte has been neutralized by the titrant base, the weak
indicator will react next and then change color. Figure 10.7 lists
a number of commonly used acid-base indicators with their
pH transition ranges and associated colors. The transition range
for the indicators is in approximately 2 pH units.

10.9.1 The Ideal Indicator

The ideal indicator for a certain acid—base titration is chosen to
have its color transition range in the pH region of the equivalence

pH range
Acid-base indicator color change
52 6.8
Bromophenol red Orange/yellow Purple
[ .
5.4 7.5
4-Nitrophenol Colorless Yellow
L ]
6.0 7.6
Bromothymol blue ~ Yellow Blue
[ .
6.4 8.2
Phenol red Yellow Red/violet
[
7.0 8.8
Cresol red Orange Purple
8.0 9.6
Thymol blue Yellow Blue
[
8.2 9.8
Phenolphthalein Colorless  Red/violet
[
9.3 10.5
Thymolphthalein Colorless Blue
[ .
9.4 14.0
Alkali blue Violet Pink
E
11.5 13.0
Indigo carmine Blue Yellow
E
11.6 13.0
Epsilon blue Orange Violet

FIGURE 10.7 Common acid-base indicators including pH range and example of color change.



point of the titration. The endpoint of the titration is when the
color changes for the indicator. The equivalence point and the
endpoint are essentially taken as the same for acid—base indicator
titrations. As depicted in Figure 10.6, the equivalence point can
be different for different acid—base titrations. For example, the
acid with the K, at 1072 has its equivalence point within the
pH change region of 6-8, thus a good indicator for this titration
might be bromothymol blue or phenol red. For the acid with
the K, at 107° and equivalence point within the pH change region
of 8-10, a good indicator might be thymol blue or phenol-
phthalein. Finally, for the acid with the K, at 107 and equiva-
lence point within the pH change region of 9-11, a good
indicator might be thymolphthalein or alkali blue. Often, when
aroutine titration is being set up in the analytical laboratory, a pH
meter in conjunction with a visual indicator will be used. This is
done to determine precisely where the equivalence point occurs
(by observing the very rapid change in pH with a small addition
of titrant) and the associated color of the indicator. A reference
solution of the indicator’s color at the equivalence point pH
can then be kept and used to obtain the equivalence point of
the routine titrations by comparing the color of the samples
during the titration.

10.10 TITRATIONS USING NORMAL SOLUTIONS

Titrations are also performed using normal solutions where
equivalent weights are used in place of formula weights. If
needed, refer back to Chapter 8, Section 8.7.4 Normal (N) Solu-
tions, for the calculation of normal solutions. For the simple titra-
tion reaction equation, the normality of the titrant is used along
with the milli equivalent weight of the analyte. Let us look at
an example of calculating a titration using normality.

aA (titrant) + bB (substance titrated) — products  (10.27)

(mla)(Na)(millieq wtg)(100)
&s

%B =

(10.28)

10.10.1 Normal Solution Titration Example

Suppose the laboratory has received a submitted sample of a solu-
tion that is acidic. The sample’s submitter would like the ppm
acidity as phosphoric acid (H;PO,) determined. The following
curve (Fig. 10.8) was generated using a pH meter and a 50 ml
burette (see volumetric glassware) for the titration of a 20 ml ali-
quote of the sample using 0.2 N NaOH as the titrant. As can be
seen in the curve, there are two equivalence points that are being
observed in the titration. The first equivalence point is occurring
at a pH of approximately 5, while the second is occurring at a pH
of ~10. We know from Table 9.1 that there are in fact three acid
ionization constants associated with phosphoric acid along with
three midpoints.

In the next section, we are going to take a closer look at
polyprotic acid titrations, such as phosphoric acid using normal
solutions.
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FIGURE 10.8 Titration results of submitted sample for % acidity
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FIGURE 10.9 Phosphoric acid titration curve denoting the
midpoints, the equivalence points, and the pH transition ranges.

10.11 POLYPROTIC ACID TITRATION

Phosphoric acid is a polyprotic acid and thus possesses two dis-
tinguishable equivalence points, and thus also two pH transition
ranges. Figure 10.9 depicts the titration curve denoting the mid-
points, the equivalence points, and the pH transition ranges. With
using a pH meter we are able to detect and measure these two dis-
tinct transition ranges. This brings us to an important aspect of
visual pH indicators as listed in Figure 10.7. The analyst, know-
ing that phosphoric acid is a polyprotic acid, would need to select
an indicator that would have a transition range appropriate for the
measurement desired. The measurement for ppm acidity as phos-
phoric acid would require an indicator with a transition range in



182 TITRATION—A VOLUMETRIC METHOD OF ANALY SIS

the pH range 8-11, such as phenolphthalein. Phenolphthalein,
with a very clear color change, is a popular indicator for the deter-
mination of the endpoint for weak acid titrations such as the total
titration of carbonic, sulfuric, and phosphoric acids. If the analyst
picked an indicator in the first transition range, say methyl red
with a pH transition range of pH 4.4-6.2, the titration equivalence
point would have been taken at the first equivalence point and a
concentration would have been reported that is much less than the
total amount of phosphoric acid present. Let us consider this
numerically. Suppose the first equivalence point (actually end-
point) was determined at requiring 11.5 ml of the 0.2 N NaOH
titrant to bring about a color change from red to yellow/orange
using methyl red as the acid—base indicator. The overall reaction
for the titration of phosphoric acid with sodium hydroxide is

3NaOH + H3;PO4 — 3H,0 + Na3POj. (10.29)

For phosphoric acid, there are three equivalents of H* for
each mole of H;PO,; thus, the equivalent weight of H3PO, is
the formula weight divided by 3 = 97.995/3 = 32.665. If the ana-
lyst were simply using the equivalent weight of phosphoric
acid and the methyl red endpoint, his/her calculated result for
the titration would be

(11.5 mlnzon ) (0.2Nxe0n ) (0.032665) (100)

%H3PO, = 20g
S

(10.30)

ppm H3PO, =% x 10,000 = 0.3756 x 10,000

10.31
ppm H3PO4 =3756 ppm ( )

On the other hand, if the phenolphthalein endpoint of 23 ml is
used, the result would be

(23 minaon) (0.2Nxaon ) (0.032665)(100)

%H;PO, = 20g
S

(10.32)

ppm H3PO,4 =% x 10,000=0.7513 x 10,000 (1033)
ppm H3PO4 =7513 ppm ’
However, phosphoric acid is in fact triprotic and the final
equivalence endpoint is actually at 30 ml of titrant. If we look
back at the titration curve in Figure 10.9, we know that the third
midpoint is at a pH of 12.4. If we use 30 ml of titrant in our cal-
culation, the final result is

H;PO, H* +
H,PO; HY o+
HPO47 Ht +

H2POZ

HPO;

PO;~

(30 mlxaon ) (0-2Nxa0m ) (0.032665) (100)

%H;PO4 = 0g
S

(10.34)

ppm H3PO4 = % x 10,000 = 0.9799 x 10,000

(10.35)
ppm H3PO4 =9799 ppm

Thus, the titration of total phosphoric acid from a phenol-
phthalein endpoint is an estimation (in fact, an underestimation)
of the phosphoric acid present. The third dissociation for
phosphoric acid is so weak (K,=4.4x 107"3) that competition
is present with the autoprotolysis of water (K, =1 X 1071%).
Scheme 10.1 depicts the three dissociation reactions of phos-

phoric acid, the K, values, and the midpoint pH values.

10.12 ChemTech CALCULATION OF NORMAL
TITRATIONS

The ChemTech program may also be used to calculate the results
of titrations using normal solutions. If not already open, open
ChemTech and go to the Chapter 10 Main Menu. Click on the
Titrations Main Menu button, and then click on the second button
“Acid/Base Titrations Using Normal Solutions” to bring up a
titration calculation page as shown in Figure 10.10. This is a

W TITRATIONS USING NORMALITY

AT

The basic filration equation is
5 Anahyte = (ml stranistan Nomalkiyi{mog w anabe)100)
(smmpile wiin grams) f
Hedp. Hints Calculate |
i = and Other Formula
i Name of analyte (2.g. hydrochionc acid, HCI WA Weight
HZS04 NaOH, etcNOTE: This is not required Cal 3
) Calc From
Tration Formula |
Enter mL of trant used —_— i
— See Listings
Entar Nomaidity of svant of Common
Mill
Equivalent
Enter milll equivalent weight of analte. eg Weights
0,036 for HCL 0.043 for HZS04, eic
Enter sampla waight in grams
Raturn 1o
Resultas % Resull as ppm Main Many
Calculate
Titration ————
| Retum o
Cle
Catedins Trvation
Calculation | Menu

FIGURE 10.10 Titrations using normal solutions calculation page.

Midpoint pH
K, pH =-log K,
7.5%1073 2.1
6.2x1078 7.2
44%x10713 12.4

SCHEME 10.1 The three dissociation reactions of phosphoric acid, the K, values, and the midpoint pH values.



similar input page that we have now become quite familiar with.
Type in the data from Example 10.10.1 to become familiar with
using the calculator.

This page also contains a link to view help, hints and reference
for normal titrations, a link to look up some common milli equiv-
alent weights, the formula weight calculator, and a printer button
at the bottom.
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FIGURE 10.11 Burettes used to transfer solutions and for titrations.
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10.13 PERFORMING A TITRATION

Now that we have covered the theory behind titrations and the
calculations involved, we will look at the steps “in the laboratory”
for performing a titration. Titrations involve volumetric analysis,
which means that exact volumes of solutions are used within a
small limit of error. Some of the glassware used in titrations
includes volumetric flasks, which are of ranging sizes anywhere
from Sup to 2000 ml or more (examples of all common glassware
used in the analytical laboratory may be found in Chapter 2).

10.13.1 Titration Glassware

The next important piece of glassware used in titrations is the
burette. Burettes contain graduations that are used to measure
the amount of titrant added to reach an endpoint to an accuracy
of +0.01 ml. Figure 10.11 depicts some examples of commer-
cially available burettes. Often burettes are controlled by a stop-
cock at the bottom that is now usually made out of Teflon®.
Figure 10.12 is a close-up view of the burette stopcock and the
handling of the stopcock.

10.13.2 Titration Steps

The general steps in a titration are as follows:

1. The burette is placed into a titration clamp stand and filled
with the titrant usually past the O ml mark at the top. The
excess titrant is then allowed to slowly drain into a waste
beaker bringing the volume back down to the O ml mark.
A filled burette in a titration clamp stand is depicted in
Figure 10.13.

2. The tip of the burette is then placed down into the beaker or
flask holding the sample to be titrated, but not into the lig-
uid but kept above. The positioning of the burette tip is
depicted in Figure 10.14(a). The tip of the burette is not
held above the flask as some of the titrant may miss the
solution. This is a quantitative reaction where all of the

FIGURE 10.12 Titration burette stopcock.
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FIGURE 10.13 Filled burette in titration clamp-stand.

titrant used in the calculation must have gone into the
titrand solution. A piece of white paper can also be placed
under the flask to facilitate in detecting color changes (see
Fig. 10.14(a)).

. Before starting the titration, record the initial reading on
the burette. This is especially important if starting at a read-
ing other than O ml. To start the titration, grasp the burette
stopcock with the left hand and the flask with the right
hand. This is best illustrated in Figure 10.14(d).

. With the right hand, moderately swirl the flask solution in a
circular motion while slowly opening the stopcock to allow
flow of the titrant into the solution.

. As the titrant is added, you will notice a brief swirl of color,
which quickly disappears. As the endpoint nears, the swirl
of color will continue to increase in duration. In the case of
phenolphthalein, the color change is from colorless to red/
violet (see Fig. 10.7).

. As depicted in Figure 10.14(b), periodically (perhaps
every 5 ml of titrant addition) stop the addition and rinse
the sides of the flask with DDI water to ensure an accurate
endpoint determination (washes splashed material back
into solution).

. Near the endpoint, the color swirl will last much longer and
the endpoint is reached when the color change is persistent.
Often, with practice the analyst will come to a point in the
titration just before the endpoint that requires less than a
drop of titrant. A “half” drop can be added by just opening

(d)

Place the tip of the buret inside the flask.

During the titration rinse the sides
of the flask.

Adding a “half” drop of titrant near
the endpoint.

A red/violet phenolphthalein endpoint.

FIGURE 10.14 Steps involved in a titration.

the stopcock to where a drop begins to form on the tip of
the burette. The “half-drop” can be washed off into the
solution as shown in Figure 10.14(c).

. Figure 10.14(d) shows the reaching of the phenolphthalein

endpoint where the red/violet color now persists.

. The burette volume is recorded for the amount of titrant

added. A 50 ml burette will start at the top as 0 ml and grad-
uate to the bottom at 50 ml. If the burette is started at O ml,
the final reading is the milliliter titrant added. If the burette
reading is started at a reading >0 ml, the amount of titrant
added is found by subtracting the initial reading from the
final reading.

10.14 PRIMARY STANDARDS

Typically, the titrants that the analyst is using in the laboratory are
“secondary standards” that have been titrated with a “primary
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TABLE 10.1 Common Primary Acids and Bases Used for Titrant Standardization.

Formula Formula weight

Primary acids

29

standari

Potassium hydrogen o-phthalate (KHP) 0-C¢H4(COOK)(COOH) 204.2212
Sulfamic acid NH,SOs;H 97.09476
Oxalic acid dihydrate HOOC-COOH-2H,0 126.06544
Benzoic acid Ce¢HsCOOH 122.12134
Primary bases
Sodium carbonate Na,CO; 105.98844
Tris(hydroxymethyl)aminomethane (Tris base) NH,C(CH,OH); 121.13508
4-Aminopyridine CsH4N(NH,) 94.11462
to obtain its exact concentration. The laboratory O

reagents that are used to make titrants, such as an HCI solution g

or sodium hydroxide, do not have an exact concentration “HCI \07K+

reagent is approximately 37% pure” or are not in a pure form

(solid NaOH reagent contains some water). Thus, when preparing _OH

a titrant in the laboratory for routine use, the analyst will first C

make a carefully prepared solution from a primary standard g

and use this to obtain an accurate concentration of the routine
titrant. It should be noted though that in today’s analytical
laboratory there are many commercially available secondary
standards that may be purchased and used directly within the
manufacturer’s stated expiration period of the titrant. However,
the laboratory analyst should be familiar with the preparation
of primary and secondary titration solutions. Table 10.1 is a list-
ing of some common primary acids and bases that are used in
the analytical laboratory for standardizing secondary titrants.

10.15 STANDARDIZATION OF SODIUM
HYDROXIDE

We will look at the preparation of a specific example of
standardizing a sodium hydroxide titrant using the primary acid
potassium hydrogen o-phthalate (KHP). This example is also
located in ChemTech for future review and reference in the lab-
oratory, found in the Chapter 10 Titrations Main Menu under
“Example of Standardizing a Titrant from a Primary Standard.”
The ChemTech review is in normality, but in the case of KHP
and NaOH, normality and molarity are interchangeable. This is
not always the case; one must always remember to take into

. . (D . . .
account the reacting ratio E—; of the particular titrant/titrand
a

reaction.

10.15.1 NaOH Titrant Standardization Example

Sodium hydroxide (NaOH) is a very common titrant to use in the
analytical laboratory as a strong base. It is a strong monoprotic
base; thus, its molarity and normality are equal. Sodium hydrox-
ide in the solid pellet form often contains a small amount of both
water and sodium carbonate, approximately 97%—-98% pure. The
sodium carbonate comes from the reaction of the sodium hydrox-
ide with carbon dioxide in the ambient atmosphere. For the

FIGURE 10.15 Structure of potassium hydrogen o-phthalate.

titration of weak acids, the preparation of sodium hydroxide solu-
tion free of sodium carbonate is essential as the carbonate ion
present can act as a buffer and distort the titration endpoint.
For the titration of strong acids, this is less of a problem. The first
step in preparing the sodium hydroxide titrant is to purify the
sodium hydroxide. Distilled water is first boiled to remove any
dissolved carbon dioxide. A solution of nearly saturated sodium
hydroxide is then prepared. Sodium hydroxide has a solubility of
1 g per 0.9 ml H,O. A saturated solution is approximately 27.8 M
NaOH. Upon sitting, the saturated NaOH solution will clear (no
cloudiness) and any sodium carbonate will precipitate out of solu-
tion and settle to the bottom. The purified sodium hydroxide in
solution can then be carefully decanted from the top of the satu-
rated solution. To make the working titrant to be standardized,
3.6 ml of the saturated solution is then brought to 1 1in a volumet-
ric flask with freshly boiled distilled water. The concentration of
the sodium hydroxide titrant is now approximately 0.1 M NaOH.

A convenient and often used primary acid standard for stan-
dardizing sodium hydroxide titrants is potassium hydrogen
orthophthalate (KHP, see Table 10.1). KHP is a moderately weak
organic (structure shown in Figure 10.15) acid (K,=3.9 x 107°,
pK.=5.4) that gives a good endpoint using phenolphthalein as
indicator.

To standardize the sodium hydroxide titrant, exactly 999.9 mg
of the primary acid standard potassium hydrogen o-phthalate
was weighed and dissolved in 100 ml of DDI water producing
a 0.049 M KHP solution. A 35 ml aliquot of the 0.049 M KHP
solution was taken and titrated with the approximately 0.1 M
NaOH solution to a phenolphthalein endpoint. The titration of
the KHP titrand pH versus milliliter NaOH added is depicted in
Figure 10.16. For illustrative purposes, the midpoint, endpoint,
and the phenolphthalein indicator pH transition range are included
in the titration plot.
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FIGURE 10.16 Standardization titration plot of approximately 0.1
M NaOH with the primary acid KHP.

The amount of the approximately 0.1M NaOH solution
required to reach the endpoint was 17.7 ml. The neutralization
reaction taking place in solution is

NaOH + C¢H4 (COOK) (COOH) — H,0 + C¢H, (COOH),.
(10.36)

We had taken a 35 ml aliquot of the original KHP solution,
so the amount of KHP titrated was

999.9mg
mg KHP=————=x35ml
& 100ml . (10.37)
mg KHP=350.0 mg
From our above titration relationships, we have
b
mg KHP= (mlNaOH) (MNaOH) E (form WtKHp)7 (1038)
Lo . b 1
where in this reaction — = 1= 1. (10.39)
a
Rearranging the above equation, we have
mgxup
M, = 10.40
NaOH (mlNaOH) (form WtKHP) ( )
350.0mg
Mnaon = —
(17.7 ml) (204.2212gm01 ) (10.41)

Mna0n =0.0968

As can be seen from the titration, the original solution consi-
sting of 3.6 ml saturated NaOH solution diluted to 11 to make an

approximately 0.1 M NaOH titrant was in fact an approximate,
and the exact concentration is 0.0968 M NaOH. We now have
a secondary titrant standard that may be used for titrations of both
strongly and weakly acidic solutions.

10.16 CONDUCTOMETRIC TITRATIONS
(NONAQUEOUS SOLUTIONS)

In conductometric titrations, the conductance in the solution is
measured during the addition of the titrant. Conductometric titra-
tions can be useful when the equivalence point is difficult to dis-
cern using an indicator or when other problems make the titration
difficult, such as a nonaqueous solution. Figure 10.17 depicts the
basic components of a conductometric titration including a reac-
tion vessel where the titration takes place, a magnetic stir bar
for constant mixing, and two platinum electrodes where the solu-
tion’s conductance is measured. The device typically used for
the measurement in the change in conductance of the solution
during the titration is a system of resistors known as a Wheatstone
bridge. (J.G. Dick In: Analytical Chemistry: McGraw-Hill, New
York, NY 1973, p. 560.) The equivalent conductance (A°) for
a given solution of a dissolved salt is the addition of the ionic
species present:

A°=0% +A°. (10.42)

Table 10.2 lists some values of equivalent ionic conductance
at 25 °C and infinite dilution.

To illustrate the principle behind conductometric titrations,
we will look at an acid-base titration where a solution of HCl
is being titrated with the strong base, NaOH. Figure 10.18
depicts the results of the titration where the conductance of the
solution is recorded with each addition of titrant. At the begin-
ning of the titration, the equivalent ionic conductance (}»f) is
due entirely to the hydrogen ion H* present. As the sodium
hydroxide titrant is added, the hydroxide OH™ added is neutraliz-
ing the hydrogen ion H* present to produce water, and the effec-
tive result is that the conductance in the solution by H" is being
replaced by the Na* added. The equivalent ionic conductance
of H is A{, =349.82, and for Na* is A3, , =50.11, thus the con-
ductance in the solution is decreasing as illustrated by the nega-
tive slope in Figure 10.18 (square data point plot line). During the
first part of the titration, the concentration of the chloride ion
[CI'] is staying constant (A;_=76.34) and not contributing to
the “change” in solution conductance. At the equivalence point
[HCI] = [NaOH], and the contribution to the conductance is from
the [Na*] and [CI™] present. As the OH™ concentration increases,
the conductance of the solution also begins to increase as illus-
trated by the positive slope of the line in Figure 10.18 (circle data
point plot line). The equivalent ionic conductance of OH™ is
Moy- =198.0. Because the equivalent ionic conductance of
OH™ (198.0) is less than that of H* (349.82), the slope of the
second curve is lower in magnitude as compared to the first.
By plotting the conductance against the titrant added in milliliter,
we can extrapolate both lines to a point where they intersect to
obtain the equivalence point. This value would be the milliliter
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FIGURE 10.17 Apparatus used in a conductometric titration including a reaction vessel and a Wheatstone bridge.

titrant added that is used in the titration equation to obtain the
amount of HCI present.

This method is found most useful in nonaqueous-type titrations
where an appropriate indicator is not readily available to be used.
An example of this is the titration of acetic acid (a weak acid) with
ammonia (a weak base) in a nonaqueous solvent. In the nonaqu-
eous solvent, the weak acid and weak base are essentially neutral
with very little solution conductance. The salt produced by the
combination of the acetic acid and ammonia is ammonium acetate

(CH3COONH,), producing the acetate ion (7‘3H3C00— =40.9)

and the ammonium ion (}&HI = 73.4) . The conductometric titra-

tion curve of acetic acid in nonaqueous solvent with ammonia is
depicted in Figure 10.19. The salt produced is ammonium acetate
and the rising linear curve from the titration is due to the increase
of the ions of this salt produced in solution during the titration.
When the equivalence point is reached, the neutral ammonia in
excess does not cause a change in the conductance of the solution
(straight line at top of curve in Fig. 10.19). The equivalence point
can be obtained by extrapolation of the upward curve and the top,
level curve to a point of intersection.
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TABLE 10.2 Values of Equivalent Ionic Conductance (A7) at 25 °C
and Infinite Dilution.

Cation AS Anion Al
Lit 38.69 CH;CO0~ 40.9
Na* 50.11 HCO;~ 44.48
1
ng“ 53.06 Clo,~ 68.0
1 1 _
ECu2+ 54 ECzof1 70
%Sr2+ 59.46 NO5 71.44
1
ECa2+ 59.50 cr 76.34
Ag* 61.92 I 76.8
1
5Ba2+ 63.64 Br- 78.4
1 1
pr2+ 73 Esoﬁ* 79.8
NH; 73.4 OH~ 198.0
K* 73.52
H* 349.82
10 -
Conductance due to H*
8 / °
= Conductance due to OH~ ./
(0]
2 6 ,/
<
: o
e}
§ 4 o/
O/
2 4
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FIGURE 10.18 Conductometric titration of HCI with NaOH.

10.17 PRECIPITATION TITRATION (MOHR
METHOD FOR HALIDES)

A common example of a precipitation titration method is the
Mohr method used for the determination of the halides, bromide
(Br") and chloride (CI7). An important consideration of this
approach is that the method should only be used with a titrand
pH ranging from 7 to 10. The Mohr method is also susceptible
to interference by carbonates. A standardized silver nitrate
(AgNO3) solution is used to titrate the halides present in a titrand
forming white insoluble salts of silver bromide (AgBr) or silver
chloride (AgCl). A soluble chromate salt such as potassium
chromate (K,CrOy,) is used as the indicator. When the equiva-
lence point is reached, the excess silver will form a red insoluble
silver chromate (Ag,CrQO,) salt precipitate:

Br~ +Ag* = AgBr(s) (10.43)

Conductance (1)

Equivalence point

O T T T T T T T T T T
0 2 4 6 8 10
Volume ammonia added (ml NH3)

FIGURE 10.19 Conductometric titration curve of acetic acid in
nonaqueous solvent with ammonia. The rising linear curve from
the titration is due to the increase of the acetate and ammonium
ions produced in solution during the titration. When the
equivalence point is reached, the neutral ammonia in excess does
not cause a change in the conductance of the solution (straight line
at top of curve). The equivalence point obtained by extrapolation
of the upward curve and the top, level curve to a point of intersection.

or

Cl™ +Ag* = AgCl(s) (10.44)

and

2Ag* +CrO}™ = Ag,CrO4(s) (10.45)

The titration is simple and straightforward except for the
visual determination of the endpoint. The silver halide precipi-
tate is white and the chromate indicator makes the solution have
a yellow appearance; thus, it is often necessary to add a
small excess of silver ion to clearly see the red silver chromate
at the endpoint. This often necessitates the analysis of an indi-
cator blank to subtract the excess silver required to see the
endpoint.

10.17.1 Basic Steps in Titration

The following summary of the Mohr method can be found in
ChemTech under the Chapter 10 Titrations Main Menu:

1. A standardized silver nitrate (AgNOs3) solution is used
to titrate the halides present in a titrand forming white
insoluble salts of silver bromide (AgBr) or silver chloride
(AgCl).

2. A soluble chromate salt, such as potassium chromate
(K,CrQ,), is used as the indicator.
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3. When the equivalence point is reached, the excess silver
will form a red insoluble silver chromate (Ag,CrO,) salt

precipitate:
Br~ +Ag* = AgBr(s) (10.43)
or
Cl™ +Ag* = AgCl(s) (10.44)
and
2Ag* +CrO;” = AgCrO,(s) (10.45)

10.17.2 Important Considerations

1. Method should only be used with a titrand pH ranging from
7 to 10.

2. Method is susceptible to interference by carbonates.
Visual determination of the endpoint is difficult.

oW

. The silver halide precipitate is white and the chromate
indicator makes the solution have a yellow appearance.

5. Often necessary to add a small excess of silver ion to
clearly see the red colored chromate at the endpoint.

6. Analysis of an indicator blank is needed to subtract the
excess silver required to see the endpoint.

10.18 COMPLEX FORMATION WITH BACK
TITRATION (VOLHARD METHOD FOR ANIONS)

Back titrations can be applied to a number of types of titrations
that we have covered. They can be effective for a titration reac-
tion that is slow or requires energy to be input for the reaction to
go to a stoichiometric equivalence point. We will look at a spe-
cific type of complex formation reaction that uses a visual indi-
cator in conjunction with a back titration. This titration is based
on the Volhard method, which was initially developed for the
measurement of silver(I) (Ag*) ions in solution, but the basic
premises of the titration has been adapted to the indirect measure-
ment of the halides Br~, CI7, and I", which has a more general
usefulness. The Volhard method titrates the silver ion with the
thiocyante ion (SCN™) that produces the mostly insoluble silver
thiocyanate salt (AgSCN).

Ag* +SCN™ = AgSCN(s) (10.46)

10.18.1 Iron(III) as Indicator

The visual indicator used is the iron(Ill) “ferric ion” (Fe*),
which by itself is colorless in solution, but complexed with the

thiocyanate titrant forms an intensely red iron thiocyanate
Fe(SCN)** soluble complex.

Fe** + SCN™ =Fe(SCN)**. (10.47)

10.18.2 Chloride Titration

In contrast to the Mohr method which is conducted in a pH range
of 7-10, the Volhard method is in a highly acidic solution that
is approximately 1x 10~ M HNOj; at the equivalence point
(~pH 3). In alkaline solutions, the carbonates can be slightly sol-
uble interfering with halide titration analyses. This problem is
avoided with the Volhard method. The basic premise of the
method is to add an excess of silver nitrate (AgNO3) to the titrand
solution containing the halide to be measured (chloride C1™ in our
example). The insoluble silver chloride (AgCl) salt formed will
precipitate out of solution. Because the silver nitrate was added
in excess of the chloride, the solution will still contain silver
ions (Ag"). The remaining silver ions are then titrated with the
thiocyanate (potassium thiocyanate (KSCN) is generally used
to make the titrant solution) producing the insoluble white silver
thiocyanate (AgSCN) salt. When all of the silver has reacted with
the thiocyanate, the weaker iron(IIl) ion will then react with the
thiocyanate producing the soluble red iron thiocyanate complex
Fe(SCN)>*. The three steps are illustrated below:

Ag* +CI” = AgCl(s) (10.48)
Ag* +SCN~ = AgSCN(s) (10.49)
Fe’* + SCN~ =Fe(SCN)** (10.50)

The silver halide precipitates of bromide (AgBr) and iodide
(Agl) are less soluble than silver thiocyanate and do not pose a
problem with this titration. However, silver chloride is in fact
more soluble than silver thiocyanate and will reconvert back from
silver chloride to silver thiocyanate during the titration. This has
been addressed by filtering out the silver chloride as it forms but
is not very practical. A second approach that has been very suc-
cessful is the addition of nitrobenzene to the titrand solution.
With vigorous shaking, the immiscible nitrobenzene (which is
also denser than water and goes to the bottom of the flask) will
coat the silver chloride precipitate and prevent it from going back
into solution. The addition of nitrobenzene (2—5 ml nitrobenzene
per 50—100 ml titrand) is standard procedure for chloride analysis
using the Volhard method.

10.18.3 The General Calculation

The general calculation to use here is to determine the actual
amount of titrant (T) that was used to combine with the halide (X7).

aTitrant + X jige — products +excess Tirane (10.51)
¢Chackiitrant + @ Texcesstitrant — pdeUCtS (1052)
Thet = Tadded — Texcess ( 10.5 3)
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d
mmolest = [(mlr)(Mr)]- {mlC(MC) (7> } (10.54)
c
b
mgy- = (mmolest) (—) (form wtx-) (10.55)
a
10.18.4 Chloride Titration
10.18.4.1 Volhard Chloride Analysis Example Let us look

at a specific example of a chloride analysis. Suppose 20 ml of
a 0.11 M silver nitrate (AgNO,) titrant was added to a 25 ml
titrand solution that also contained 2.5 ml of nitrobenzene. It
required 5.32ml of a 0.105 M thiocyanate (SCN™) solution to
titrate to a red endpoint. How many milligrams of chloride are
present in the titrand?

Using our relationships above:

mmolest =[(20mlt)(0.110 Mt)] - |5.32mlc(0.105 M¢) (%)]

(10.56)
mmolest = 2.2 mmoles —0.559 mmoles (10.57)
mmolest = 1.64 mmoles (10.58)

1
mgq- = (1.64 mmoles) (I) (35.4527) (10.59)
mgq- =58.1mg (10.60)

The Volhard method can be used to determine the concen-
tration of a number of anions, including sulfide (Sz_), chromate
(CrOi_), cyanide (CN"), thiocyanate (SCN™), carbonate (CO%"),
and oxalate (CZO?{).

10.18.4.2 The Titration Steps The following summary of
the Volhard method can be found in ChemTech under the
Chapter 10 Titrations Main Menu:

1. Add an excess of silver nitrate (AgNO3) to the titrand solu-
tion containing the halide to be measured.

2. The insoluble silver chloride (AgCl) salt formed will pre-
cipitate out of solution.

3. Because the silver nitrate was added in excess of the
chloride, the solution will still contain silver ions (Ag™").

4. The remaining silver ions are then titrated with the standar-
dized thiocyanate (potassium thiocyanate, KSCN) produ-
cing the insoluble white silver thiocyanate (AgSCN) salt.

5. When all of the silver has reacted with the thiocyanate, the
weaker iron(Il) ion will then react with the thiocyanate

producing the soluble red iron thiocyanate complex
Fe(SCN)**.

The three titration reactions are

Ag* +Cl™ = AgCl(s) (10.48)

Ag* +SCN™ = AgSCN(s) (10.49)

Fe’* + SCN™ =Fe(SCN)** (10.50)

NOTES

1. The method is in a highly acidic solution that is approxi-
mately 1 x 10~ M HNOj at the equivalence point (~pH 3).

2. The addition of nitrobenzene to the titrand solution for chlo-
ride analysis (2-5 ml nitrobenzene per 50-100 ml titrand).

10.19 COMPLEX FORMATION TITRATION WITH
EDTA FOR CATIONS

Many of the di- and trivalent cationic metals can be titrated
using a complex formation technique. For monovalent cationic
species (e.g., alkali metals Li*, Na*, and K*, Ag*, and NH,"),
ion-selective electrodes (see Chapter 9), spectrophotometric
(see Chapter 13), or atomic (XRF, ICP-MS, AAS, etc., see
Chapters 17, 18, 19, and 20) methodologies may be employed.
Polydentate ligands (also known as multidentate ligands) are
used to react with the metal ions to form water-soluble complexes
in a 1:1 molar ratio. The polydentate ligands form coordination
complexes with the metal ions by donating an unshared electron
pair to the metal ion forming a metal-ligand bond. The complex
ions that are formed between the polydentate ligand and metal ion
are called chelates. The chelates that are formed are usually non-
linear, but form what is known as a chelate ring structure. The
most commonly used polydentate ligand is EDTA (ethylenedia-
minetetraacetic acid). Figure 10.20 shows the structure of EDTA

(a)
HOOCH,C CH,COOH
N—CH,CH,—N
HOOCH,C CH,COOH
(b)
0
HO
NW\HO 0
0 OH N
OH
0
EDTA

FIGURE 10.20 Structure of EDTA (ethylenediaminetetraacetic
acid) in the fully protonated acid form H,Y. (a) Typically drawn
linear form of the structure illustrating the four carboxylic acid
groups. (b) EDTA structure in its lowest energy state.
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in the fully protonated acid form, H,Y. The structure in
Figure 10.20(a) is the typically drawn linear form of the structure
while that in (b) is a representation of the structure in its lowest
energy state. The fully protonated acid form, and the monoso-
dium salt, however are not generally used due to a low solubility
in water. The disodium dihydrate salt Na,H,Y-2H,O is the more
commonly used form of EDTA in complex titrations.

10.19.1 EDTA-Metal Ion Complex Formation

The complex formed between EDTA and metals is always of
a 1:1 ratio, thus the direct relationship between titrant used
(EDTA) and metal ion present in the titrand can be used to quan-
titate the titration. EDTA is an acid and the complexation reaction
between EDTA and metal ions releases hydrogen protons (H") and
increases the acidity of the solution. If we represent the metal ion as
M™", and the dibasic form of EDTA as H,Y?", the production of the
acid proton with metal ion complexation is represented as

M"* +H,Y*" +2HinM(Y)("_4)+2H3O+. (10.61)

Some specific examples of metal ion—-EDTA complexes
producing H* include

Ca’* +H,Y?>~ = CaY>™ +2H" (10.62)
Fe’* +H,Y>~ =FeY™ +2H" (10.63)
Th** +H,Y?>~ =ThY +2H* (10.64)

During the titration, the production of H;O" will lower the pH
of the solution. This has an effect on the quantitative conversion
of the metal ion M™ to M(Y)™ ™ at the equivalence point due to a
change in the stability (or also called the formation) constant
(Kmy) of the metal-ligand complex. A general reaction for the
metal-EDTA complex is

M™ + Y =M(Y)" Y (10.65)

10.19.2 The Stability Constant

Note that H,O is not included, and that EDTA is in the fully
deprotonated state as Y*+. The stability constant (Kyy) is
defined as

MY]

KMY:W'

(10.66)

The larger the magnitude of Kyry the larger stretch in the
“observed” endpoint will be seen in the titration equating to a
more accurate determination (estimation) of the equivalence
point. This is depicted in Figure 10.21 along with the effect that
pH has upon the EDTA metal ion magnesium (Mg2+) complex
formation titration used here as an example. Analogous to the
Knmy “observed” endpoint stretch, the pH of the system set at
an optimal range will increase the accuracy of the estimated deter-
mination of the equivalence point. As can be seen in the plot, the
titration of the magnesium ion (Mg2+) is optimal at a pH of 10.

13.0 + pH 10

12.0 +
KMY= 109
11.0 + pHO

10.0 +

KMY: 108

KMY= 107

pM (-log[M])
~
o
%

KMY= 106
5.0 +

401

3.0 +

20+

0 25 50 75 100

Percent complexation

FIGURE 10.21 Effect upon the observed equivalence points of the
stability constant (Kyyy), and the pH during an EDTA metal ion
complex formation titration. The plot also illustrates the effect pH
has upon the titration curve for the EDTA magnesium ion (Mg”")
complex formation titration.

Table 10.3 lists a number of the most commonly EDTA-titrated
metal ions along with the minimal pH needed for the titration
solution. Also included in Table 10.3 are the associated log
Ky values for each metal ion.

10.19.3 Metal Ions Titrated

The complexing of metal ions with EDTA produces quite com-
plicated structures. For example, the complex formed between
EDTA and the magnesium ion is a heptadentate (coordination
number CN =7) complex where bonds are formed with magne-
sium between the four carboxyl groups, the two nitrogen atoms,
and one water molecule. The structure for the EDTA magnesium
heptadentate complex is depicted in Figure 10.22.

10.19.4 Influence of pH

The pH of the solution has an effect upon the titration due to the
interaction of the hydrogen proton (H") with the uncomplexed
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EDTA that is present as Y*". As more H" are added, they react
with the uncomplexed EDTA producing different degrees of pro-
tonation of Y*~ as follows:

nH* +Y* =HY’~ +H, Y~ +H3Y ™ +H,Y, (10.67)
where n=1, 2, 3, or 4.

To control the pH of the titration, buffers are added usually to
both the titrant and the titrand. Some common buffer systems for
EDTA titrations are presented in the next section. As can be seen
in Table 10.3, there is an inverse relationship (though not linear)
between the Ky;y values and the minimal pH. The stronger the
binding is of the metal ions to EDTA (larger Ky;y) the lesser
the effect by competition with the hydrogen proton binding.

10.19.5 Buffer and Hydroxide Complexation

Therefore, according to Table 10.3, we have seen that the acidity
of the titration is an influencing factor and that the titration of the

TABLE 10.3 Common Metal Ions Titrated with EDTA Including
the Minimum pH Needed of the Titration Solution.

Metal ion Log Kmy Minimum pH
Fe>* 25.1 1.5
Th** 23.2 1.7
crt 23 1.8
Bi** 22.8 1.8
Hg** 222 22
vO** 18.8 3.0
Cu** 18.8 3.2
Ni%* 18.6 3.2
Pb>* 18.0 3.3
AP* 16.1 3.9
Ce** 16.0 3.9
cd** 16.5 4.0
Co** 16.3 4.1
Zn** 16.5 4.1
La** 15.4 42
Mn** 14.0 49
Fe* 14.0 5.1
Ca** 10.7 7.3
Mg>* 8.7 10.0
e 8.6 10.0
Ba>* 7.8 112
HOOCH,C CH,COOH
N—CH,CH,—N
HOOCH,C CH,COOH
EDTA w

(ethylenediaminetetraacetic acid)

+ Mg2+ >

barium ion (Ba**) or the magnesium ion (Mg>*) with EDTA
would be carried out at a pH value much higher than say the cop-
per ion (Cu2+). Thus, various buffers are added to maintain the
desired pH of the system. Metal ions in solution however can also
complex with the hydroxide ion (OH™) of a high pH system, and
also with complexing buffers such as ammonia (NH3):

*+OH™ —M(OH)" (10.68)

M?* +4NH; — M(NH;);* (10.69)
The complexing of the metal ion with the hydroxide ion or a
complexing buffer will effectively reduce the amount of avail-
able metal ion to complex with EDTA, resulting in an underes-
timation of the concentration. In some methods that the analyst
may use, these aspects are in fact employed to stabilize a metal
in solution by making a soluble complex with ammonia versus
an insoluble complex with hydroxide, or to precipitate out one
metal as an insoluble hydroxide complex while titrating another
species present. For example, at pH 10, both calcium (Ca®*) and
magnesium (Mg>*) are titrated with EDTA (water hardness
analysis), but raising the pH to 12 or higher with the base
hydroxide (OH™) will precipitate out the magnesium as magne-
sium hydroxide (Mg(OH),) and leave the calcium to be titrated
and measured. Another method for the analysis of lead (Pb>) in
the presence of nickel (Ni*h) incorporates the addition of the
cyanide ion (CN") to complex with nickel, forming Ni(CN)i_
allowing the titration and measurement of the lead only. Finally,
at a pH of approximately 9, the copper ion (Cu**) will form a
complex with ammonia that is both pH and ammonia concentra-
tion dependent:
Cu(NH;);*

+HY>~ +H,0=Cu(Y)*” +4NH; + H,0.

(10.70)

Note the form of the EDTA at this pH (HY?). This is the
case of many of the metal ions listed in Table 10.3 and illustrates
the complexity of these titrations, which are pH dependent and
complexing species (hydroxide and buffer) dependent. Even
though ammonia may form complexes itself with metal at cer-
tain pH, the ammonia (NHz)-ammonium chloride (NH4Cl)
buffer salt system is often used in order to avoid the insoluble
precipitation complexes most of the metals from with the
hydroxide ion.

/O\ /_2,(.).0

";‘:J o \CO

\"CHZ IA::*
m :

EDTA-Mg
complex

Magnesium ion

— -

FIGURE 10.22 The complexing of the magnesium ion (Mg>*) with EDTA producing a heptadentate (coordination number CN = 7) complex
where bonds are formed with magnesium between the four carboxyl groups, between the two nitrogen atoms, and one water molecule.
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10.19.6 Visual Indicators

There are a number of available visual indicators that are used
for the EDTA-metal ion complex formation titrations. These
are highly colored organic compounds often called metallochro-
mic indicators that upon binding with metals will form intensely

@®o O

o s// OH
/ HO
o)
NNN
0,N

HOC(HgN=NCoH4(OH)(NO,)SO;Na

Eriochrome black T (neutral sodium salt)

FIGURE 10.23 EDTA visual indicator Eriochrome Black T.

colored complexes. These indicators are often also pH dependent
and will shift in color according to states of protonation/deproto-
nation. For example, a widely used visual indicator in EDTA
complexation titrations is Eriochrome black T. The IUPAC
name for Eriochrome black T (EBT) as a neutral salt is
sodium (4Z)-4-[(1-hydroxynaphthalen-2-yl-hydrazinylidene]-7-
nitro-3-oxo y-naphthalene-1-sulfonate, molecular formula is
C,0H2N30,SNa, and molecular weight is 461.381 g/mol. The
structure of the neutral sodium salt is depicted in Figure 10.23.

Eriochrome black T is also a pH-dependent visual indicator,
and its transitions from red to blue to orange in increasing
pH are depicted in Figure 10.24. At a pH<7, EBT exists as
H,In™ and has a red appearance. In the pH range of 7-11, EBT
exists as HIn?>~ and has a blue appearance. At a pH above 11,
EBT exists as In*~ and possesses an orange appearance.

EBT is a visual indicator used under conditions that transition
in alkaline or basic pH ranges. When EBT complexes with a
metal ion in solution at a pH of 10, it complexes in the form
MIn™, which is red in color. When the metal ion has been titrated
to the equivalence point with EDTA, the metal ions are removed
from the indicator complex and the indicator is in the blue form

(@)
o O o 0
0 0/
\S// OH g OH o
/ HO 0 J o .
o + Hy 0 + H0
N N
Sy SN
OoN O,N
pH<7 pH 7-11
K>=5.0%x10"7
H,In~ HIn?~
(Red) pH 8.1 (Blue)
(b)
0
0/ \s// $
/S OH ¢ // O@
6)
/ + HL O =—= (o) + H;0%
N N
\\I \N
02N OZN
pH7-11 H>11
K3=2.5x 10712 P
HIn?~ _— In3-
(Blue) pH 12.4 (Orange)

FIGURE 10.24 Eriochrome black T pH dependent color transitions from red to blue to orange in increasing pH. (a) AtapH <7 EBT exists as HyIn™
and has ared color. In the pH range between 7 and 11 EBT exists as HIn?~ and has a blue color. (b) Ata pH above 11 EBT exists as In>~ and possesses

an orange color.
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of HIn?". Thus, the visual indicator change for the endpoint of
the titration is a transition in color of the solution from red to blue.
Let us look at the specific sequence of events for the titration of
magnesium ion (Mg>*) with EDTA at a pH of 10 and EBT as
indicator. Initially, we have a solution containing magnesium
ions as Mg®*. The EBT visual indicator is added to the solution
and we now have a solution of free Mg?* ions and Mg”* ions
complexed to EBT:

Mg?* + HIn?~ + H,O = MgIn™ (red) + H;0*.  (10.71)

The EDTA titrant is added and the reaction between the Mg**
ions and the EDTA takes place until all of the free Mg2+ in solu-
tion is complexed with the EDTA:

Mg?* +H, Y2~ (EDTA) + 2H,0 = MgY?~ +2H;0*. (10.72)

The weak red complex between the magnesium ion and EBT
will be broken by EDTA and the magnesium ion will become
complexed to the EDTA leaving the EBT in its blue form of
HIn®" at pH 10:

Mgln~ (red) + H, Y?~ (EDTA) + H,0 =

MgY?~ +HIn*~ (blue) + H;O*. (10.73)

While EBT is an ideal indicator at alkaline pH, there are
other visual indicators that are used for metal analysis at lower
pH often with as acetate—acetic acid buffer system. These include
NAS, xylenol orange, and arsenazo I. For example, NAS forms
a pale-yellow to pale-orange complex with most of the M(II)
species. NAS in solutions of pH <3.5 will be red-violet, and
above pH 3.5 is red-orange. It is typically used in the pH
range of 3-9.

10.20 CHAPTER KEY CONCEPTS

10.1  Titrimetric analysis is the process of measuring a sub-
stance of unknown concentration in a solution of interest
via reaction with a standard that we have made that con-
tains a known substance concentration.

10.2  The solution being titrated is the titrand, while the stand-

ard solution is known as the titrant solution.

10.3  During a titration where a balanced chemical reaction
takes place, the relationships among quantities of reac-
tants and products typically form a ratio of positive inte-
gers called the reacting ratio.

10.4  During a titration, the point at which the stoichiometry of
the reaction has been reached is known as the equiva-

lence point.

10.5  Fundamental titration equation:

(mla) (M) (g) (milli form w ) (100)

gs

%B =
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ChemTech can be used in the laboratory for calculating
the results of titrations. In the Main Menu options click
on the Chapter 10 link to pull up the Main Menu for
Chapter 10.

ChemTech can be used for titrations using either molar
solutions or normal solutions.

At the midpoint, there is a direct relationship between the
pH of the titration and the pK, value of the analyte being
measured.

At the midpoint of the titration, the concentration of the
protonated acid [HA] is equal to the concentration of the
deprotonated acid [A7].

At the midpoint of the titration, the pH of the solution is
equal to the pK, of the species being titrated, pH = pK,

The equivalence point in the titration is the point where
in the solution there is an equal molar concentration of
titrant and analyte. In acid-base titrations, this is the
point of neutralization.

Acid-base indicators are weak organic acids and bases
that have a dramatic color change in accordance with
the solutions pH.

Since the indicator is, for acidic indicators, a weak acid
at low concentration, the stronger analyte acid will
titrate first.

The ideal indicator for a certain acid—base titration is cho-
sen to have its color transition range in the pH region of
the equivalence point of the titration. The endpoint of the
titration is when the color changes for the indicator.
Polyprotic acids, such as phosphoric acid, possess mul-
tiple distinguishable equivalence points, and thus also
multiple pH transition ranges.

The ChemTech program may be used to calculate the
results of titrations using normal solutions.

Open ChemTech and go to the Chapter 10 Main Menu.
Click on the Titrations Main Menu button, and then click
on the second button, “Acid/Base Titrations Using Nor-
mal Solutions” to bring up a titration calculation page.
Titrations involve volumetric analysis, which means that
exact volumes of solutions are used within a small limit
of error.

Burettes contain graduations that are used to measure the
amount of titrant added to reach an endpoint with an
accuracy of £0.01 ml.

Titrants in the laboratory are usually secondary standards.
A primary standard is used to determine the concentra-
tion of the secondary standard.

In conductometric titrations, the conductance in the solu-
tion is measured during the addition of the titrant.
Conductometric titrations can be useful when the equiv-
alence point is difficult to discern using an indicator or
when other problems make the titration difficult such
as a nonaqueous solution.

An example of a useful conductometric titration is the
titration of the weak acid acetic acid with the weak base
ammonia in an organic solvent.
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A common example of a precipitation titration method is
the Mohr method used for the determination of the
halides bromide (Br™) and chloride (CI").

A standardized silver nitrate (AgNO3) solution is used
to titrate the halides present in a titrand forming white
insoluble salts of silver bromide (AgBr) or silver chloride
(AgCl).

A soluble chromate salt, such as potassium chromate
(K5CrQy), is used as the indicator. When the equivalence
point is reached, the excess silver will form a red insol-
uble silver chromate (Ag,CrO,) salt precipitate.

Back titrations can be effective for a titration reaction that
is slow or requires energy to be input for the reaction to
go to a stoichiometric equivalence point.

The Volhard method titrates the silver ion with the thio-
cyante ion (SCN") that produces the mostly insoluble
silver thiocyanate salt (AgSCN).

Many of the di- and trivalent cationic metals can be titrated
using a complex formation technique with the polydentate
ligand EDTA (ethylenediaminetetraacetic acid).

CHAPTER PROBLEMS

Preparing Titration Solutions

10.1 What is the amount of substance (in milligram) in each of

10.2

10.3

10.4

10.5

the following?

150 ml of 0.5 M HCL.
0.5101 of 0.25 N H,SO,.
750 ml of 0.125 M NaOH.
0.4501 of 0.55 M AgCl.
665 ml of 0.100 N Na,SO,.

L

‘What volume of 18 N sulfuric acid solution is needed to
make 500 ml of a 0.25 N solution? What volume for a
0.25 M solution?

Some common acid reagents in the laboratory come in the
form of solutions. For the following acids, determine the
molarity and normality of the reagents.

Acid Purity (%) Density (g/cm’)
Sulfuric acid (H,SO,) 95 1.84
Phosphoric acid (H3PO,4) 85 1.69
Hydrochloric acid (HCI) 37 1.18
Nitric acid (HNO3) 70 1.51

A sodium hydroxide solution in the lab has a concentra-
tion of 50%. What is the molarity of the solution? What
volume is needed to make 650 ml of a 0.525 M solution?

What weight of benzoic acid (C;HgO5) is needed to make
2.510of a 0.05 M solution?
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Calculations with Titrations

10.6

10.7

10.8

10.9

A KHP standard was weighed at 0.5092 g and dissolved in
water. It took 22.15 ml of a sodium hydroxide solution to
titrate to endpoint. What is the molarity of the sodium
hydroxide solution?

An HCI solution was standardized at 0.1159 M. What
dilution is needed to make a 500ml of a 0.050 M
solution?

A 0.095 g primary standard of sodium carbonate dissolved
in 100 ml DDI water required 15.36 ml of an HCl solution
to titrate to endpoint. What is the molarity of the HCI
solution?

2HCl +Na,CO3; — 2NaCl + H,CO3

A 7.5ml sample required 28.5ml of a 0.15 M sodium
hydroxide solution to titrate to endpoint.

a. What is the weight of acid in the sample as acetic acid
(CH;COOH)?

b. What is the concentration of acetic acid in the original
sample?

Titration Concentration Calculations

10.10

10.11

10.12

10.13

A 0.650 g sample titrated for basicity as sodium hydrox-
ide required 31.53 ml of a 0.1025 M HCl titrant to titrate
to the endpoint. What percentage concentration is the
sodium hydroxide?

An industrial waste stream sample is taken and brought to
the lab. The lab technician measures the volume of the
sample at 1.521 1. For titration, a 10 ml aliquot is taken
from the sample and mixed with 50 ml of DI water.
The sample requires 12.36 ml of a 0.1256 M sodium
hydroxide titrant. What is the sulfuric acid concentration
in parts per million (ppm), molarity (M), and normal-
ity (N)?

A powder sample is brought to the lab for analysis of the
amount of sodium dihydrogen phosphate. A 2.545 g sam-
ple is dissolved in water and requires 38.24 mL of a
0.09892 M sodium hydroxide solution to titrate to end-
point. What is the concentration of the sodium dihydro-
gen phosphate?

A 2.547¢g sample was titrated for phosphoric acid
(H5PO,) content using a standardized 0.1589 M calcium
hydroxide (Ca(OH),) solution requiring 32.19 ml of
the titrant. The following two reactions represent the
neutralization. Decide which reaction is most likely
observed and calculate the phosphoric acid content of
the sample.

H3PO, +Ca(OH)2 — CaHPO, + 2H,0
2H;PO; +3Ca(OH)2 — Ca3(PO,4)2 + 6H,0
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10.14

10.15

10.16

10.17
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1If 4.435 g of oxalic acid (H,C,0,) required 48.93 ml of a
2.0136 N sodium hydroxide (NaOH), what is the equiv-
alent weight and molecular weight of the oxalic acid?

If a solution is made up of 16.83 g of phosphoric acid
(H5PQOy,) dissolved in 250 ml of DI water, what volume
of a 0.255 M potassium hydroxide (KOH) solution is
needed to completely neutralize the phosphoric acid?

3KOH + H3PO4 — K3PO4 + 3H20

A basic solution is made by adding 38.69 g of pure
sodium oxide (Na,O) to 500 ml of DI water. What vol-
ume of a 2.175 M solution of sulfuric acid is needed to
completely neutralize the sodium hydroxide that is
produced?

25 ml of a 0.255 M silver nitrate (AgNO3) titrant was
added to a 50ml titrand solution that contains the
chromate ion (CrOj). It required 12.39ml of a
0.1998 M thiocyanate (SCN™) solution to titrate to a
red endpoint. How many milligrams of chromate ion

10.18

10.19

10.20

are present in the titrand? What is the concentration of
the chromate ion in ppm and molarity?

2Ag* +Cr0O™ — Ag,CrO,

A 0.502 g sample is dissolved in 50 ml DI water. 50 ml of
a0.0512 M solution of EDTA was added to complex with
aluminum(IIl) in a 1:1 ratio. The excess EDTA was
titrated with a 0.0408 M zinc(Il) titrant (1:1) that required
16.73 ml. What is the percentage of aluminum(III) in the
sample?

A 5.326 g sample is dissolved in 500 ml DI water. The
calcium present is precipitated as calcium oxalate. The
precipitate is filtered, isolated, and dissolved in acid.
The liberated calcium is analyzed by titrating the oxalate
acid with 26.74 ml of a 0.0505 M potassium permanga-
nate solution. What is the percentage of calcium in the
sample?

Write equilibrium equations between the metals cr,
Co’*, La**, and Th*" and EDTA (H,Y>").
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OXIDATION-REDUCTION (REDOX) REACTIONS

11.1  Introduction
11.2  Oxidation and Reduction
11.3  The Volt
11.4  The Electrochemical Cell
11.5 Redox Reaction Conventions
11.5.1 Electrode Potential Tables
11.5.2 The Standard Hydrogen Electrode (SHE)
11.5.3 The SHE Half-Reaction
11.5.4 Writing the Standard Electrode Potentials
11.5.5 Drawing a Galvanic Cell
11.5.6 Calculating the Cell Potential
11.6  The Nernst Equation
11.6.1 Nernst Equation Example I
11.6.2 Nernst Equation Example II
11.6.3 Nernst Equation Example III

11.1 INTRODUCTION

In the Brgnsted—Lowery definition of acid-base neutralization
reactions, an acid was a species that donates a hydrogen proton
(H") while a base is a species that accepts a hydrogen proton
(e.g., OH") (see Chapter 9, Section 9.5). The analyst is able to
use this generally straightforward concept to perform a number
of titrations such as acidity as sulfuric acid (H,SO,) or alkalinity
as potassium hydroxide (KOH). Neutralization reactions are essen-
tially instantaneous; thus, a consideration of reaction completeness
was not involved (we did learn the concept of back titration in
Section 10.4 to address this problem). We have also found in
the preceding chapter that there are numerous other titration meth-
ods that the analyst may use in the course of sample analysis in the
analytical laboratory including precipitation (Section 10.9) and
conductometric (Section 10.8). Here we come to yet another titra-
tion methodology to add to our list of volumetric analyses called
oxidation—reduction titrations. Even though this chapter may
appear to cover aspects of chemistry that are somewhat advanced
at times, oxidation—reduction reactions are very important in the
analytical laboratory and need to be presented to a certain degree.
This will help the analyst to better understand some basic
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principles of chemical reactions that are routinely conducted in
the analytical laboratory. To this effect, we will begin will a very
fundamental treatment of oxidation—reduction reactions and move
to its application to titrations and finally to ion-selective electrodes.

11.2 OXIDATION AND REDUCTION

Analogous to acid—base reactions, oxidation—reduction reactions
have a definition for each half as well: oxidation is the process
where an atom, ion, or molecule has lost one or more electrons,
while reduction is the process where an atom, ion, or molecule
has gained one or more electrons. Oxidation—reduction reactions
(sometimes shortened to redox reactions) are taking place in solu-
tion (as far as we are concerned here) where there are no free elec-
trons; thus, one must take place with the other. In other words, if
something is oxidized then something else must be reduced. An
oxidizing agent is a species that is able to accept electrons and
thus becomes reduced:

Aoy +1ne” — Apeq. (11.1)
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A reducing agent is a species that is able to donate electrons
and thus becomes oxidized:

Bred — Box +ne”. (11.2)

The oxidation reaction and the reduction reaction are each
called half-reactions of the entire redox process. The sum of
the two half-reactions represents the redox reaction taking place:

Aox+ne” — Apeq (11.1)
Bred — Box +ne” (112)
Aox +Bred — Ared + Box (11.3)

A specific example of the reduction of iron(III) (Fe3+)
to iron(Il) (Fe**) and the oxidation of copper (Cu) to Cu(Il)

(Cu2+) in a solution together would be

2Fe’* +2e” — 2Fe’* (11.4)
+Cu’(s) — Cu?* +2e” (11.5)
2Fe** +Cu’(s) — 2Fe?* +Cu?* (11.6)

11.3 THE VOLT

We now have the basic premise of what a redox reaction is and
how one species is oxidized while a second species is reduced.
The idea of the transfer of electrons from one species to another
in the redox reaction may bring about the thought of the “flow” of
electrons such as what is associated with “electricity” (electrons
flowing through a wire). This is in fact the case with redox reac-
tions where the flow of electrons does produce a current that can
be measured with a galvanometer (voltage measuring device)
when the redox reactions are set up as a circuit. The equilibrium
state of redox reactions (redox equilibria) has been defined
through galvanic cell electromotive forces (emfs). Chemists
define a galvanic cell as a system containing a spontaneous chem-
ical reaction that releases electrical energy that may perform
work. The potential or voltage of the cell is the emf having units
of volts (V). The definition of a volt is the required emf to give
one joule (J) of energy to a one coulomb (C) electrical charge:

1]

1V=—. 11.7
- (117)

114 THE ELECTROCHEMICAL CELL

An electrochemical cell is an example of a galvanic cell that is
composed of a two-electrode system where oxidation is taking
place at one electrode and reduction is taking place at the second
electrode. The electrodes for the two solutions are connected by a
wire allowing the flow of electrons, and the circuit is completed
through the use of a salt bridge. Let us look at a specific example

Zn Salt bridge Fe
K* +CI-
o
— EETIeS . Porous glass . el L
frits T~ |
-
ClI- Kt
Zn2+(1 M)

Fe2t(1 M)

Reaction at electrode Reaction at electrode

Zn%(s) —— Zn%* + 2¢” Fe?t + 2e~ — Fel(s)

FIGURE 11.1 An electrochemical cell base upon the oxidation and
reduction reaction of zinc and iron. In this galvanic cell zinc is being
oxidized to zinc(Il) (Zn>*), and iron(Il) (Fe**) is being reduced to
iron (Fe).

of an electrochemical cell through the oxidation of zinc (Zn) at the
left electrode and the reduction of iron(II) (Fe*) at the ri ght elec-
trode. A schematic of the galvanic cellis depicted in Figure 11.1. In
the left single potential electrode cell, there is a pure metal strip of
zinc thatis suspended in a 1 M solution of the zinc metal salt (Zn2+).
In the right single potential electrode cell, there is a pure metal strip
of iron that is suspended in a 1 M solution of the iron metal salt
(Fe*"). To complete the circuit, a salt bridge containing potassium
chloride (KCI) is immersed into both solutions (may be either a
tube filled with KCI solution that is inserted into the solutions,
or more usually a tube containing a saturated KCI solution with
agar plugs at each end allowing transfer (diffusion) of K* or CI~
into solution). The salt bridge allows the two solutions to stay elec-
trically neutral as the redox reaction takes place at each electrode.
Because of the difference in potential of each of the two connected
solutions, the redox reaction will take place. In the left cell, the zinc
will go into solution as the zinc(II) cation (Zn2+) leaving behind
two extra electrons on the zinc metal electrode. In the right cell,
the iron(Il) in solution will plate onto the iron metal electrode
and accept two electrons thus reducing to neutral iron (Fe). The
potential difference in the two cells will produce a spontaneous
redox reaction where the electrons will flow from the zinc elec-
trode to the iron electrode thus producing a measurable current.
The current is measured via an ammeter or voltmeter as shown
in Figure 11.1 between the two cells.

11.5 REDOX REACTION CONVENTIONS

11.5.1 Electrode Potential Tables

As depicted in Figure 11.1, the potential difference between the
two cells is measured, and for this particular electrochemical cell



TABLE 11.1 Standard Reduction Potentials.

Half-reaction

Oxidant = Reductant E° (V)*
Ca*+e” = Ca -3.80
Lit+e” = Li(s) -3.0401
Kr+e = K(s) -2.931
Ba®* +2e” = Ba(s) -2.912
Ca* +2e” = Ca(s) -2.868
Na*+ e~ = Na(s) -2.71
Mg*+ e = Mg -2.70
Mg>" +2¢” = Mg(s) -2.372
H,+2e” = 2H 223
Mn?* +2e” = Mn(s) -1.185
2H,0 +2¢” = Hy(g)+20H" -0.8277
Zn*t +2e” = Zn(Hg) -0.7628
Zn>t +2e” = 7Zn(s) -0.7618
Fe?* +2¢” = Fe(s) -0.44
PbSO4(s) +2¢~ = Pb(s) + SO4>~ -0.3588
Pb*t+2e” = Pb(s) -0.13
Fe** +3e” = Fe(s) -0.04
2H' +2e” = Ha(g) 0.0000
S(s)+2H" +2¢” = H,S(g) +0.14
Sn*t+2e” = Sn** +0.15
Cu*+e” = Cu* +0.159
Fct+e” = Fc(s) +0.641
0x(g)+2H" +2¢” = H,0,(aq) +0.70
Fe*t+ ¢~ = Fe>* +0.77
0x(g)+4H" +4¢” = 2H,0 +1.229
Pb™ +2¢” = Pb>* +1.69
MnO, +4H" +3¢” = MnO,(s) + 2H,0 +1.70
Ag¥t+ e = Ag* +1.98
Os(g)+2H" +2¢” = 0,(g) + H,0 +2.075
HMnO, +3H" +2¢” = MnO,(s) + 2H,O +2.09
FeO,> +3e +8H" = Fe** + 4H,0 +2.20
Fa(g) +2¢” = 2F +2.87
Fa(g) +2H" +2¢” = 2 HF(aq) +3.05

 http://creativecommons.org/licenses/by-sa/3.0/

the potential difference is +0.323 V. The potential difference of
this setup can also be calculated (instead of measured) using elec-
trode potential tables. A tabulation of a select number of standard
reduction potential half-reactions is listed in Table 11.1. A more
extensive listing of potentials and half-reactions are found in
Appendix IV.

11.5.2 The Standard Hydrogen Electrode (SHE)

The potential of a half-reaction, such as the zinc electrode in
Figure 11.1, or the iron electrode, cannot be measured by itself
(for all practical purposes of the analysts’ laboratory work).
Instead, a reference electrode is set up with the electrode of inter-
est to measure the potential.

The reference electrode used is the standard hydrogen elec-
trode (SHE) that has been assigned a value of exactly zero for
the standard potential (E° =0.00 V) for a hydrogen gas (H,) pres-
sure of 1 atm and a hydrogen ion (H") activity in solution at unity
(all standard potentials are measured and assigned at a concentra-
tion of 1 M).
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11.5.3 The SHE Half-Reaction
The half-reaction for the SHE is then

2H* +2e~ =Hy(g) E°=0.00 V. (11.8)

If we couple our zinc electrode to the SHE, then we can meas-
ure the potential difference. The measured potential difference is
then assigned to the standard zinc electrode. When the SHE is
coupled to the zinc electrode (Zn—Zn>"), the potential difference
measured is 0.763 V. The polarity (which can be determined from
the galvanic cell setup) of the hydrogen electrode is found to be
positive, while the polarity of the zinc electrode is negative. Thus,
the standard potential assigned to the zinc electrode (E°) is
—0.763 V. When the SHE is coupled to the iron electrode (Fe—
Fe”"), the potential difference measured is 0.440 V. The polarity
(which can be determined from the galvanic cell setup) of the
hydrogen electrode is found to be positive, while the polarity
of the iron electrode is negative. Thus, the standard potential
assigned to the iron electrode (E°) is —0.440 V.

11.5.4 Writing the Standard Electrode Potentials

The internationally agreed form of writing the standard electrode
potentials is to write the electrode reactions, from left to right, as
reductions:

2H* +2e~ =H,(g) E°=0.00V (11.9)

Zn?* +2e” =7Zn E°=-0.763V (11.10)

Fe?* +2e~ =Fe E°=-0.440V (11.11)

11.5.5 Drawing a Galvanic Cell

There are a number of conventions that are used when drawing a
galvanic cell such as that shown in Figure 11.1. The flow of elec-
trons is drawn from left to right where the reaction taking place at
the left electrode is oxidation, and the electrode on the right is
reduction. The electrode on the left has a negative polarity and
is called the anode, while the electrode on the right has a positive
polarity and is called the cathode. Figure 11.1 is the schematic
representation of the galvanic cell. This is usually replaced by
the following written form, first in the general form followed
by the example form of iron and zinc:

Ao +ne” — Arq (11.1)

Bred — Box +ne” (11.2)

Aox +Bred = Areq + Box (11.3)
Breag, [Box (1 M) |Aox (1 M)]g, Area (11.12)
Zng,|Zn** (1M)| |Fe** (1M)],, Fe (11.13)
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11.5.6 Calculating the Cell Potential

The potential of the cell is then calculated as the difference of the
right cell potential from the left cell potential:
El =E—E. (11.14)
In the convention of writing the half-reactions illustrated in
Equations 11.1 and 11.2, the oxidation reaction in Equation 11.2
is reversed of that listed in the reduction half-reaction
tables. When this is done, the EZ,; sign is also reversed, so
Equation 11.14 is written as
EO

cel

= Eox + Erea. (11.15)

The standard potentials for the cell half-reactions are listed in
Table 11.1. These are used in calculating the potential of any par-
ticular galvanic cells.

11.5.6.1 Iron and Zinc Cell Let us consider again the cell
depicted in Figure 11.1. The overall reaction is obtained by writ-
ing the right reaction as a reduction, then subtracting the left reac-
tion (as a reduction) from the right. This includes the standard
potentials obtained from Table 11.1. The equations sometimes
require balancing the exchanged electrons by multiplying one
of the reactions. In this case, it is not needed. When done how-
ever, the potential value is not changed.

Fe?* +2e~ =Fe E°=-0.440V (11.16)
Zn** +2e~ =7n EP=-0.763V (11.17)
Fe?* +Zn="Fe+Zn** E2;=0.323V (11.18)

The resultant emf value (E2,,) gives the overall potential of
the cell and indicates the polarity of the right-hand cell. If the
EZ,, value is positive, then the reaction is a spontaneous flow
of electrons from the left to the right, where the left electrode
has a negative polarity and is the anode, and the right electrode
has a positive polarity and is the cathode. If the two cells are
reversed, the E, value will be negative but the polarities and
reactions will still be the same.

Fe?* +2e~ =Fe E°=-0.440V (11.16)
Zn=17n** +2e~ E’=+0.763V (11.17)
Fe?* +Zn="Fe+Zn’>* E%;=0.323V (11.18)

11.5.6.2 Nickel and Silver Cell When given two sets of reac-
tions to be made into a galvanic cell, the reaction with the lowest
potential is reversed (the sign of the potential is also reversed) and
is designated as the anode. For example, if we have a galvanic cell
consisting of a nickel electrode in contact with a solution of Ni**
ions, and a silver electrode in contact with a solution of Ag™ ions,
the reactions (from Table 11.1), potentials, and standard cell are

Ni’* (aq) +2e~ — Ni(s)(E° = —0.26V)
Ag*(aq)+e” — Ag(s)(E°=0.80V)
Anode: Ni(s) —Ni** (aq) +2¢~ E°=0.26V
Cathode: Ag™*(aq)+e” — Ag(s) E°=0.80V
E°=1.06V
Ni(s) +2Ag* (aq) — Ni** (aq) + 2Ag(s)
Ni(s)g, [Ni?* (1M)| [Ag* (1M)]g, Ag(s)

The cell has a potential of E°=1.06 V indicating that the reac-
tion is spontaneous.

11.6 THE NERNST EQUATION

The Nernst equation describes the relationship between the
potential of a galvanic cell and the activities (or as an approximate
the molar M concentrations) of the redox species. For our gal-
vanic cell reaction involving a left and right electrode coupled
with a salt bridge, the redox reaction is
aA+bB=cC+dD. (11.19)

The potential of the galvanic cell as dependent upon the con-
centrations is written as

2.303RT
nF

[€]"[D]

E=E° ]
[A][B]

d
log 2 (11.20)

where E is the potential in volts (V), E° is the standard electrode
potential in volts (V), R is the gas constant (8.314 joules per
degree-mole), T is the absolute temperature (273 K + degrees
C), n is the number of electrons in the reaction, and F is the
Faraday constant (96,487 coulombs per Eq. 11.20).

To simplify the Nernst equation, the redox reaction is nor-
mally assumed to be performed at room temperature of 25 °C
(298 K); thus, the term 2.303 RT/F becomes 0.05915. The Nernst
equation then becomes

0.059  [C]‘[D)“
E=E°- log[ U ]b. (11.21)
n [A]"[B]
For the redox half-reaction:
Aox +1n€” =Aryq. (11.1)
The Nernst equation can be written as
0.059 A
E=E°+—log[ °*]. (11.22)
[Ared}

This form of the equation can be used to calculate different
aspects of a test electrode versus a standard reference electrode
of known potential, such as the SHE.



11.6.1 Nernst Equation Example I

A platinum electrode is immersed into a solution containing
0.0256 M of Hg,**, and is connected by a salt bridge to a refer-
ence electrode. What is the potential of the platinum electrode?

Using Table 11.1, the half-reaction and standard electrode
potential are

Hg3* +2e~ =2Hg°(s) E°=0.789V. (11.23)
The Nernst equation then becomes
0.059, [0.0256
E=0.789 + —1 g[ ] (11.24)
2 1
E=0.742V . (11.25)

Note that Hg®(s) is in the standard state and has a value of
unity. The Nernst equation is effected only by the species in
solution.

If the test electrode potential is measured, then the concentra-
tion of a species in solution can also be measured.

11.6.2 Nernst Equation Example II

A platinum electrode is placed into a solution containing silver(I)
(Ag") ions along with a reference electrode. The potential meas-
ured on the platinum electrode is 0.765 V. What is the molar con-
centration of the silver in solution?

Agt+e” = Ag’(s) E°=0.800V (11.26)

0.765V =0.800V +0.059 log [Ag*] (11.27)
0.765-0.800

[Ag™]=antilog (W) (11.28)

[Ag*]=0.255M (11.29)

This example illustrates that with a calibrated test electrode
(such as a silver ion sensing electrode) and known reference elec-
trode, the concentration of different species in solution can be
determined. These are called ion-selective electrodes and will
be further discussed later.

Returning back to our galvanic cells (as depicted in
Figure 11.1), let us look at the application of the Nernst equation
to a complete redox reaction.

11.6.3 Nernst Equation Example 111

The following voltaic cell, at a particular point in time, has the
following concentrations as determined in the laboratory:

P|Cr?* (0.15M) +Cr** (0.024 M),

4+ n (11.30)
|Sn**(0.10 M) +Sn* (0.065 M) |, Pt

From Table 11.1 the following half-reactions describe the cell:

Sn** +2e” =Sn?* E°=+0.15V (11.31)
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Cr¥t +e-=Cr’* EP=-041V (11.32)

In order to balance the number of electrons in each half-reaction,
we will have to multiply the left electrode reduction by “2.” The
next step is to obtain the potential of the cell (E ;) by subtracting
the left electrode potential from the right as follows:

Sn** +2¢” =Sn’* E°=+0.15V (11.33)
-(2Cr** +2e” =2Cr**) —(Ep=-0.41V) (11.34)
Sn** +2Cr?* =Sn?* +2Cr** E,;=0.56V  (11.35)

The standard potential value EZ,; =0.56'V can now be used to
calculate the potential of the cell due to the effect of the concen-
trations of the species present using the Nernst equation:

0.059  [Sn2*][Cr3*]?
Ecell—EgeH log[ 1 H d }2 (1136)
[Sn4+ } [Cr2 + }
0.05 0.065][0.024]>
Eeen=0.56— 910g[ H j (1137)
2 [0.10][0.15]
Ec =0.56—(—0.052) (11.38)
Ee=0.61V (11.39)

The voltaic cell potential value E=0.61 V tells us that the
reaction will be spontaneous with the flow of electrons from
the left to the right. It also tells us that the left electrode has a neg-
ative polarity and is the anode, while the right electrode has a pos-
itive polarity and is the cathode.

We can also calculate the equilibrium constant (K) for the
reaction couple from the two electrode standard potentials. At
equilibrium, the potential of the cell will equal zero, E..;=0V.
Thus, we have the following relationship:

0.059  [Sn?*][Ce3+)
Ee= 0y = 209 g S0 NICT ] (11.40)
n [Sn#+][Cr2+]
0=E%, - 0.059 0591 gK (11.41)
K =antilog (0 O?g (11.42)
0.56
K:antilog( 5.059)> (11.43)
K=9.6x10" (11.44)

The large equilibrium constant value indicates that the reac-
tion has a great tendency to go to the right. If the standard poten-
tials are known for the two redox couples, the equilibrium
constant can be determined and used as an indication whether
the reactions under consideration will go to completion thus
being suitable candidates for a redox titration or not.



202 OXIDATION-REDUCTION (REDOX) REACTIONS

11.7 DETERMINING REDOX TITRATION
ENDPOINTS

There are two primary ways of determining a redox titration end-
point in the analytical laboratory by the analyst that include the
use of a potentiometer where the data gathered are plotted and
using a visual indicator. Often when setting up a routine analysis,
a potentiometric titration analysis may be performed first in order
to select and use the appropriate visual indicator. In the following
sections, we will first look at the determination of endpoints in
redox titrations, then cover the reagents that are typically
involved in redox titrations followed by some specific examples
of applying redox titration methodology for analyte measure-
ment. The following sections will present these topics however
in a rather general aspect to give the analyst an introduction to,
and basic understanding of, redox titration methodology. Unless
the method is being developed from the bottom up, specific step-
by-step instructions are usually available and followed in the spe-
cific laboratory that the technician is working in. This outline,
though, is sufficient as a starting point for developing a redox
titration method if needed.

11.8 POTENTIOMETRIC TITRATIONS

A rudimentary schematic for a potentiometric titration is depicted
in Figure 11.2. The galvanic cell setup includes a reference elec-
trode (right cell) and an indicator electrode (left cell). The refer-
ence electrode is the SHE that has arbitrarily been given a
potential of 0.000 V (see discussion in Section 11.5 Redox Reac-
tion Conventions) for a hydrogen gas (H,) pressure of 1 atm and a
hydrogen ion (H*) activity in solution at unity. A more conven-
ient reference electrode that is often employed is the saturated cal-
omel reference electrode (SCE) that does not require the use of
hydrogen gas (an extremely flammable gas). For demonstration
purposes, we are using the SHE electrode in Figure 11.2.
The indicator electrode in the left cell is an inert platinum elec-
trode. Inert electrodes such as platinum (Pt) or gold (Au) do
not participate directly in the redox reactions but have the role
of transferring the electrons associated with the reactions. The
potential that is developed is directly dependent upon the molar
concentrations of the oxidized and reduced redox couples in the
solution. In the potentiometric titration, we are titrating iron(II)
(Fe**) to the higher iron(Ill) (Fe*) oxidation state with
cerium(IV) (Ce**) that subsequently reduces to the lower
cerium(IIT) (C63+) oxidation state.

11.8.1 Detailed Potentiometer

The previous electrochemical cell depicted in Figure 11.1 simply
showed a voltmeter in connection between the two half-cells for
measuring the potential of the cell. In Figure 11.2, a more detailed
design of a potentiometer is shown in connection to the two half-
cells. To measure the emf of the cell, the draw of current from the
electrodes must be at a very small value to keep the electrodes at
their equilibrium potentials. An ordinary voltmeter will draw a
heavy amount and thus is not feasible to use. Instead, potenti-
ometers like the one shown are used. In this type of measurement,

Battery

k Ce* titrant

I / solution

Slide wire

.u-h-l 4
i | .
Salt bridge
- H2

Fe2+ g H, N 7

solution Pt electrode (M)

' electrode ( 2
el
Fe+ 4 Cel+ Fe3+ + Ce3+ 2H* 4 2e H,(g)

FIGURE 11.2 Potentiometric titration setup for the titration of
iron(I) (Fe** titrand) with cerium(V) (Ce** titrant). The
reference electrode used is the standard hydrogen electrode
(SHE). Also illustrated is a simple design of a potentiometer.

a variable voltage is used to oppose the cell voltage of the system
being measured. A null-point detector (galvanometer, G) that is
very sensitive gives a reading to indicate when the opposing
potential equals the potential of the cell. The battery is used to
supply the opposing emf. A standard cell is used to set the poten-
tiometer. When the test cell is used on the potentiometer, the dif-
ference measured is equal to the test cell’s potential. These
systems are very sensitive and do not affect the potential of the
test cell to any appreciable amount.

11.8.2 Half-Reactions

The solution to be titrated was made by dissolving 10 mmol of
iron(II) chloride in 75 ml of 1 N aqueous H,SO, solution. The
titrant used for the titration consists of 0.155 M cerium(IV)
(Ce‘”) in 1 N aqueous H,SO, solution. Looking at Table 11.1
for the standard potential, we note that there are actually four
listed for the cerium(IV) half-reaction:

Ce** +e” =Ce’t (11.45)
E°=1.28Vin IN HCI (11.46)
E°=1.44Vin 1IN H,SO,4 (11.47)
E°=1.61Vin1M HNO; (11.48)
E°=1.70Vin 1M HCIlOy,. (11.49)



The titrant and titrand are both in 1 N H,SO,, so the standard
potential value used is E°=1.44 V. The redox couple also con-
sists of (obtained from Table 11.1)

Fe3* +e~ =Fe?* E°=0.771V. (11.50)

It is standard convention to subtract the half-reaction with the
lowest potential from the half-reaction with the greater potential:

Ce*t +e-=Ce* E°=1.44V (11.51)
- (Fe** +e~ =Fe?*) —(E°=0.771V) (11.52)
Ce** +Fe?* = Ce’* +Fe’* EZ;=0.669V (11.53)

This gives a cell standard potential of EZ,;; =0.669 V. Initially,
the potential in the cell will be due to the Fe**/Fe** potential
before the addition of any titrant. At this point, the concentration
of the Fe** in the solution it is not known, but we can approximate
that 99.9% of the iron in the solution if from the iron(II) chloride
reagent that was used in preparing the solution. Thus, 0.1% of the
solution would be composed of Fe**. The initial concentrations

are therefore

B 0.010 mol

010mol
[Fe**] = % x0.001=133x10™*M  (11.55)

11.8.3 The Nernst Equation

Using the Nernst equation, we can calculate the potential of the
cell before titration, and then after the addition of the titrant.
A plot of the potential in volts against the milliliter titrant added
gives a titration curve similar to the ones that were constructed for
the other types of titrations that have been covered (e.g., neutral-
ization, conductometric, precipitation, and complexometric).

. 0059  [Fe2*]
Ecen = cell n lOg [Fe3+] (1 156)
0.059 0.133
Eo1=0.771 V= ] 11.57
1 1 8133%102 (11.57)
Eo =0.594 V. (11.58)

Upon addition of 10 ml of titrant, the potential of the system
can be calculated from either redox couple potential as the system
is in equilibrium:

. 0059 [Fe*]

Ecen = cell_TlOg [Fe3+] (11'59)
. 0059, [Cet

Ecen = cell ™ logﬁ (1 1.60)
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11.8.4 Assumed Reaction Completion

The amount of Ce** that has been added to the system is 0.00155

mol and it is assumed that approximately 100% of the cerium(IV)
has been reduced to cerium(IIl). In actuality, there is a very small
amount of cerium(IV) left in solution and could be obtained from
the equilibrium constant (this would be necessary if the potential of
the cell is being calculated from the Ce**/Ce** couple). The amount
of iron(Il) that has been oxidized to iron(Ill) will equal the original
amount minus the amount of cerium(IV) added. The amount of
iron(Ill) produced will equal the amount of cerium(IV) added.
For simplicity, note that the volume of the solution in the left-hand
cell is now 75 ml + 10 ml = 85 ml, but is the same for all of the spe-
cies involved and thus can be canceled out of the calculation.

Ce** = ~ very small amount (11.61)

Ce** =0.00155 mol (11.62)

Fe?* =0.010-0.00155 =0.00845 mol (11.63)
Fe** =0.00155 mol (11.64)

It is easier to use the iron redox couple since we directly know
the amounts involved:

0.059 Fe?+
Ecen= é’en—Tlog% (1165)
0.059 . 0.00845
Ece11=0‘771_T10gm (1166)
E.1=0.728V (11.67)

Thus, at 10 ml addition of the Ce™*" titrant to the test solution
containing the iron(Il), the potential measured by the potentio-
meter for the galvanic cell depicted in Figure 11.2 is 0.728 V.
Using Equation 11.6, we can calculate the potential at each addi-
tion of titrant:

4+

ml Ce
(001 mOl— W

ml Ce**
1000

><O.155M>

Ecn = 0.771-0.059 x 10g
x0.155 M)

(11.68)

The potentials calculated with the application of Equation 11.6
from 10ml of titrant added up to 64.51ml are listed in
Table 11.1. At the equivalence point, we know that there will
be the following equal molar relationships:

Fe*] = ce*]
[Fe’*] =[Cce"].

(11.69)
(11.70)

If we add the two cell half-reaction potential equations:

0.059  [Fe**] 0.059
Ecell =0.771- T logm + Ecell =1.44- T log

[Ce’]
[Ce*+]’
(11.71)
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we obtain
[FCZ+][CC3+]

2E.1=2.211-0. log——r—— 11.72
cell 0.059 og [Fe3+][Ce4+} ) ( )

resulting in
2E¢1=2.211-0.059 log(1) (11.73)
2E.1=2.211 (11.74)
E.en=1.106V (atequivalence point). (11.75)

Thus, if the transfer of electrons for the two half-reactions is
the same (in this case n = 1), then the following relationship at the
equivalence point holds:

EY+E3
2

Eegp = (11.76)

We can thus take Equation 11.7 above and set it up to solve for
the milliliter of Ce** titrant needed at the equivalence point
(1.106 V):

4+
(0.01 mol—mii

000
ml Ce**
1000

><O.155M>

Ecell =0.771-0.059 x lOg
x0.155 M)

(11.77)

(0.01 mol-ﬁ ><O.155M>

Ecen=0.771-0.059 x log

(1000 ><0.155M)

(11.78)

(0.01 mol—1.55x10"*x)

1.106=0.771-0.059 x log )
1.55x107"x

(11.79)

x=64.51599 ml (11.80)

After the equivalence point, it will be required to calculate the
concentrations of the Fe**/Fe*" redox couple using the equilibra-
tion constant. As before, it is easier to now use the Ce**/Ce>*
redox couple and assume that the concentrations of [Fe**] and
[Fe**] are negligible

(0.01 mol)

Ecen=01.44-0.059 x log (ml o

(11.81)

11.8.5 Calculated Potentials of Ce**

The potential versus milliliter Ce** titrant from 64.52 to 100 ml
are listed in Table 11.2 using the relationship illustrated in
Equation 11.81. We are now in a position to plot the calculated
potential of the galvanic cell in Figure 11.2 against the milliliter

TABLE 11.2 Calculated Potentials for the Addition of Ce** Titrant.
Milliliter Ce** Added

Half-Cell Reaction Cell Potential (E, V)

10 [Fe**)/[Fe’) 0.728
20 [Fe**)/[Fe’h) 0.750
30 [Fe**1/[Fe**] 0.767
40 [Fe**)/[Fe3) 0.784
50 [Fe**)/[Fe*h) 0.803
60 [Fe**)/[Fe’h) 0.837
61 [Fe**)/[Fe*h) 0.844
62 [Fe**)/[Fe3) 0.853
63 [Fe**)/[Fe*h) 0.866
64 [Fe**)/[Fe*h) 0.894
64.5 [Fe**)/[Fe*h) 0.984
64.51 [Fe**)/[Fe’) 1.008
64.51599 (eq pt) [Fe**)/[Fe*h) 1.106
64.52 [Ce*/[Ce®h 1.440
64.6 [Ce*VCe**] 1.440
70 [Ce*)/[Ce® 1.442
80 [Ce*)Ce*] 1.446
90 [Ce*VCe*] 1.448
100 [Ce*)/[Ce*] 1.451

1.5 -

) a—g—8—8—*8

1.4 -
134
>
m 1.2 -
= Eqpt1.106 V
g 1.1 4 T
& 1.0 :
3 |
© 0.9 [}

0.8 - /././ J

/'/.
074 "
T T T T T T T T T T
0 20 40 60 80 100

ml Ce** titrant added

FIGURE 11.3 Potentiometric titration curve of Fe?* with Ce**.

of Ce* titrant added. The graph constructed from the data in
Table 11.2 is depicted in Figure 11.3. Now that we have had
an introduction to the specific measurement (theoretical) and
plotting of a redox titration, let us look at some other aspects
involved with redox titrations, such as the appropriate visual
indicators.

11.9 VISUAL INDICATORS USED IN REDOX
TITRATIONS

Similar to the visual indicators used in acid—base neutralization
titrations, the visual indicators used in redox titrations need to
possess the attributes of a clear color change at a transition



potential within the range of the titration equivalence point. Potas-
sium permanganate (KMnQy,), a strong oxidizing agent titrant used
in some redox titrations, on one hand can act as its own visual indi-
cator due to its deep blue/purple coloring. In this case, the solution
being titrated is clear, and the titrant in the oxidized form of man-
ganese (permanganate ion MnQO,") is deeply colored, while the
reduced form (Mn2+) is colorless. During the titration, the colored
permanganate titrant is reduced and the solution stays clear until
the endpoint where a slight excess of the permanganate ion will
turn the titrand solution into a faint to slightly strong pink color.
The titration of iron(Il) (Fe®*) is a common redox titration that
employs the permanganate ion as the titrant. The reduction reaction
of the permanganate ion is as follows:

MnOj +8H* +5¢~ =Mn>* +4H,0 E°=151V. (11.82)

We shall look at the permanganate titrant a little closer in the
Redox Titration Reagents and Applications section below.

There are anumber of visual redox indicators that undergo redox
reactions in potential ranges anywhere from 0.15 to 1.25 V. One of
the most commonly used indicators is Tris(1,10-phenanthroline)
iron(Il) sulfate also known as “ferroin,” often associated with
Ce(IV) titrations. Also used are diphenylamine and diphenylamine-
sulfonate when using dichromate as the titrant. The redox couple
reaction for an indicator in general is represented as

Ind(t)xidized. color 1) te = Ind(“’-duced= color 2)- (] 1 83)
The potential equation is thus
[Ind]
E=E},—-0.059 logm. (11.84)

While calculations using the potentials can be used to decide
upon the proper indicator to use, in most instances the visual indi-
cator is outlined in the method, or if not, the choice can almost
always be made from the known transition of the titrant/titrand
redox couple. For example, from above we know that the equiv-
alence point for the titration of iron(II) with cerium(IV) is at a
potential of 1.106 V. From references, we know that the transi-
tion of the ferroin visual indicator is at a potential of 1.147V
making it a suitable indicator for the titration.

11.10 PRETITRATION OXIDATION-REDUCTION

In most cases, the species to be titrated may not exist entirely in a
single oxidation state. For example, a solution to be titrated for
iron content usually consists of a mixture of iron in both the
iron(Il) (Fe**) and iron(IIT) (Fe**) oxidation states. A way to alle-
viate this is to either oxidize or reduce the entire iron content to a
single oxidation state before the redox titration.

11.10.1 Reducing Agents

For pretitration reduction, this can be done using a metal reductor
column where the most commonly used is the Jones reductor, a
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TABLE 11.3 Some Reduction Products of Metal Species Treated
with Either the Silver of Jones Reductors.

Reduction Product

Silver reductor Jones reductor

Metal species Ag(HCI) Zn(Hg)
Vanadium(V) V>* v v
Molybdenum(VI) Mo®* Mo™* Mo**
Copper(Il) Cu** Cu'* cu’®
Chromium(Ill) Cr** Not reduced crt
Titanium(IV) Ti** Not reduced Ti**
Iron(IIl) Fe** Fe?* Fe>*
Uranium(VI) U®* Ut U+ Ut

column that has been packed with granular zinc that has been
coated with zinc amalgam, a mixture of zinc and mercury. Zinc
amalgam is produced by mixing zinc metal with mercury(Il)
chloride, where the mercury is reduced to elemental mercury
forming an amalgam with the zinc. The reason for coating the
zinc with zinc amalgam (Zn(Hg)) is to prevent the reaction of
the zinc metal with acids that will produce hydrogen gas (H)
and release the oxidized metal into the solution. The solution con-
taining the species to be reduced (the titrand) is passed slowly
over the Jones reductor column and collected. The column is then
washed with a dilute acid solution and the wash is combined with
the solution and then titrated.

An alternative column used for reducing species before redox
titration is the silver reductor, sometimes used in place of the
Jones reductor. A comparison of some metal species and their
oxidation/reduction states using either the Jones or silver reductor
columns is listed in Table 11.3.

When using these columns, blanks should often be run to
exclude excess metal present or interferences from the reductor
columns. This is usually done by passing an acidic solution,
approximately 100-200 ml of either 1 M H,SO4 or 1 M HCI,
and titrating the acidic wash solution. The acidic wash solution
should not require more than 0.05 ml of titrant to change the
respective indicator used.

There are alternatives to the preparation and use of reductor
columns for lowering the oxidation state of a metal before titra-
tion. For example, stannous chloride (tin(II) chloride, SnCl,) is
sometimes used for reducing iron(IIl) to iron(Il) in acidic solu-
tion. Gases such as hydrogen sulfide (H,S) and sulfur dioxide
are also sometimes employed to reduce metals by bubbling the
gas through an acidic solution containing the metal species of
interest for reduction.

11.10.2 Oxidizing Agents

There are a number of oxidizing agents that are used to increase
the oxidation state of a particular metal species in preparation for
redox titration. The most commonly used are listed in Table 11.4
along with the metal species and oxidation products. Most are
used in acidic solution with the exception of oxidation of manga-
nese and chromium with hydrogen peroxide, which is performed
in a basic solution (alkaline pH).
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TABLE 11.4 Some Oxidizing Agents and the Metal Species
Ocxidation State Change with Treatment for Pretitration Oxidation
(in Acidic Solution Unless Otherwise Denoted).

Oxidation

Oxidizing Agent Metal Species Product

Potassium periodate Manganese(I) Mn?* Mn”* (as MnO,")

(KIOy)
Peroxodisulfates Iron(II) Fe** Fe>*
(S,0%7) Cerium(III) Ce** Ce**

Manganese(I) Mn?* Mn’* (as MnOj)
Chromium(Il) Cr** Cr®* (as Cry027)
Cerium(IIT) Ce** Ce*

Manganese(Il) Mn** Mn"* (as MnOj)
Chromium(III) Cr** Cr* (as Cry0%7)

(trace Ag" present)

Sodium bismuthate
(NaBiOs)

Hydrogen peroxide Tron(II) Fe** Fe*
(H,0,) Tin(Il) Sn** Sn>*
Manganese(I) Mn>* Mn** (as MnO,)
(basic) Cr®* (as CrO37)
Chromium(IIl) Cr**
(basic)

Manganese(I) Mn?* Mn** (as MnO,)

(NHj3; solution)

Bromine (Br)

11.11 ION-SELECTIVE ELECTRODES

The potentiometric titration methodology that we just studied
measures the potential of a cell with changing concentrations
of the redox couples present, and is therefore a titration method.
A second method used that measures the potential of a cell at one
concentration point is known as direct potentiometry. The effec-
tive calibration of the indicator electrode allows the direct meas-
urement of the concentration of the species of interest. An
example of this is the pH measurements using a pH electrode
depicted in Figure 11.4.

11.12 CHAPTER KEY CONCEPTS

11.1  Oxidation—reduction reactions have a definition for each
half: oxidation is the process where an atom, ion, or mol-
ecule has lost one or more electrons, while reduction is
the process where an atom, ion, or molecule has gained
one or more electrons.

11.2  Oxidation—-reduction reactions (sometimes shortened to
redox reactions) are taking place in solution (as far as
we are concerned here) where there are no free electrons;
thus, one must take place with the other.

11.3  An oxidizing agent is a species that is able to accept elec-
trons and thus becomes reduced.

11.4 A reducing agent is a species that is able to donate elec-
trons and thus becomes oxidized.

11.5  The oxidation reaction and the reduction reaction are
each called half-reactions of the entire redox process.
The sum of the two half-reactions represents the redox
reaction taking place.

Electrode body
non conducting glass

¥ Internal solution

refill port

Reference electrode

Internal solution
saturated KCI + 0.1 M HC1

F———————— Junction or salt bridge

Internal solution
saturated KCI + 0.1 M HC1

Internal electrode
(AgCl or HgCl)

Glass sensing membrane

FIGURE 114 pH meter glass electrode as an example of an ion-
selective electrode.

on +ne” — Ared
Bieqd — Box +ne”

on + Bred - Ared + Box

11.6  Redox reactions result in a flow of electrons that pro-
duces a current which can be measured with a galvanom-
eter (voltage measuring device) when the redox reactions
are set up as a circuit.

11.7 A galvanic cell is a system containing a spontaneous
chemical reaction that releases electrical energy to per-
form work.

11.8 A volt is the required emf to give one joule (J) of energy
to a one coulomb (C) electrical charge.



11.9

11.10

11.11

11.12

11.13

11.14

11.15

11.16

11.17

11.18

11.19

An electrochemical cell is an example of a galvanic cell
that is composed of a two-electrode system where oxida-
tion is taking place at one electrode and reduction is tak-
ing place at the second electrode.

The voltage as the potential difference between the two
cells is measured. The potential difference of the cell can
also be calculated (instead of measured) using electrode
potential tables.

The potential of a half-reaction cannot be measured by
itself. Instead, a reference electrode is set up with the
electrode of interest to measure the potential.

The reference electrode used is the SHE that has been
assigned a value of exactly zero for the standard potential
(E°=0.00V) for a hydrogen gas (H,) pressure of 1 atm
and a hydrogen ion (H") activity in solution at unity (all
standard potentials are measured and assigned at a con-
centration of 1 M).

A number of conventions are used when drawing a gal-
vanic cell such as that shown in Figure 11.1. The flow of
electrons is drawn from left to right where the reaction
taking place at the left electrode is oxidation, and the
electrode on the right is reduction.

The electrode on the left has a negative polarity and is
called the anode, while the electrode on the right has a
positive polarity and is called the cathode.

The potential of the cell is calculated as the difference of
the right cell potential from the left cell potential.

Box E; |Bred(l M)| ‘on(l M) ‘E,,Ared‘

The Nernst equation describes the relationship of the
potential of a galvanic cell upon the activities (or as an
approximate the molar M concentrations) of the redox
species.

[Aox]
[Ared} '

0.059

E=E°+ log

The potential of the cell is then calculated as the differ-
ence of the right cell potential from the left cell potential.

Ecn=E:-E).

We can also calculate the equilibrium constant (K) for the
reaction couple from the two electrode standard potentials.
At equilibrium, the potential of the cell will equal zero,
E.en=0V. Thus, we have the following relationship:

EO
K = antilog (g 00563) .

There are two primary ways of determining a redox titra-
tion endpoint in the analytical laboratory by the analyst

11.13

111

11.2

11.3

114

11.5
11.6

11.7

11.8
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that includes the use of a potentiometer where the data
gathered are plotted, or using a visual indicator.

CHAPTER PROBLEMS

Write the standard voltaic cell representation for each of
the following shown as “anode, cathode.”

. K*/K, Bry(aq)/Br~

. Co**/Co, Cu**/Cu
Na*/Na, NO,/N,O,
. Mg**/Mg, Au**/Au
. L/, Zn**/Zn

o o0 O

Write the half-reaction and cell reaction for the standard
cells in Problem 11.2.

Calculate the cell voltage for the cell reactions in Prob-
lem 11.2. Which are spontaneous?

Balance the following reactions and write the electro-
chemical cell for each of the reactions below.

. Ni+Ag* = Ni®* +Ag
. Ca+Cl, — Ca’* +2CI”
AW* +Ag— Au+Ag*
Pb** +Fe?* — Pb+Fe’*
Sn** +Br~ — Sn?* +Br,

o 8o T

Write the half-reactions for the cells in Problem 11.4.

Designate the anode and cathode reactions in Problem
11.5, and calculate the cell voltages for each cell reac-
tion? Are they spontaneous?

Foreach of the following electrodes, calculate the potential.

. Ni%s)/Ni** (0.15 M)

. Ca%s)/Ca** (0.04 M)

. Au’(s)/Au’t (5.5 % 107° M)
. Pb%s)/Pb>* (0.250 M)

. Sn°(s)/Sn** (4.25x 107 M)

o e o0 o W

For each of the following, calculate the molar concentra-
tion of the ionic species.

Agt +e” — Ag°(s) (E°=0.7996 V, E=0.765V)
TP +3e~ — TI(s) (Eg=0.72, E=0.67)
Pd** +2e”™ — Pd(s) (Eg=0.915, E=0.884)
Fe’t +e~ —
Fe’* (Ey=0.77, E=0.71, [Fe’*] =1.6x 107*M

e. [Aulp]” +e” —
Au(s)+21~ (Ep=0.58, E=0.53,[1"]=0.0015

o o p
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11.9

11.10

11.11

11.12

11.13

11.14

11.15
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Calculate the potential of the cell due to the effect of the
concentrations of the species present according to the fol-
lowing cell. Is the concentration effect significant?

Pt|Cu™ (0.125 M) +Cu’* (0.050 )|,
|Fe’* (0.11 M) +Fe®* (0.055M)| . Pt

Calculate the potential of the cell due to the effect of the
concentrations of the species present according to the fol-
lowing cell. Is the concentration effect significant?

P{|Cr** (0.0035 M) +Cr** (0.150 M) |,
|Hg3* (0.025 M) +Hg (0.055 M) |, Pt

Calculate the potential of the cell due to the effect of the
concentrations of the species present according to the fol-
lowing cell. Is the concentration effect significant?

Pt|Ag®* (0.115M)+HCN (0.075 M) +H* (0.088 M)|,
|Ag* (0.066 M) +Fe(CN)¢~ (0.045 M)| , Pt

Calculate the equilibrium constant, K, for the cells in Pro-
blems (a) 9, (b) 10, and (c) 11.

An elemental zinc strip is placed into a solution of copper
sulfate. When this is done, a reaction will take place. At
equilibrium, what will be the relative concentrations of
the Zn>* and the Cu”*?

Zn+Cu** — Zn** +Cu

For the following reaction:
2A0** +3Ni — 2Au+3Ni**

a. Calculate the equilibrium constant K.
b. What is the expression used for K?

c. What is the concentration of Ni*" at equilibrium if the
concentration of Au’* is 0.55 M?

The following voltaic cell, at a particular point in time,
has the following concentrations as determined in the
laboratory:

PL[V2* (0.15M) + V¥ (0.025 M) |,
[Hg* (0.25 M) + Hgj* (0.055 M)|, Pt

11.16

11.17

11.18

a. Calculate the cell potential.
b. Calculate the equilibrium constant K.

A 0.5113 g sample of an iron metal standard, dissolved in
acid and reduced (as Fe2+), is titrated with a laboratory
solution of permanganate (MnQO,"). If the titration
requires 35.2 ml of the permanganate titrant, what is
the normality of the permanganate solution? The titration
reaction is as follows:

MnOj +5Fe** +8H* — 5Fe’* + Mn** +4H,0

A 0.3251 g sample of an iodine standard is titrated with a
laboratory solution of arsenous acid (H3AsO;). If the
titration requires 25.9 ml of the arsenous acid titrant,
(a) what is the molarity of the arsenous acid solution?
(b) What are the half-reactions and potentials? (c) What
is the change in oxidation number for the arsenic? (d)
Why at a pH <4 is the reaction reversible?

H3AsO; +I, + H;O — H3AsO4 +217 +2H"

A titrant solution is made by weighing 2.005 g of a pri-
mary potassium dichromate (K,Cr,0O5) standard into a
100 ml volumetric flask and brought to volume with
DI water. An iron ore solid sample containing iron (sid-
erite, FeCQOs, as ferrous, Fez+) was taken and 2.901 g was
acid-digested and brought to volume with DI water in a
100 ml volumetric flask. A 10 ml aliquot was pipetted
into a 250 ml Erlenmeyer flask. 10 ml of 1 M H,SO,,
10 ml of 1 M H5POy, and 5 drops of sodium diphenyla-
mine sulfonate solution (indicator) were added. The solu-
tion required 4.3ml of the standard potassium
dichromate to endpoint titration. The overall reaction
for the titration is as follows:

KQCI‘207 + 6F€(NH4)2(SO4)2 + 7H2SO4 —
3F62(SO4)3 + Crz(SO4)3 + K2SO4
+6(NHy),SO0, + 7TH,0

a. What are the half-redox reactions, and what is the
combined reaction?

b. What is the molarity of the potassium dichromate
(K5Cr,0O5) titrant?

c. What is the molarity of the unknown iron (as ferrous,
Fe?*) solution?

d. What is the percentage of iron (as ferrous, Fe**) in the
original iron ore sample?

e. What is the percentage of siderite (FeCOj3) in the ore
sample?
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LABORATORY INFORMATION MANAGEMENT

SYSTEM (LIMS)

12.1 Introduction

12.2 LIMS Main Menu

12.3 Logging in Samples
12.4 Entering Test Results
12.5 Add or Delete Tests
12.6 Calculations and Curves

12.1 INTRODUCTION

This chapter covers a program that is utilized in most laboratories
today, the Laboratory Information Management System (or
Software) abbreviated as “LIMS.” LIMS are used to input sample
data as they are collected in the laboratory, track sample progress,
record sample data such as company, type, and tests needed, and
so on. We will now be introduced to a LIMS example that we will
use to log in samples, input data, search samples, approve sam-
ples, and print reports and certificates of analysis (C of A). Also
becoming more common in laboratories are electronic laboratory
notebooks that are often coupled with LIMS, and we will take a
brief look at using them.

12.2 LIMS MAIN MENU

Let us start by opening the LIMS Main Menu. Go to the Chem-
Tech Main Menu and click on the Chapter 12 button. This will
bring up the ACME Labs LIMS Main Menu as depicted in
Figure 12.1. The Main Menu contains a set of buttons as links
to Log in Samples, Enter Test Results, Calculations and Curves,
Search Wizards, Approve Samples, and Reports and C of A’s.
We will spend time on each of these sections to learn to get familiar
with working with a LIMS system. Even though there are many
types of LIMS systems used in laboratories, getting used to

12.7 Search Wizards
12.7.1 Searching Archived Samples
12.7.2  General Search
12.7.3 Viewing Current Open Samples
12.8 Approving Samples

12.9 Printing Sample Reports

working with one will help prepare the chemist or technician for
any particular LIMS used in the Lab.

12.3 LOGGING IN SAMPLES

Logging in samples that have come into the laboratory is a
common use of LIMS. Click on the “Log In Samples” button
to open the page shown in Figure 12.2.

For the Lab No. enter the value 101 and press the Tab key to
move to the next field, Sample Date. For the sample date, click on
the calendar to the right of the field and choose today’s date and
press the Tab key to move to the next field, Company. For com-
pany, enter ACME and press the Tab key. For commodity, enter
corn and press the Tab key. For testing code, enter “1234” and
press the Tab key. Finally, enter your or any name into the
“Sampled By” field. The Login form should now look something
like that in Figure 12.3 (except for the date and name). Click the
“Enter Current Sample” button to place this new sample into the
sample database. Next click the “Return To Main Menu” button
to return to the main menu.

12.4 ENTERING TEST RESULTS

LIMS systems are used in the laboratory to transcribe data that
have been collected while working on samples. In the main menu,

Analytical Chemistry: A Chemist and Laboratory Technician’s Toolkit, First Edition. Bryan M. Ham and Aihui MaHam.
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LABORATORY INFORMATION MANAGEMENT SYSTEM (LIMS)

Acme Labs

Laboratory Information Management System
(LIMs)

Colk's
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m
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System
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FIGURE 12.1 ACME Labs LIMS Main Menu.

5] Logln

s B m 5 togh o @ =
ogin Login
s-ﬂ.m Somplo Date: | ANz
Company: Company. | AME
Lt Code: Testing Code: | 1234
Seapldly: [ SampledBy. | Jon Publc
Return To Enter Logln Add or Aeturn To Enter Login Add or
Main Current Another Delete Main Current Another Delete
Menu Sample 1 Sample Menu  Sample Sample Tests
FIGURE 12.2 Sample log in page. FIGURE 12.3 The Sample Log page filled in.
[Z5] splbox = @ E8] inputform = @B =
Click on Each Lab Number To Enter Data , Mg e e
Flash Point 250 250 275
» Halphen Test Neg Neg
LabNo:  § Company:  CBP sap Value 194 188 194 191
[ [Commodity: Comn Sample Date: 11/3/2011 Unsap 1.3 1.3
Lab No: 5 Company: cbp FFA, as Oleic 2.300 2.3
|__|commodity: com Sample Date: 11/3/2011 Moist and Vol 0.5 0.5
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LabNo: 101 Company:  ACME Exvolaic Ao ..
Commodity: Corn Sample Date: 7/13/2012 VEA 5 o
=l
Record: 4 4« 1ofS b M » | ' NoFilter | Search

click the “Enter Test Results” button to open up a page as shown
in Figure 12.4. Your actual page may not look exactly as the one
shown in Figure 12.4, but it will contain a number of samples
including the last sample which we just logged in (Lab No.
101). In this page, if we click on the laboratory number the form
to the right will accept values for the sample tests. For the first
input field, Flash Point there is listed to the right a minimum
and a typical value. If an out-of-range value is entered, a warning
message is given. Go ahead and enter 200 into the Flash Point
field and press Enter. A message box appears instructing the
analyst that the sample is out of specifications and supervi-
sion should be consulted. The message box is depicted in
Figure 12.5. Press OK to close the message box and change
the Flash Point value to 250. Fill in the rest of the test result
boxes. The input page should look like that shown in
Figure 12.6. Let us close the input page by clicking the exit (close
door) box at the bottom of the form. This will return us to the
Main Menu page.

FIGURE 12.4 Enter Test Results page.
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_'j plbox = = = :ﬂ inputform = = <3
Click on Each Lab Number To Enter Data — sihtl] oK
Neg
Lab No: 4 Company CBP 8¢ 5.4 91
Commodity: Com Sample Date: 11/3/2011 1.3
Lab No: 5 Company: cbp A, as Oleic 3
Commodity: Sample Dat : = 0.5
¥ com v Microsoft Access s
Lab No: 12 Company: -
Commodity: Soy Sample Da 2
1 0 Sample is out of spec, please remove value and contact supervision! 1.0
Lab No: 011512 Company -
Commodity: cormn Sample Da
- g ]
Lab No: 101 Company:
Commodity: Com Sample Da Was this information helpful?
*
| Record: M4 4 5015 ] No Filt Search |
FIGURE 12.5 Out of specification (Spec) warning window.
=5 =pli = = = =E] inputform = = 22
Click on Each Lab Number To Enter Data 5 lin Aax T
50 )
=t Neg
Lab No: 4 Company: CBP 193 194
| [Commodity: Comn Sample Date: 11/3/2011 1.1 1.2
Lab No: 5 Company: cbp 2.200 2.3
| [Commodity: com Sample Date: 11/3/2011 0.4
Lab No: 12 Company: Dow 3; (
| |Commodity: Soy Sample Date: 11/5/2011 a5 6
Lab No: 011512 Company cbp
| |Commodity: com Sample Date: 1/15/2012
> Lab No: 101 Company: ACME
Commodity: Corn Sample Date: 7/13/2012

Record: 4 4 50f5 L] Search

FIGURE 12.6 Enter Test Results page filled out.

12.5 ADD OR DELETE TESTS

In the Main Menu, click the Log In Samples button to open up
the page that is shown in Figure 12.2. At the bottom right is the
“Add or Delete Tests” button. We can use this to both add tests
to and delete tests from samples that have been logged in. Press
the button to open up the page shown in Figure 12.7. The page
contains 13 tests that can be either added or deleted. The
13 tests can be viewed one by one using the Record scroll
bar located at the bottom of the form. Type the laboratory num-
ber 101 into the Lab No. field. The test that is illustrated as the
first test is the Flash Point as seen in the Tests field. This test

already exists for sample 101, so if we try to add it we get the
message box depicted in Figure 12.8. There are nine tests that
have been automatically assigned to sample 101 when it was
logged in ending with Linolenic Acid. Scroll the tests over
using the bottom Record scroll bar to test number 10 which
is “Moist and Impur,” which stands for moisture and impuri-
ties. Click the “Add Test” button to add this test to the sample.
Scroll over to the next test 11 “Peroxide Value” and click the
Add Test button. Do the same for test 12 “Linoleic Acid” and
test 13 “PUFA,” which stands for polyunsaturated fatty acids.
Press the Return To Login button and then press the Return To
Main Menu button. Let us go back to the Enter Test Results
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—2| tests = =] XK

1S5S

Type in the Lab No. Scroll through the tests
until you find the test you want to add or
delete. Press the "Add Test" or "Delete
Tests™ button.

LabNo: [

Tests: |Flash Point

DELETE | Return To
AODTIEST i eey | Logln
Record: M ¢ 10f13  » M ) | ‘& NoFiiter ||Search

FIGURE 12.7 Add or Delete Tests page.

5] tests = &

1esIs

Lab No: 101 That test already exists
Tests: [Flash Pont
|
ADD TEST DELETE Return To
TEST Login
lEuold:_li_ 1_1_11_1_3 4 L3 H__ _\J -'_J-; F n_c: 1 Sn_l(h J'

Eg] spibox = @

FIGURE 12.8 Existing test message box.

page and click on sample 101 to view the newly added tests.
The page should look like that shown in Figure 12.9. Let us
go ahead and fill in test results for the newly added four tests.
Exit the test entering page by clicking the close box at the bot-
tom of the page to return to the login page. Press the Return to
Main Menu Page button to close the form.

12.6 CALCULATIONS AND CURVES

The button to the top far right is a link to a calculation page. Click
on this button to open up the page that is shown in Figure 12.10.
LIMS systems will often have links to pages where various cal-
culations may be performed. In this simple example, the page
contains a temperature converter and a titration calculator. Enter
1 into the choose option box and click the calculation button. This
will pull up a page shown in Figure 12.11. Enter 78.6 into the

=5 Calculations ® =

8
Choose Wwhich Opbion You Would Like m

Enter "* and chck the "Retun to Man
Menu' button if you would ke lo ext.

Return To Open i
Main Menu - Calculation

FIGURE 12.10 Calculation page.

___|Commeodity: corn

5] inputform =3 [=] =
Click on Each Lab Number To Enter Data - Min Max Typ
Flash Point - 250 275
Halphen Test Neg Ne
lLab No: 4 Company: CcBP sap Value 193 188 194 191
|__|[Commodity: Com Sample Date: 11/3/2011 Unsap 1.1 1.3
ILab No- 5 Company: cbp FFA, as Oleic 2.200 2.3
___|Commodity: comn Sample Date: 11/3/2011 Moist and Vol 0.4 0.5
Insol Impur 0.2 0.3
lLab No: 4 12 Company: bow Color 1.8 2.5
aCummodny: Soy Sample Date: 11/5/2011 tinolenic Asid 0.9 1.0
lLab No: 011512 Company: cbp Moist and Img 0

Sample Date: 1/15/2012

v

Lab No: 101
ICommodity: Com

Company: ACME
Sample Date: 7/13/2012

=]

Record: 4 4 50of5S L & Mo Filter | | Search

Peroxide Valu
Linoleic Acid
PUFA

o

oo

FIGURE 129 Sample 101 with newly added tests.
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[ Celcius

Return To
Main Menu

To corver fiom farenhest to celcaus, enter farenhedt valse and press enter:
Ut et ) Ll

To convert fiom celcus to larenheit. enter celcaus value and press enter:

S G m—

Return To
Calculations

FIGURE 12.11 Temperature converter calculation page.

53 Celcius

To convert lrom larenhed 1o celcius, enter farenhed value and press enter

SN O @

S L

T convert from celcs to farenhed, entes celcus value and press enter.
e B O S

Return To
Main Me

Retumn To
Calculations

FIGURE 12.12 Celsius as 25.9 in the Celsius result box.

Record: 4 1« 1of1 O | ¥ Mo Filter | Seareh

FIGURE 12.13 Free Fatty Acid as oleic acid titration data input page.

Fahrenheit input box and press enter. The value for Celsius as
25.9 should be in the Celsius result box, as depicted in
Figure 12.12. Press the Return to Calculations page, enter 2 into
the option box and click the calculation button. A page will open
up like the one depicted in Figure 12.13. This is a page that will
take data obtained from a titration and will calculate a sample’s
free fatty acid (FFA) as oleic acid result. For sample number, type
101 into the input box. For sample weight, 5.4; for titrant normal-
ity, 0.05; and for titrant volume, 11.5. Press the Calculate FFA

|

FIGURE 12.14 Titration free fatty acid out of specification message
box page.

button. A warning page should pop up instructing that the FFA
value is out of specification. The form and message box should
look like that depicted in Figure 12.14. Press the OK button to
close the message box, remove the 11.5 titrant volume amount
and replace with 5.5. Now press the Calculate FFA button to
get the next message box depicted in Figure 12.15. Now a mes-
sage box opens with the calculated FFA value of 1.44% and a
message asking if the analyst would like to add that test result
to the test list for sample number 101. Click the OK button
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j ffa
i
g
o
5|

Return to
Calculations

Record:

Do You Want To Enter This FFA Value?

Return 1o
Main Menu

N “‘

FIGURE 12.15 Message box opens the calculated FFA value of 1.44% and a message asking if the analyst would like to add that test result to

the test list for sample number 101.

3] search = @B R

Choose The Search vou Would Like To Perform

General View Corrent
Search Open
Samples

FIGURE 12.16 The Search Wizards page.

and the Return to Main Menu button. In the Main Menu, click the
Enter Tests Results button and click on sample number 101. We
can see that 1.44 has been entered into the FFA test result. LIMS
can be used for calculations and also imputing data automatically
into the sample test results.

12.7 SEARCH WIZARDS

Next in our example of a typical LIMS system are the Search
Wizards. We can use them to look at open samples and samples
that have been closed. Click on the Search Wizards button to
open up the page that is depicted in Figure 12.16. In this page,
there are three choices for searching: there is searching archived
samples, a general search, and then viewing the current open
samples.

12.7.1 Searching Archived Samples

Let us start with the archive sample search. Archived samples are
samples that have been completed and placed into an archive
database. Press the View Archived Samples button to open up
the page shown in Figure 12.17. Type into the Lab No. input
box the sample number “4” and click the Find Sample button.
The Search Result page is shown in Figure 12.18. The page

-&| arcsearch a B =R
Gl

Enter the Lab No of the sample you would like to
view, then press the "Find Sample" button.

Return to
Main Menu

FIGURE 12.17 View Archived Samples page.

can be printed for reference if wanted. Click the Return to Search
Wizard button to return to the search main page.

12.7.2 General Search

Next, click on the General Search button to open up the general
search page shown in Figure 12.19. In this search page, we have a
number of options for searching the database for samples. The
search can be performed with a laboratory number, a sample date,
or sample descriptions such as the commodity (e.g., corn). Let us
go ahead and enter the search term “corn” and press the Perform
Search button. A page similar to that depicted in Figure 12.20
should be displayed. All of the samples associated with corn
are listed in the table to the right. Click the form button on the
left for View Test Data. A sample Lab No input page will open
as depicted in Figure 12.21. Enter sample number 102 into the
Lab No input box and click the Find Sample button. A sample
display page will be brought up as similar to the one depicted
in Figure 12.22. At this point, we can print the search results
or return to one of the other menus.
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FIGURE 12.18 Archived sample search results page.
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A—
Perform a;:'::n;h Return To
Search Wizards Main Menu
(Record: 4« 1ofl b Mo | NoFilter | Search
FIGURE 12.19 General Search Page.
o
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FIGURE 12.20 General Search Re

sult page for searching “corn.”
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genser5 1 1 EH ger o B =®
LabNo - SampleDate - Company - Commodity -
5 11/3/2011 cbp corn
1011512 1/15/2012 cbp corn
1101 7/13/2012 ACME Corn
1102 7/21/2012 DOW Corn
1103 7/22/2012 DOW Corn
+

Search

Recordt 4 ¢ 1of1 o0 | Wk No Filter

FIGURE 12.21 The View Test Data page.
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Return To Return To
Main Menu Search Wizard

Record: 4 lofi H i No Filter | Seatch (EIN"

-
>earch Hasy
Lab No: 102
Sample Date: anamz
Company: Dow
Commodity: Com
Sampled By: B Ham
4Min Max Typ
Flash Point 250 250 275
Halphen Test Neg Neg
Sap Value 134 188 194 191
Unsap 13 13
FFA, as Oleic 2.3 2.3
Maist and Vol 0.5 0.5
Insol Impur 0.3 0.3
Color 2.5 ! 25
Linolenic Acid 1 1.0
Moist and Impui2 0
Peroxide Value 3 (1]
LinoleicAcid 4 0

o

PUFA 5

FIGURE 12.22 Sample display page.

Press the Return To Search button, and then the General
Search button. The General Search page will be opened as
depicted in Figure 12.23. In the page, we can see a number of
search options including searching a laboratory number range
and a sample date range. Click on the Lab No Range button.
A laboratory no input box will open up as depicted in
Figure 12.24. Enter 1 into the Lab No input box and press OK.
A second Lab No input box will open and be displayed. Enter
500 into the Final Lab No input box and press OK. A list of
the found laboratory numbers within this range will be displayed
as shown in Figure 12.25. Next, press the View Test Data and
enter one of the laboratory numbers into the search page.
A search result page as shown in Figure 12.26 will be shown.

The second search option is a date range search. It is similar to
the laboratory number range search where a beginning date
and an ending date are entered into input boxes. Go ahead and
search a date range from January 1,2010 to a current date and
run through the different results pages as we just did for the lab-
oratory number range search.

12.7.3 Viewing Current Open Samples

The third search option is to view all of the current open samples.
This is the button located to the right of the search page. Click the
button to view the current open samples. The search page should
open up a result page similar to that depicted in Figure 12.27. The
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FIGURE 12.23 General Search page.
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FIGURE 12.24 Input box for Lab Number search range.
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The Table to the right contains the log 12 11/5/2011 DOW Soy

in information for the Lab No range |101 7/13/2012 ACME Corn

searched. To view a sample’s tests, |102 7/21/2012 DOW Corn
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FIGURE 12.25 Table of laboratory numbers found within the search range.
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- DEANCI G5
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FIGURE 12.26 Sample search result page.
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FIGURE 12.27 Current open samples initial search page.

page is a list of the current open samples. To view the data asso-
ciated with one of the samples, click on the laboratory number.
This will open up a page that shows the test data of the sample.
A schematic of the list of open samples and the test data page is
depicted in Figure 12.28.

12.8 APPROVING SAMPLES

In the tracking and lifetime of samples, another function and use
of the LIMS system is to approve and close the sample out after

it has been finished. This particular example of a LIMS has this
functionality. If we go to the Main Menu, there is a button for
approving samples. Click on the Approve Samples button to
open up the list of current open samples. This page is shown
in Figure 12.29. To look at the associated test results for each
sample, click on the sample number to open up a page as shown
in Figure 12.30. To the right of the sample numbers is an approve
button and an exit button. Click on the approve button next to
sample number 102 or 104, or any that may be in your table.
Next, a question box will open up asking if you want to print a
report as depicted in Figure 12.31. Click on the cancel button.



=

FIGURE 12.30 Open sample list for approval including test data.
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FIGURE 12.28 List of open samples and test data page.
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FIGURE 12.31 Last step in approving a sample with the option to print a report.

Enter the Lab No of the sample you would like
to print, then press the "Print Report” bution.

SN

ACMELABORATORY OPEN SAMPLE REPORT

10-Jux-15
-
Lab Ne: 102
FIGURE 12.32 Printing reports page. Commodity: Cors
Compasy: DOW

The sample will be removed from the open sample table and SampleDaw: 72172012
placed into the archives. We can now see this sample in the
archive search. Resales:

Resh Pomt 250 ceg¥
12.9 PRINTING SAMPLE REPORTS Helphea Test Nex

Sep Velue 194 MgKOM/g

Uasap 13 %
The next functionality of the example LIMS system is printing FFA, 85 Oteic 2300 %
reports of samples. To the bottom right of the Main Menu page V:":;:f’ s :
is a button for printing sample reports. Click the Reports and C Color 25 Fee
of A’s (certificates of analysis) button to open up the page as :‘_"’:“ o ; :
shown in Figure 12.32. Both archived samples and current open ,;:;,-:d\;: S meq/iz
samples can have a report printed. For example, we can enter 102 Linoleic Acie s %
for the sample number and print the report by pressing the Print iy e
Open Sample Report. A report will be displayed as shown in

FIGURE 12.33 Open sample report.

Figure 12.33.
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13.1 Introduction to Spectroscopy in the Analytical Laboratory
13.2 The Electromagnetic Spectrum
13.3 Ultraviolet/Visible (UV/Vis) Spectroscopy

13.3.1 Wave and Particle Theory of Light

13.3.2 Light Absorption Transitions

13.3.3 The Color Wheel

13.3.4 Pigments

13.3.5 Inorganic Elemental Analysis

13.3.6 The Azo Dyes

13.3.7 UV-Visible Absorption Spectra

13.1 INTRODUCTION TO SPECTROSCOPY
IN THE ANALYTICAL LABORATORY

The analytical laboratory utilizes the phenomenon of the electro-
magnetic spectrum for an untold number of analyses. Chemists
and technicians in the analytical laboratory often make use of
the special interaction of molecules with electromagnetic radia-
tion, with the assistance of analytical instrumentation, such as
ultraviolet/visible (UV/Vis) spectrophotometers, fluorometers,
and Fourier transform infrared spectrometers (FTIR) to measure,
identify, and even quantitate compounds of interest. Sometimes,
another type of analysis is done called colorimetric analysis,
where the eye is used to distinguish differences in color. Even
though colorimetric analysis is still used, we will focus upon
spectrophotometric analysis. As we will see both qualitative
and quantitative analyses are routinely performed by the chemist
and technician in the analytical laboratory with the employment
of electromagnetic radiation. Most often, UV/Vis and fluorimetry
analysis is done with compounds in solution where the analyte of
interest will either be measured directly according to its spectro-
scopic properties, or it may be combined with a chromophore or
fluorophore to allow its measurement. Let us start by looking at
the basics of electromagnetic radiation, specifically the electro-
magnetic spectrum, and how we utilize this phenomenon all
around us to measure compounds in the analytical laboratory.

13.3.8 Beer’s Law
13.4 UV/Visible Spectrophotometers
13.5 Special Topic (Example)—Spectrophotometric Study of
Dye Compounds
13.5.1 Introduction
13.5.2 Experimental Setup for Special Topic Discussion
13.5.3 UV/Vis Study of the Compounds and Complexes
13.6 Chapter Key Concepts
13.7 Chapter Problems

13.2 THE ELECTROMAGNETIC SPECTRUM

The visible spectrum, what most of us are usually familiar with
constitutes but a small part of the total electromagnetic radiation
spectrum. Almost all of the radiation that surrounds us cannot be
seen, but is detected by special spectrophotometric instruments.
The entire electromagnetic spectrum comprises very short wave-
lengths (including gamma and X-rays) to very long wavelengths
(including microwaves and broadcast radio waves). Let us look at
the chart in Figure 13.1 that displays the regions of the spectrum,
the source that produces the radiation, and some conversion
factors.

13.3 ULTRAVIOLET/VISIBLE (UV/VIS)
SPECTROSCOPY

Our world fortunately is not in black and white like an old tele-
vision set, but rather is filled with many different shades of color.
The reason we see something as red is due to a specific wave-
length portion of the visible spectrum being absorbed by the
object while the other colors will form the color that we see,
red in this instance. We can think of the human eye functioning
as a spectrometer that is analyzing the light observed from the
object that appears red. The sunlight (or white light) that we

Analytical Chemistry: A Chemist and Laboratory Technician’s Toolkit, First Edition. Bryan M. Ham and Aihui MaHam.
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The electromagnetic spectrum

X-rays Visible .
— Microwave
P
Gamma : :
rays . uv o IR . Radio
D f { {
Wavelength (nm) | | | | | | | | | | | | | | |
10°13 101 1070 107 1073 1073 107! 10
Frequency (Hz) 1 | | | | | | | | | | | | | ]
102! 1019 107 1015 1013 101! 107 107
Energy (kcal) 1 | | | | | | | | | I I I I |
108 100 10* 10? 100 102 104 1076
FIGURE 13.1 The electromagnetic spectrum in wavelength, frequency, and energy.
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FIGURE 13.2 Separating the visible portion of the spectrum from 400 to 800 nm using a prism.

see as uniform or homogeneous in color is composed of a broad Violet:  400—420 nm
rangfe of radiation wayelengths in the ultraviolet (UV), visible, Indigo:  420-440 nm
and infrared (IR) portions of the spectrum.

The visible portion of the spectrum, roughly from 400 to Blue: 440-490 nm
800 nm, can be separated into the component colors that we Green:  490-570 nm
see by passing sunlight through a prism. When done, the prism Yellow: 570585 nm
acts to bend the light in differing degrees according to the wave-
length. This is depicted in Figure 13.2. The colors of the spectrum Orange:  585-620 nm
that we see from sunlight, in order of decreasing wavelength, are Red: 620-780 nm

often remembered by the mnemonic: ROY G BIV.
The wavelengths seen as particular colors in the visible por-
tion of the spectrum are listed in Figure 13.3.

13.3.1 Wave and Particle Theory of Light

Visible light electromagnetic radiation is described in a dual man-
ner as a wave phenomenon (wave theory), characterized by a
wavelength or frequency which is required to describe optical
effects such as diffraction and refraction. Light is also described
by a particle theory, which is required to describe the absorption

FIGURE 13.3 Wavelength ranges for the visible spectrum.

and emission of radiant energy. The “wavelength” is the distance
between adjacent peaks (or troughs), and may be designated in
meters, centimeters, or nanometers (10_9 m). The “frequency”
is the number of wave cycles that travel past a fixed point per unit
of time, and is usually given in cycles per second, or hertz (Hz).
A simple schematic of wavelength is depicted in Figure 13.4. Red
is the longest visible wavelength and violet is the shortest.



In the entire spectrum depicted in Figure 13.1, which includes
the visible region, the energy carried by a photon of a certain
wavelength is proportional to its frequency. The following equa-
tions describe these relationships:

c
=, 13.1
v=1 (13.1)
where
v = frequency
A =wavelength
¢ =velocity of light (c =3 x 10" cm/s).
F Wavelength— |
--3--
\ /\Ampl_nude/\
| 3
Higher Lower
frequency Visible spectrum frequency

Ultra violet (UV) Infrared (IR)
region region

I I I
400 500 600

Wavelength (nm)

I T
700 800

FIGURE 134 Visible light electromagnetic radiation wavelength
and amplitude.
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AE=hy, (13.2)

where

E =energy
v =frequency
h=Planck’s constant (h=6.6x 1077 ergs).

We can combine these two expressions by substituting
Equation 13.1 into Equation 13.2 to get the following
Equation 13.3, a useful relationship that relates the energy and
the wavelength.

AE=hE.

; (13.3)

13.3.2 Light Absorption Transitions

When a compound absorbs light, it produces a transition of an
outer valence shell electron from its ground energy state to a
higher energy level called an excited state. These transitions are
depicted in Figure 13.5. The highest energy transition involves
the absorption of ultraviolet light (190-400 nm) to the second
electronic excited state. The next transition is the absorption
of visible light (400-800nm) to the first electronic excited
state. Finally, there is the absorption in the infrared region
(1000-1500 nm), which is the lowest energy transition. According

A v=3 __ Second electronic
excited state
yv=2
y=1
v=0 —1 X
v=3————  First electronic
excited state
=2 |
TllV
> v=1—
5
ol v=0—
Tvis
Ground
v=3
state
v=2
e Tir —h— r=2
_i —_r= ]
v=0
™~ r=0

FIGURE 13.5 Three transitions involving the absorption of light. These include T\, for absorption in the ultraviolet region, 7\;s for absorption

in the visible region, and T, for the infrared region.
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to Figure 13.1, energy in the ultraviolet region has shorter wave-
lengths and higher frequencies and energies. Each electronic
excited state also has a number of vibrational levels (v =0, 1,
2, 3). When the electron relaxes, it will drop down to the lowest
vibrational level.

13.3.3 The Color Wheel

The color wheel shown in Figure 13.6 is used to predict
what color will be seen when a substance absorbs energy at dif-
ferent specific wavelengths. If something absorbs energy in a

620 nm

Red

800 nm
400 nm 580 nm
Violet
Yellow
Indigo
430 nm " 560 nm

490 nm

FIGURE 13.6 The color wheel.

wavelength range, then the complimentary color, which is
directly opposite in the color wheel, is observed. For example,
suppose something absorbs from 580 to 600 nm light, then
the complimentary color observed for the absorbing substance
will be blue. The example of red earlier would mean that the
substance or object is absorbing somewhere in the green region
from 490 to 560 nm.

13.3.4 Pigments

There are many examples of natural compounds, often referred to
as pigments or organic dyes that exhibit bold colors. Included in
these are the crimson pigment, kermesic acid, the blue dye,
indigo, and the yellow saffron pigment, crocetin. A compound
familiar to most of us is the deep-orange hydrocarbon carotene
widely distributed in plants. It is generally not sufficiently stable
to be used as a pigment, but can be used for food coloring. All of
these colored compounds have a feature that is commonly called
extensively conjugated m electrons from carbon—carbon double
bonds. Figure 13.7 depicts the structures of some of these colored
compounds.

13.3.5 Inorganic Elemental Analysis

Also related to this are the nonbonding electrons of double
bonds involving inorganic element such as Mn=0, which also
demonstrates color. There is a number of chromophore reagents
used to detect elements. This is done by reacting the element
with the chromophore reagent forming a characteristic color
(Table 13.1).

Some natural organic pigments

OH O CH,

L

HO OH
OH O
Kermesic acid

(Carminic acid)
from the insect Coccus cacti

CH; CH; H~,

7Z=H
Indigo
from Isatis tinctoria (woad)
Z=Br

0] Punicin or tyrian purple
o) from mollusks of the genus Murex
XTI o
g9 CHj,
from saffron

B-Carotene
from carrots

FIGURE 13.7 Examples of natural organic pigments.



TABLE 13.1 Elements Analyzed, Reagents, and Colors Formed
for Inorganic Elemental Analysis.

Element to
Detect Reagent Used Color Formed at A nm
Al 8-Hydroxyquinoline Yellow—295
Bi Thiourea Yellow—295
Ca Calcein Yellow/green—520
Cl as Cl, o-Tolidine Yellow—295
Co Ammonium thiocyanate Blue—620
Cr Diphenylcarbazide Red/violet—540
Cu FerroZine Brown—470
Fas F Cerous alizarin complexone ~ Wine red—512
Fe 1,10-Phenanthroline Red—512
Fe FerroZine Red—562
Mg 0,0'-Dihydroxyazobenzene Orange—485
Mn Periodate Purple—520
Mn Thiothenoyltrifluoroacetone ~ Purple—450
Mo Thiolactic acid Yellow/brown—450
P as PO~ Molybdate, hydrazine Blue—830
Pb Dithiozone Pink
Sas SO;*  Iodine I
Ti Hydrogen peroxide Yellow—295
U Arsenazo I or III Violet/blue—640
Zn Dithizone Pink

E102:

Tartrazine O3S

E107 : Yellow

2G

Cl
058
Cl
E110: Sunset
yellow
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13.3.6 The Azo Dyes

Another type of colored compound is the azo dyes; however, they
are not natural but have been prepared synthetically. The azo dyes
get their name from the azo group, -N=N-, which is part of their
structure. The synthetic azo dyes make up approximately 70% of
the dyes that are used in both the textiles industry and food man-
ufacture. The aromatic side groups stabilize the internal N=N
group making it part of an extended delocalized conjugated sys-
tem. Figure 13.8 depicts a few of the azo dyes commonly in use
today as coloring agents for food. The azo dyes are relatively
inexpensive to produce, nontoxic, and more stable than the nat-
ural dyes.

Sources:

* http://en.wikipedia.org

* http://www.chm.bris.ac.uk/webprojects2002/price/azo.htm

* http://mst.dk/udgiv/publications/1999/87-7909-548-8/html/
kap05_eng.htm

* Fennema, O.R.: Food Chemistry, 3rd edition, 1996

* Bateman et al; The effects of a double blind, placebo con-
trolled, artificial food colourings and benzoate preservative

challenge on hyperactivity in a general population sample of
preschool children. Archives of Disease in Childhood 2004;

N=N TT COO
/\N/N

SO,

o}
N N
\ N\
N=— N SO;
CH,

OH
05 @NN
SO3

FIGURE 13.8 Examples of the azo dyes.
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FIGURE 13.8 (Continued)




89:506-511 plus reactions : Eigenmann PA, Haengelli CA.
Food colourings and preservatives—allergy and hyperac-
tivity. Lancet 2004; 364:823—4 and Stevenson et al.,
Rejoinder to Eigenmann PA, Haengelli CA, Food colour-
ings and preservatives—allergy and hyperactivity (Lancet

TABLE 13.2 FDA-Approved Food Color Additives.
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2004; 364:823—-4) and an erratum, Archives of Disease in
Childhood 2005; 90:875.

Table 13.2 contains a list of FDA-approved food color

additives.

Color Additives Approved for Use in Human Food Part 73, Subpart A: Color additives exempt from batch certification

Year
21 CFR Section Straight Color EEC# Approved Uses and Restrictions
§73.30 Annatto extract E160b 1963 Foods generally
§73.40 Dehydrated beets (beet powder) E162 1967 Foods generally
§73.75 Canthaxanthin El6lg 1969 Foods generally, NTE 30 mg/lb of solid or semisolid food or per
pint of liquid food; May also be used in broiler chicken feed
§73.85 Caramel E150a—d 1963 Foods generally
§73.90 B-Apo-8'-carotenal E160e 1963 Foods generally, NTE: 15 mg/lb solid, 15 mg/pt liquid
§73.95 B-Carotene E160a 1964 Foods generally
§73.100 Cochineal extract E120 1969 Foods generally
Carmine 1967
§73.125 Sodium copper chlorophyllin El41 2002 Citrus-based dry beverage mixes NTE 0.2% in dry mix; extracted
from alfalfa
§73.140 Toasted partially defatted - 1964 Foods generally
cooked cottonseed flour
§73.160 Ferrous gluconate - 1967 Ripe olives
§73.165 Ferrous lactate - 1996 Ripe olives
§73.169 Grape color extract E163? 1981 Nonbeverage food
§73.170 Grape skin extract (enocianina) E163? 1966 Still & carbonated drinks & ades; beverage bases; alcoholic
beverages (restrict. 27 CFR Parts 4 & 5)
§73.200 Synthetic iron oxide E172 1994 Sausage casings NTE 0.1% (by wt)
§73.250 Fruit juice - 1966 Foods generally
1995 Dried color additive
§73.260 Vegetable juice - 1966 Foods generally
1995 Dried color additive, water infusion
§73.300 Carrot oil - 1967 Foods generally
§73.340 Paprika E160c 1966 Foods generally
§73.345 Paprika oleoresin E160c 1966 Foods generally
§73.350 Mica-based pearlescent - 2006 Cereals, confections and frostings, gelatin desserts, hard and
pigments soft candies (including lozenges), nutritional supplement
tablets and gelatin capsules, and chewing gum
§73.450 Riboflavin E101 1967 Foods generally
§73.500 Saffron El164 1966 Foods generally
§73.575 Titanium dioxide E171 1966 Foods generally; NTE 1% (by wt)
§73.585 Tomato lycopene extract; tomato ~ E160 2006 Foods generally
lycopene concentrate
§73.600 Turmeric E100 1966 Foods generally
§73.615 Turmeric oleoresin E100 1966 Foods generally

Color Additives Approved for Use in Human Food Part 74, Subpart A: Color additives subject to batch certification

Year
21 CFR Section Straight Color EEC# Approved Uses and Restrictions
§74.101 FD&C Blue No. 1 E133 1969 Foods generally
1993 Added Mn spec
§74.102 FD&C Blue No. 2 E132 1987 Foods generally
§74.203 FD&C Green No. 3 - 1982 Foods generally
§74.250 Orange B - 1966 Casings or surfaces of frankfurters and sausages;
NTE 150 ppm (by wt)
§74.302 Citrus Red No. 2 - 1963 Skins of oranges not intended or used for processing;
NTE 2.0 ppm (by wt)
§74.303 FD&C Red No. 3 E127 1969 Foods generally
§74.340 FD&C Red No. 40 E129 1971 Foods generally
§74.705 FD&C Yellow No. 5 E102 1969 Foods generally
§74.706 FD&C Yellow No. 6 E110 1986 Foods generally
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FIGURE 13.9 Color producing electronic energy changes.

13.3.7 UV-Visible Absorption Spectra

We have looked at a number of organic molecules that absorb
light and are observed to have colored solutions. As we saw ear-
lier by the color wheel, the color of a compound, usually in water
or an organic solvent depends on the wavelength of absorbed
light. Let us take a deeper look at how atoms and molecules
absorb light to produce different colors. In this respect, when
we refer to light, we are talking about white light that contains
wavelength ranges from 200 to 800 nm. When atoms or mole-
cules of our sample that we are testing are exposed to light having
an energy that matches a possible electronic transition within
the molecule, some of the light energy will be absorbed as the
electron (n-bonding or n-bonding) is promoted to a higher energy
orbital. Always, energetically favored electron promotion will be
from the “highest occupied molecular orbital” (HOMO) to the
“lowest unoccupied molecular orbital” (LUMO), producing what
is called an excited state.

Let us start by looking at a simple gaseous atom electronic
transition example. Suppose a ground-state magnesium atom
(Mgp) absorbs a photon of 590 nm wavelength and promotes
to the first excited state (Mg;). The electron has transitioned from
the 3s orbital to the 3p orbital. Suppose the magnesium atom
absorbs a photon of 335 nm wavelength and promotes to the sec-
ond excited state (Mg;). An electron has now transitioned from
the 3s orbital to the 4p orbital. The electronic configuration of
a ground-state magnesium atom is 1s*2s*2p®3s3p°, or in short
notation [Ne]3s*3p°. The electronic configuration of the first
excited state magnesium atom is [Ne]3s'3p’, and for the second
excited state magnesium atom [Ne]3s'3p4p'. The absorption
of light for gaseous atoms generally has very sharp absorption
versus wavelength spectra.

The light absorption behavior for molecules is quite different
than the simple gaseous magnesium atom just discussed. There
are three types of energy changes when molecules absorb light
energy: electronic, which is the change in the energy of electrons
in the molecule; vibrational, which is the change in the distance
of atoms in the molecule; and rotational, which is the change in
energy of the rotation of the molecule around a center. The types
of electronic energy changes that produce color are associated

with two transitions that are depicted in Figure 13.9. These are
the left two transitions involving n-bonding and n nonbonding
transitioning to an excited state m* antibonding. The energy
changes involving vibrational and rotational changes are lower
energy changes in the infrared energy, while the electronic
changes involve higher energies in the ultraviolet and visible
spectra. Molecular absorption of UV/Vis light involves many
transitions including sublevel transitions that generally result in
a much broader spectrum, depicted in Figure 13.10 for trans-
[-carotene.

13.3.8 Beer’s Law

In Figure 13.10, we can see that the absorbance of a substance can
increase and decrease with different wavelengths. Often, we use
what are called absorbance maximum wavelengths for spectro-
photometric analysis. It may also be obvious that as the concen-
tration of a substance increases in solution, then the associated
absorbance will also increase due to a greater number of species
being present. This brings us to an important relationship
between concentration and absorbance used in the analytical
laboratory called Beer—Lambert law (or for short usually referred
to as Beer’s law). Beer’s law states that the absorbance of a sub-
stance is proportional to the concentration of the substance, the
path length that the absorbing light travels through the sample,
and the probability that absorbance takes place with an individual
part of the substance, such as each molecule or atom.

The passage of light through a container holding a substance
onto a detector is depicted in Figure 13.11. If the incident light is
designated as Py and the light that has passed through to the
detector as P, then we can express the absorbance (A) as the dif-
ference in the logarithms of the incident and detected light:

P,
Absorbance (A) = log Py—log P= log?o. (13.4)

A spectrophotometer is used to measure the different wave-
lengths that are being absorbed by the analyte, and the magnitude
of the absorbance.
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Sigma Prod. No.:
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Mol. Form.:
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Amax’

Solubility:

85,555-3
C9750

[7235-40-7]
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CyoHse

536.89

178-179°C
Red-orange powder
450(478) nm in hexane
H,O 0.6 mg/ml

EGME 3 mg/ml
EtOH 2 mg/ml
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FIGURE 13.10 Beta-carotene UV/Vis spectrum. A large maxima is observed at approximately 450 nm due to the extensive double bond
conjugation contained within the structure of beta-carotene. (Reproduced with permission of Sigma-Aldrich Co. LLC from The Sigma-
Aldrich Handbook of Stains, Dyes and Indicators by Floyd J. Green, 1990, Aldrich Chemical Company, Inc., p. 194.)
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FIGURE 13.11 Incident and transmitted light through a sample.

I

where

a=

absorptivity, a characteristic of a substance that is constant

at a given wavelength
b =the path length that the incident light travels through the

analyte solution, in centimeters

¢ =the concentration of the analyte in solution, expressed in
mg/l (ppm), g/100 ml, and so on.

The units of a will depend on the concentration units, and a is
also specific to a single wavelength (thus monochromatic).
When the concentration of the absorbing species is expressed

in molarity (M), the molar absorptivity (¢) is used and Beer’s law

is expressed in the form:

Beer’s law is generally referred to as the fundamental law of

spectroscopy written in the following form:

P
]og—0 =A=abc,
P

where

(13.5)

A=¢bc, (13.6)

& =molar absorptivity, a characteristic of a substance that is
constant at a given wavelength
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b =the path length that the incident light travels through the
analyte solution, in centimeters

¢ =the concentration of the analyte in solution, expressed in
molarity, M, with units mole/L

€ is expressed in 1/mole cm, and it is generally designated at
the wavelength of maximum absorbance.

There is a direct relationship between the absorbance and
the transmittance of the incident light energy passing through
the analyte solution. The transmittance T is equal to the ratio
of the transmitted light P to that of the incident beam radiant
power Py,

T=—.

’ (13.7)

The relationship of transmittance to Beer’s law can thus be
expressed as

A UV/Vis spectrum obtained from a spectrophotometer can
be illustrated in two manners as either absorbance (A) versus
wavelength (4, nm) or percent transmittance (%7). In quantitative
analysis, the absorbance is used and usually ranges from O to 2.
Percent transmittance ranges from 0 to 100. Figure 13.12 depicts
the UV/Vis spectrum of carminic acid as absorbance versus
wavelength. In the spectrum, there is a small amount of absorb-
ance at approximately 500 nm due to short segments of conju-
gated double bonding. The major absorbance occurs in the
lower UV region from approximately 280 to 200 nm.

The absorbance and %T can be obtained interchangeably from
the following relationship:

A=-logT=-log(%T/100). (13.9)

13.4 UV/VISIBLE SPECTROPHOTOMETERS

There are numerous spectrophotometers on the market today.
The majorities of spectrophotometers are computer controlled

P
—log— = -logT = ebc. (13.8)
Py
Aldrich Cat. No.: 22.925-3
Sigma Prod. No.: C3522
CAS No.: [1260-17-9]
C.l. No.: 75470
Mol. Form.: CoHy0013
F.W.: 492.40
Appearance: Dark-red powder
Amaxt 495nm in methanol
Solubility: H,0 4mg/ml
EGME 4 mg/ml
EtOH 2 mg/ml
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FIGURE 13.12
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The UV/Vis spectrum of carminic acid as absorbance versus wavelength. Small amount of absorbance at approximately

500 nm due to short segments of conjugated double bonding. The major absorbance occurs in the lower UV region from approximately
280 to 200 nm. (Reproduced with permission of Sigma-Aldrich Co. LLC from The Sigma-Aldrich Handbook of Stains, Dyes and
Indicators by Floyd J. Green, 1990, Aldrich Chemical Company, Inc., p. 193.)



FIGURE 13.13 Scale of absorbance and transmittance on a
spectrophotometer.

S—

FIGURE 13.14 GENESYS=x 20 Visible Spectrophotometer as an
example of an instrument with readout and keypad. (Used by
permission from Thermo Fisher Scientific, the copyright owner.)

FIGURE 13.15
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and offer software that allows the user many functions toward
UV/Vis studies. The computer control may consist of an LCD
readout screen with a keypad right on the instrument, or a per-
sonal computer connected to the instrument. The earliest spectro-
photometric instruments used had very simple readouts, where
a scale was presented with absorbance (A) on one side and per-
cent transmittance (%7) on the other. A needle pointer that
spanned the scale gave the operator a location to read the values,
as depicted in Figure 13.13.

A basic design of the spectrophotometer is depicted in
Figure 13.14 for the GENESY S+ 20 Visible Spectrophotometer,
where this instrument has a readout and keypad located to the
left of the top face. On the right is the sample compartment where
in this model a test tube containing the sample is inserted into
a holder in the compartment.

A similar designed spectrophotometer is depicted in
Figure 13.15 of the Beckman Coulter DU 730. Here, we can
see the sample compartment has been opened to the right ready
for sample insertion.

An example of a computer-controlled spectrophotometer using
a computer screen visual output is depicted in Figure 13.16 for
the Beckman Coulter DU 800 series instrument.

The internal optics of these spectrophotometers can be quite
complex. Figure 13.17 is the Varian Cary 300 series spectropho-
tometer that also is computer controlled with full-screen output.
The internal optics for the Varian Cary 300 is depicted in
Figure 13.18, where we can see that the light paths actually pass
through a number of processes and redirections.

Cuvettes or cells are what are generally used to hold samples
for introduction into the spectrophotometer for measurement.
The cells can be made of quartz or plastic depending upon what
wavelength range is to be measured. If in the visible range from
380 to 800 nm, analytical labs will often use plastic disposable
cells for measurement. If the UV range is being measured from
190 to 380 nm, it is usually best to use a quartz cell. The cuvettes
or cells come in a variety of sizes and volumes with different path

Beckman Coulter DU 730 spectrophotometer. (Photo courtesy of Beckman Coulter, Inc.)
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FIGURE 13.16 Beckman Coulter DU 800 series spectrophotometer. (Photo courtesy of Beckman Coulter, Inc.)

FIGURE 13.17 Varian Cary 300 series spectrophotometer.

length. The typical rectangular cuvette cell as depicted in
Figure 13.19 will have a path length of 1 cm and a volume of
3.5ml. The sizes available include large cells with path lengths
up to 10 cm and volume of 35 ml. Microcells are also available that
may have a 1 cm path length with a volume of 1.4 ml, as depicted

in Figure 13.20. Cylindrical cells are also used as depicted in
Figure 13.21 that allow long path lengths and even flow through.
Finally, Figure 13.22 depicts examples of plastic disposable cells.

We will now look at a specific example of a spectrophotomet-
ric study of colored dye compounds.



Reduced cost of ownership
The sealed optics prevent
exposure to corrosive
environments, extending the
instrument’s lifetime and
reducing service costs.

Quartz overcoated optics
Protects optics from the
environment ensuring
optical performance is
maintained throughout the
life of the instrument.

Choice of modes
Although the Agilent Cary
100 and 300 are a double
beam design they can
operate in single, double,

or dual-single beam modes
to extend sampling capacity.

FIGURE 13.18

Premonochromator

extends range

The Agilent Cary 300 has a
premonochromator, extending
its linear photometric range
typically past 6.0 absorbance
units (Abs). The Agilent
Cary 100 has a working
range past 4.0 Abs.

Accessory controller

The accessory controller
offers centralized accessory
control, allowing you to
control Agilent and common
third-party accessories.
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No peak shifts

A phase locked wavelength
drive prevents peak shifts
and peak suppression at high
scan speeds.

Variable slits
Providing optimum
control over spectral
resolution.

Superior optical design
Double choppers ensure that
the sample and reference
beam strike the detector at
the same point, eliminating
any errors due to non-
uniformity of the detector.

Internal optics of the Varian Cary 300 series spectrophotometer.

Large sample
compartment
Giving you more
flexibility in sample
size.
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FIGURE 13.19 Rectangular quartz cuvette cell with 1cm path
length and a volume of 3.5 ml.

FIGURE 13.20 Micro quartz cuvette cell with 1 cm path length and a
volume of 1.4 ml.

FIGURE 13.21 Cylindrical quartz cells.

FIGURE 13.22 Disposable plastic cells.

13.5 SPECIAL TOPIC (EXAMPLE)—
SPECTROPHOTOMETRIC STUDY OF
DYE COMPOUNDS

13.5.1 Introduction

One of the major problems with anticancer therapy is the effec-
tive delivery of the anticancer agent to the tumor site. Skin per-
meability studies have demonstrated that the coupling of the
anticancer agent AO0O7 with a carrier dye molecule (methylene
green, MEG; methylene blue, MEB; and toluidine blue, TB;
see Figure 13.23 for structures) increases AOO07’s therapeutic
activity, with a rating from most effective, to least, as MEG >
MEB > TB. Electrospray ionization tandem mass spectrometry
(ESI-MS/MS) has been used to study the characteristics and
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FIGURE 13.23  Structures of (a) 4,4’-dihydroxybenzophenone-2,4-dinitrophenylhydrazone (A007), (b) methylene blue (MEB) double salt, (c)
toluidine blue (TB) double salt, and (d) methylene green (MEG) double salt.

relative binding strengths of the three dyes, MEG, MEB, and TB,
complexed with AOO7. The gas-phase binding strengths of the
three complexes, determined by ESI-MS/MS, were ranked in
the following order: MEG > MEB > TB, which indicates that a
stronger binding between the carrier and anticancer agent directly
correlates to a greater efficacy. A high-performance liquid chro-
matography (HPLC) method has been developed for the determi-
nation of AOO7 in plasma, but not for the complexes that are
formed between A007 and carrier compounds. An HPLC method
is being developed in order to rank the binding strengths of car-
rier:A0O07 complexes. This will effectively gave a “solution-
phase” ranking of binding strengths. The question to answer is
whether the solution phase-bound A007:dye complexes have
unique absorbance maxima that will allow measurement using
HPLC coupled with a UV/Vis detector.

13.5.2 Experimental Setup for Special Topic Discussion

The UV/VIS experiments were performed with a PC-controlled
CARY 500 Scan UV-Vis—NIR Spectrophotometer (Varian
Australia Pty. Ltd.). The fluorescence experiments (we will look

at the results of this study in the next Fluoroscopy Chapter 14)
were performed with a PC-controlled Photon Technology
International Fluorometer (PTI, Canada).

To mimic physiological conditions, all solutions are at a pH
of 7.4, but adjusted due to the change in H* activity for a 50%
methanol and 50% water mixture.

13.5.3 UV/Vis Study of the Compounds and Complexes

Figure 13.24 depicts UV/Vis spectra of the complexes formed
between the three dyes and A0O7. What is observed from the
spectra is that each compound contains a unique absorbance
peak which can be used to detect and monitor the compounds
and complexes without interference. The three dyes used in
the study, methylene green, methylene blue, and toluidine blue,
have unique absorbance maxima at 656, 662, and 630 nm,
respectively. The anticancer agent AOO7 has an absorbance max-
imum between 398 and 405 nm. Both dye and A0O7 peaks are
found in the complexes, and the AO07 max at 398 nm can be used
to detect the complex for HPLC retention times. The question set
forth has been answered.
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FIGURE 13.24 UV/Vis absorbance spectrums of AO07:Dye complexes illustrating absorbance maximums of (a) 405 n + m for A0O07, 662 nm

for MEB, (b) 630 nm for TB, and (c) 656 nm for MEG.

13.6 CHAPTER KEY CONCEPTS

13.1  The analytical laboratory utilizes the phenomenon of the
electromagnetic spectrum for analyses.
13.2  Chemists and technicians make use of the special interac-

tion of molecules with electromagnetic radiation, with the
assistance of analytical instrumentation, such as UV/Vis

13.3

spectrophotometers, fluorometers, and FTIR to measure,
identify, and even quantitate compounds of interest.

UV/Vis and fluorimetry analysis is done with com-
pounds in solution where the analyte of interest will
either be measured directly according to its spectroscopic
properties, or it may be combined with a chromophore or
fluorophore to allow its measurement.
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13.17

The entire electromagnetic spectrum comprises very
short wavelengths (including gamma and X-rays) to very
long wavelengths (including microwaves and broadcast
radio waves).

The sunlight (or white light) that we see as uniform or
homogeneous in color is composed of a broad range of
radiation wavelengths in the ultraviolet (UV), visible,
and infrared (IR) portions of the spectrum.

Visible light electromagnetic radiation is described in a
dual manner as a wave phenomenon (wave theory),
and also by a particle theory which is required to describe
the absorption and emission of radiant energy.

The “wavelength” is the distance between adjacent peaks
(or troughs), and may be designated in meters, centi-
meters or nanometers (10_9 m).

The “frequency” is the number of wave cycles that travel
past a fixed point per unit of time, and is usually given in
cycles per second, or hertz (Hz).

The energy carried by a photon of a certain wavelength is
proportional to its frequency.

v=-

A
AE=hv

c
AE=h-
A

When a compound absorbs light, it produces a transition
of an outer valence shell electron from its ground energy
state to a higher energy level called an excited state.
The highest energy transition is the absorption of
ultraviolet light (190-400 nm) to the second electronic
excited state. The next transition is the absorption of vis-
ible light (400-800 nm) to the first electronic excited
state. Finally, there is the absorption in the infrared
region (1000-1500 nm), which is the lowest energy
transition.

The color wheel is used to predict what color will be seen
when a substance absorbs energy at different specific
wavelengths.

If something absorbs energy in a wavelength range, then
the complimentary color, which is directly opposite in
the color wheel, is observed.

The nonbonding electrons of double bonds involving
inorganic element such as Mn=0 also demonstrates color.

Another type of colored compound is the azo dyes;
however, they are not natural but have been prepared
synthetically. The azo dyes get their name from the
azo group, -N=N-, which is part of their structure.
Energetically favored electron promotion will be from
the HOMO to the LUMO, producing what is called an
excited state.

There are three types of energy changes when molecules
absorb light energy: electronic which is the change in the
energy of electrons in the molecule; vibrational, which is

13.18

13.19

13.20

13.21

13.22

13.23

13.7

13.1

13.2

13.3
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the change in the distance of atoms in the molecule; and
rotational, which is the change in energy of the rotation
of the molecule around a center.

Beer’s law states that the absorbance of a substance is
proportional to the concentration of the substance, the
path length that the absorbing light travels through the
sample, and the probability that absorbance takes place
with an individual part of the substance, such as each
molecule or atom.

P
Absorbance (A) = log Py—log P= logFO .

A spectrophotometer is used to measure the different
wavelengths that are being absorbed by the analyte,
and the magnitude of the absorbance.

Beer’s law is generally referred to as the fundamental law
of spectroscopy written in the following form:

P
log?0 =A=abc.

There is a direct relationship between the absorbance and
the transmittance of the incident light energy passing
through the analyte solution.

A=-logT=-1log(%T/100).

The majorities of spectrophotometers are computer
controlled and offer software that allows the user many
functions toward UV/Vis studies.

Cuvettes or cells are what are usually used to hold
samples for introduction into the spectrophotometer for
measurement.

CHAPTER PROBLEMS

What is the absorbance of a solution with a %T of 73%
at 350 nm?

Determine the absorbance of each solution.
. Transmittance of 0.63.

. Transmittance of 0.97.
. Transmittance of 0.32.

e o0 O P

. Transmittance of 0.71.

Determine the absorbance of each solution.

Percent transmittance of 0.55%.
Percent transmittance of 68.9%.
Percent transmittance of 82.63%.

S A

Percent transmittance of 95%.
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If a system has a desired absorbance range of
0.095-0.155, what is the associated percent transmission
(%T) range?

What is the absorptivity, a, of a copper solution that
is 3.2x107>M and has an absorbance of 0.299 at
266 nm in a 1.50 cm cell?

What is the concentration of a solution that has an
absorbance of 0.325 at 460 nm in a 2.0 cm cell, and a
molar absorptivity, €, of 12.5 I/mole cm?

A solution in the lab has an absorbance of 0.663 in a
1.0 cm cell, too concentrated for an accurate measure-
ment. The sample is diluted from 1 to 5ml and then
measured in a 2.0 cm cell. If the measurement is linear,
what is the expected absorbance?

If the molar absorptivity of the analyte in Problem 13.7
is € =8.321/mole cm, what is the concentration of the
solution?

The absorbance of a 0.855M standard of a complex
between magnesium and ASN (mg-ASN) was collected
from 320 to 490 nm in 10 nm steps. Plot the data and
determine the best wavelength to collect them.

Wavelength Wavelength

(nm) Absorbance (nm) Absorbance
320 0.125 410 0.267
330 0.158 420 0.255
340 0.174 430 0.231
350 0.199 440 0.217
360 0.221 450 0.189
370 0.244 460 0.163
380 0.275 470 0.146
390 0.288 480 0.131
400 0.281 490 0.114

What is the molar absorptivity, &, of the mg-ASN
complex if the solution in Problem 13.9 was 0.855M
ina1.0cm cell?

What is the concentration of an mg-ASN solution that
has an absorbance of 0.198 at 288 nm in a 0.5 cm cell?

13.12

13.13

13.14

13.15

13.16

13.17

13.18

If we were to measure the solution described in
Problem 13.11 using a 1.0 cm cell, would the absorbance
be doubled?

A colored calcium complex was measured with the
following standards and tabulated. Using ChemTech or
Excel®, plot the data.

Standard Ca concentration (ppm) Absorbance
1 1.1 0.110
2 32 0.215
3 5.1 0.313
4 72 0.435
5 10.0 0.588

From the slope of the best fit equation, determine the
absorptivity in 1/mgcm, and the molar absorptivity in
I/mole cm. Assume that the cell path length is 1 cm.

If an unknown sample has an absorbance of 0.339,
calculate the concentration of the sample in ppm and
in molarity (M).

The chromophore retinal absorbance at 280 nm was
measured for a set of standards and recorded. Using
ChemTech or Excel®, plot the data.

Standard Retinal concentration (%) Absorbance
1 0.15 0.048
2 0.25 0.093
3 0.38 0.136
4 0.50 0.171
5 0.75 0.208

If an unknown sample has an absorbance of 0.198, using
the ChemTech-ToolKit calculate the concentration of the
sample in % and in molarity. The molar mass of retinal is
284.44 g/mol.

If an unknown sample has an absorbance of 0.210, using
the ChemTech-ToolKit calculate the concentration of the
sample in % and in molarity.
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14.1  Introduction to Fluorescence
14.2  Fluorescence and Phosphorescence Theory
14.2.1 Radiant Energy Absorption
14.2.2  Fluorescence Principle—Jablonski Diagram
14.2.3 Excitation and Electron Spin States
14.3  Phosphorescence
14.4  Excitation and Emission Spectra
14.5 Rate Constants
14.5.1 Emission Times
14.5.2 Relative Rate Constants (k)
14.6  Quantum Yield Rate Constants
14.7  Decay Lifetimes
14.8  Factors Affecting Fluorescence
14.8.1 Excitation Wavelength (Instrumental)

14.1 INTRODUCTION TO FLUORESCENCE

In Chapter 13, Ultraviolet/Visible (UV/Vis) Absorption Spec-
troscopy, we studied the theory and application of UV/Vis
spectroscopy where the absorbance of radiant energy was used
to detect and quantitate molecules. In molecular absorbance
photospectroscopy, the absorbance of the incident radiant
energy is proportional to the concentration of the analyte accord-
ing to Beer’s law:

P
Absorbance (A) = log Py—log P= logF0 (14.1)

P
log?o =A=abc, (14.2)

where

a = absorptivity, a characteristic of a substance that is constant
at a given wavelength

b =the path length that the incident light travels through the
analyte solution, in centimeters

c =the concentration of the analyte in solution, expressed
in mg1™" (ppm), g/100 ml, and so on.

14.8.2 Light Source (Instrumental)
14.8.3 Filters, Optics, and Detectors (Instrumental)
14.8.4 Cuvettes and Cells (Instrumental)
14.8.5 Structure (Sample)
14.9  Quantitative Analysis and Beer—Lambert Law
14.10 Quenching of Fluorescence
14.11 Fluorometric Instrumentation
14.11.1 Spectrofluorometer
14.11.2 Multidetection Microplate Reader
14.11.3 Digital Fluorescence Microscopy
14.12 Special Topic—Flourescence Study of Dye-A007
Complexes
14.13 Chapter Key Concepts

14.14 Chapter Problems

Fluorescence and the closely related phosphorescence are
processes that include absorbance of radiant energy of infrared,
visible, or ultraviolet light, which is followed by the release of
quanta of energy that are subsequently detected and measured.
Collectively, fluorescence, phosphorescence, and chemilumines-
cence are known as molecular luminescence. In chemilumines-
cense, an excited species is formed through a chemical reaction
that results in emission of energy. There are in fact many types
of other luminescence including radioluminescence, electrolumi-
nescence, electroluminescence, and bioluminescence. Incandes-
cence is the emission of radiation from a hot body system due
to its condition of high temperature. Luminescence, on the other
hand includes all other types of light emission. Most organic mole-
cules and inorganic compounds will luminescence or emit photons
when excited to higher electronic states. In proteins, the aromatic
amino acids tyrosine, tryptophan, and phenylalanine fluoresce.
The nucleotides cytosine, thymine, guanine, uracil, and adenine
in DNA and RNA fluoresce. Aromatic compounds makeup
the largest group of luminescing compounds. Fluorescence and
phosphorescence are photoluminescent processes, where it is inci-
dent energy that excites the species resulting in emission of
photons. Fluorescence is a faster process as compared to phospho-
rescence, where the release of energy is almost instantaneous.

Analytical Chemistry: A Chemist and Laboratory Technician’s Toolkit, First Edition. Bryan M. Ham and Aihui MaHam.

© 2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc.



240 FLUORESCENCE OPTICAL EMISSION SPECTROSCOPY

Phosphorescence is emission that is accompanied with a change
in electron spin that results in irradiation that lasts up to a few
seconds.

14.2 FLUORESCENCE AND PHOSPHORESCENCE
THEORY

14.2.1 Radiant Energy Absorption

Radiant energy is absorbed by atoms or molecules in definite
units, which are called quanta. One quantum of energy (E) is
directly proportional to its frequency of oscillations repre-
sented as

E=hv=—, 14.3
v=" (143)

where

v = frequency (s™hH

A =wavelength (either nm or cm)
h=Plank’s constant (6.626 x 1073*J s)
¢ =speed of light (3.0 x 10® m)

In physics, the energy value is coupled to the work using units
of Joules J. Often in spectroscopy the unit used to represent
energy is the inverse centimeter (cm™') where hc ~2 x 10722,

The quantity used in quantum efficiency calculations is the
einstein based on the number of single molecules in a gram mol-
ecule as N quanta, where N=6.023 x 10%. In this way, the
absorption of one einstein is the energy needed for the reaction
of one gram mole.

Excited species are formed with the absorption of incident
radiation (light), which imparts energy to the molecules. The
excited molecules then release some of this energy in the form
of light emission. The efficiency in which the light is absorbed
and then released is called the quantum efficiency and is
described as

einsteins emitted _ quanta emitted

= = . 144
einsteins absorbed quanta absorbed ( )

Note that in the perfect sense where the quanta emitted is equal
to the quanta absorbed, the quantum efficiency would be unit or
equal to 1 (®E =1). Thus, since the quanta emitted can never be
greater than the quanta absorbed, the quantum efficiency will
always be less than or equal to 1 (PE<1).

14.2.2 Fluorescence Principle—Jablonski Diagram

Jablonski diagrams describe light absorption and emission and
demonstrate different molecular processes happening in the
excited states during fluorescence. Figure 14.1 is a schematic
of a typical Jablonski diagram. In the Jablonski diagram, Sq
shows a singlet ground state, and S; and S, show first and second
excited states, respectively. At each different state, the notations
0, 1, and 2 mean different vibrational energy levels. T| means the
first triplet state. When a fluorophore absorbs light, it will excite
from the singlet ground state to the first or second excited states.
Internal conversion usually occurs when the excited fluorophore
molecules relax from the second excited state to the first excited
state. This process normally happens before the emission starts,
so generally we see the absorption and emission spectra are the
mirror images of each other because the electrons excited do
not change the nuclear geometry. Intersystem crossing happens
when the electrons in the first excited state S; transit to the triplet
state T,. This process will emit phosphorescence which is lower
in energy compared to fluorescence.

14.2.3 Excitation and Electron Spin States

Excitation of atomic and molecular species can come in many
forms. For example, gamma rays produce nuclear excitation reac-
tions, X-rays produce transitions of inner atomic electrons, ultra-
violet and visible lights produce transitions of outer atomic
electrons, infrared produces molecular vibrations, far infrared
produces molecular rotations, and long radio and radar waves
produce oscillations of mobile or free electrons. All of these

Excited state Internal
— conversion o
v Vibrational
S, T 7 1 relaxation Y T,
M d Intersystem I
A Si A Y crossing
NNy ———————
X i —
—
Absorption Fluorescence
Phosphorescence
So - v+
Ground state
FIGURE 14.1 Jablonski diagram.
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FIGURE 14.2 The spins for singlet ground state (Sy), doublet ground state (Dy), triplet excited state (T;), and singlet excited state (S;).

are examples of excitation produced from the absorbance of inci-
dent energy. In fluorescence and phosphorescence, the processes
involve the outer atomic electrons. Take for instance the absorp-
tion of energy of gaseous atomic calcium at 422.7 nm exciting
a valence shell electron from the 4s level to the 3d level. After
a few seconds, the atom will release energy at a wavelength of
422.7 nm in all directions returning to the ground state. For
atoms, the emitted wavelength is often at a value that is the same
as the absorbed wavelength because atoms do not have the same
vibrational energy levels as molecules. The type of fluorescence
with the release of energy without a change in frequency is
known as resonance fluorescence and is common with excited
atoms. Most organic molecules will release energy at longer
wavelength than the excitation due to a shift known as the
Stokes shift.

14.2.3.1 Quantum Numbers Electrons in atoms possess four
quantum numbers (, [, ml, and ms). The definitions of the quan-
tum numbers are

principle (1 s, 3p...)

angular momentum (/ =0=s, /=1=p...)
spin (s =+1/2 or —1/2), and

magnetic.

3 e ~=

The Pauli exclusion principle states that two electrons cannot
have the same four quantum numbers and that only two electrons
can occupy each orbital and their spins must be opposite. Spin
pairing results in what is known as a diamagnetic state where
the molecule does not exhibit a magnetic field and are not
repelled or attracted by a static electric field. When a molecule
has an unpaired electron, it will possess a magnetic moment, will
be attracted to a magnetic field, and is called paramagnetic. Free
radicals are an example of paramagnetic molecules. If two elec-
trons are in the same orbital, they will have the same n, 1, and m
quantum numbers, but different spins.

14.2.3.2 Electron Spin States We know that two electrons
that are located in the same orbital must have different spins:

(14.5)

§=>lsil, (14.6)
where +1/2 is a spin-up while —1/2 is a spin-down. The state of
the electron is determined from its multiplicity:
2S+1 (either 1, 2, 3...). (14.7)
The spins for singlet ground state (Sy), doublet ground state
(Dy), triplet excited state (T;), and singlet excited state (S;) are
depicted in Figure 14.2. The singlet, doublet, and triplet states
are derived for the multiplicity. The simplest state is the rest ground
state of the singlet Sy, where the two electrons are in the lowest
level and have opposite spins. The multiplicity is 2S + 1 =2(+1/
2-1/2)+ 1 =1 for the singlet state. For the excited singlet state,
the multiplicity is still 2S + 1 =2(+1/2 - 1/2) + 1 =1 for the singlet
state. For the doublet state, the multiplicity is 2(+1/2) + 1 =2. For
the excited triplet state, the multiplicity is 2(+1/2+ 1/2) + 1 =3.
The transition from the ground singlet state to the excited
singlet state has a greater probability of taking place as compared
to the transition to the excited triplet state. This has been born
out through experimentation where the absorption band for the sin-
glet to triplet state is much weaker than that of the singlet to singlet
state. The transition to the triplet state requires a change in electron
spin or electronic state. Under normal conditions at room temper-
ature, most molecules will exist in the ground singlet state.

14.3 PHOSPHORESCENCE

Phosphorescence differs from fluorescence where in phosphores-
cence there is an electron spin change resulting in a long excited-
state lifetime on the order of seconds to minutes. In comparison,
the fluorescence process (predominantly singlet state) does not
involve an electron spin change (triplet state) resulting in much
shorter excited-state lifetimes on the order of less than 107 s.
Even though quantum theory does predict the existence of a
triplet excited state, the direct transition from the ground singlet
state to the excited triplet state is forbidden. The process that
produces the triplet state is generally derived from an excited sin-
glet state that possesses a lowest vibrational level that has the
same energy as an upper vibrational level of the triplet state.
The conversion from the excited singlet state to the excited triplet
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state is known as intersystem crossing and is depicted in
Figure 14.1. The emission of light with phosphorescence is
delayed as compared to fluorescence. In fluorescence, the transi-
tion from the excited singlet state to the ground state with the
emission of light takes place rapidly from 107 to 10~ s. In phos-
phorescence, the transition from the excited triplet state to the
ground state is much slower on the order of 107* sup to
1-2 min. After the intersystem crossing, the excited triplet state
possesses lower energy than the associated excited singlet state.
Thus, we observe the emission in phosphorescence to take place
at higher wavelengths than with fluorescence.

14.4 EXCITATION AND EMISSION SPECTRA
As we have seen in the Jablonski diagram, when a system absorbs

incident radiant energy elevating an electron to an excited state,

(a)
100

Absorption

Relative absorption/emission intensity

the fluorescent mode of relaxation is to release energy.
Figure 14.3(a) depicts a UV spectrum from 200 to 700 nm wave-
length for the absorption and subsequent emission. At lower
wavelength, there are four bands of absorbance at 240, 290,
340, and 410 nm. The bands representing the energy emission
are at longer wavelengths of 500, 580, 625, and 680 nm. Emis-
sion or fluorescence bands are primarily at lower frequency
(longer wavelength) for most organic compounds. This is known
as the Stokes shift named after the Irish physicist George G.
Stokes. In the simplest sense, the shift will be approximately
10 nm. However, this is often not the case as observed in
Figure 14.3(a). Usually, when a molecule absorbs energy and
the electron is elevated to a higher energy state, relaxation pro-
cesses take place that releases a small amount of the initial
absorbed energy. Often the relaxation process is in the form of
vibrational relaxation and internal conversion. Following this,
the compound emits energy as fluorescence but at a lower energy

Stokes shift

Emission

L
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FIGURE 14.3 Absorption and emission spectra for a typical organic compound. (a) Emission or fluorescence bands are at lower frequency
(longer wavelength) as compared to the absorption bands known as the Stokes shift named after the Irish physicist George G. Stokes.
(b) Overlay of the absorption and emission lines associated with the energy bands that are illustrated in Jablonski diagrams.



level, which we see as the Stokes shift (also called a red shift).
Figure 14.3(b) shows an overlay of the absorption and emission
lines that were illustrated in the Jablonski diagram of
Figure 14.1. This gives us a better idea of the absorption and
emission spectra and how they relate to the energy processes that
are shown in the Jablonski diagram.

14.5 RATE CONSTANTS

14.5.1 Emission Times

The absorption of the incident radiant energy by atoms and mole-
cules is very fast for the elevation of the electron from the singlet
ground state to the excited singlet state So — S; on the order of
1073 to 107'5 5. Resonant emission, which is common in atoms
for the relaxation of the singlet excited-state electron to the
singlet ground state S; — Sy, is on the order of 107 to 10™s.
The same is for nonresonant emission, which is common in
molecules is also on the order of 107 to 107 s. As mentioned
previously, the transitions involving the triplet state are theoret-
ically forbidden, which means in practice that they have a low
probability of taking place. This, then equates to a much slower
emission rate. The nonresonant emission from the triplet excited
state to the singlet ground state T; — Sy is slow on the order of
107 to 10s or slower.

14.5.2 Relative Rate Constants (k)

Rate parameters are used to describe the emission process of
excited species and the probability or likelihood that fluorescence
will take place. As was presented earlier, the quantum yield or
quantum efficiency (®E) is a quantity used to determine whether
a molecule will fluoresce or phosphoresce, where ®E = 0.0 to 1.0.

einsteins emitted _ quanta emitted

" einsteins absorbed  quanta absorbed”

(14.4)

The quantum efficiency can be expressed in terms of the
relative rate constants (k) of the deactivation processes that
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return the excited state to the ground state. Figure 14.4 depicts
the various deactivation processes and the associated rate con-
stant designations.

14.6 QUANTUM YIELD RATE CONSTANTS

The general rate equation for the quantum yield of both
fluorescence and phosphorescence is expressed as

kﬂuor

Diyyor =

where

kfluor =
fluorescence

Kint con = internal
conversion

Kext con = €Xternal
conversion

kjcs = intersystem
crossing

kpre dis =
predissociation
kg;s = dissociation

kﬂuor + kint con t kext con t kISC + kpre dis + kdis

(14.8)

The release of energy as emission not invol-
ving a spin change such as S — S.

The transition to a lower state when vibra-
tional energy levels match without the
release of radiation.

The transition to a lower state by collisional
deactivation without the release of radiation.
A transition with spin change suchas S — T.

Relaxation to ground state with enough
energy break bonds and cause dissociation.
Excitation to a vibrational state with
enough energy to break bonds and cause
dissociation.

The quantum yield constants for the associated transitions
are depicted in Figure 14.4. This give a better view of what each
of these rate constant transitions stand for. For fluorescence, the
quantum yield for the S; — Sy transition equation is

krm

Dpyort =

kem + krm + kom + Kpre dis + Kais

(14.9)

kyig= Internal conversion

krym = Intersystem crossing

kgn = Internal and external conversion

kgv=Internal and external conversion
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FIGURE 144 Deactivation processes and the associated rate constant designations.
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For this transition, the kyg; and kry are considered very small
and not significant in the quantum yield calculation. The fluores-
cence quantum yield for the S, — Sy transition equation is

krn
krn +kgH +kmu + Kpre ais + Kais

Diiyor2 = (14.10)

The phosphorescence quantum yield for the T} — Sy transi-
tion equation is

kpr
kpr + kgt + Kpre dis + Kais

Dpos = (14.11)

14.7 DECAY LIFETIMES

The lifetimes of the decay processes are also based on the rate
constants. For the S; — Sy transition, the lifetime equation is

1
™= . 14.12
M7 Ken + Ko + K + Kpre dis + Kais ( )
The lifetime for the S, — Sy transition is
1
TH= (14.13)

kFH + kGH + kMH + kpre dis + kdis

The phosphorescence lifetime for the T; — Sy transition is

1
T= .
kpr + kgt + Kpre dis + Kais

(14.14)

T

14.8 FACTORS AFFECTING FLUORESCENCE

Fluorescence and phosphorescence are similar to UV/Visible
analysis at low concentrations where in both there is a direct rela-
tionship between concentration and the intensity of emission. We
are able to collect standard spectra in UV/Visible spectroscopy
that are for the most part reproducible from instrument to instru-
ment, and laboratory to laboratory. The standard spectra are col-
lected under standard conditions of specific wavelengths, cell
pathways, and concentrations, often reported as molar extinction
coefficients (¢). The analyst is able to compare spectra which
have been collected into a library to spectra collected in his/her
laboratory, and calculate concentrations under standard condi-
tions using the extinction coefficients. With fluorescence and
phosphorescence, this is not the case. There are factors which dis-
tort and influence the spectra that require corrections in order to
obtain true (instrument independent) spectra. The distorting
influences are both instrument based and sample based. In gen-
eral, the magnitudes of ken, Kepi, Kpr, Kais, and Kpye gis are depend-
ent upon the chemical structure of the molecule, and kgy, kgms,
and kgt upon the environment.

14.8.1 Excitation Wavelength (Instrumental)

The excitation wavelength (A, nm) can have a negative impact on
decays by bringing about bond breakage designated as either disso-
ciation or predissociation. The larger the values for ky;s and kpre gis»
the lower the quantum yield will be. Both constants are located in
the denominator of the quantum yield equations as illustrated in
Equation 14.8. Shorter wavelengths from 220 to 190 nm are high
in energy and can induce bond breakage. The absorption of ultra-
violet radiation with wavelengths shorter than 250 nm usually does
not result in fluorescence. This is due to the energetic state high
enough to deactivate the excited electron through dissociation.

14.8.2 Light Source (Instrumental)

There is also observed variation in the light source intensity
and wavelength, an instrumental influence. The variation occurs
from experiment to experiment and also takes place during a
single experimental run. Numerous light sources have been incor-
porated into fluorescence instrumentation, including lasers,
light-emitting diodes (LEDs), xenon arc, tungsten-halogen, and
mercury-vapor lamps. These lamps have either a continuum of
energy over a wide range or a series of discrete lines. The tung-
sten-halogen lamp is an example of a continuum over a wide
range, and the mercury-vapor lamp is of discrete lines. The
mercury-vapor lamp is one of the most common discrete line light
sources used in instrumentation. The mercury-vapor lamp is a gas
discharge lamp using an electric arc through vaporized mercury
producing very close to white light (light covering the entire
visible spectrum). The strongest peaks of the mercury-vapor
emission line spectrum include 184 nm (ultraviolet), 254 nm
(ultraviolet), 365 nm (ultraviolet), 405 nm (violet), 436 nm (blue),
546 nm (green), and 578 nm (yellow-orange). Figure 14.5 depicts
(a) the spectral distribution of a commercially available mercury
lamp, and (b) a xenon arc lamp spectrum showing a continuum of
energy from approximately 250 to 700 nm. The figure contains
the major wavelengths listed above but also includes a few more.
Sometimes, the lamps are also coated with fluorophores to add
extra wavelengths, and doped with other metals or gasses to
increase the wavelength range coverage. Mercury arc discharge
lamps are ideal wavelength sources due to their coverage of the
spectrum from 184 to 578 nm. However, they do possess some
shortcomings such as a significantly greater amount of fluctuation
in intensity as compared to incandescent lamps, LEDs, and laser
sources. The fluctuations are attributable to the deterioration of the
lamp components producing shorter lamp lifetimes.

Most instruments correct for fluctuations in the light source
of the fluorometer using beam splitters that direct some of the
source light to a reference detector. The primary detector is thus
corrected for using the reference detector.

Wavelengths for excitation lower than 250 nm are usually not
used. The energy transmitted to the analyte from wavelengths in
the range of 200-250 nm often will transmit enough energy to the
analyte to bring about deactivation of the fluorescence process.
This in turn increases the kgis and K. 4is values. The highly ener-
getic 0 — ox (sigma bond orbital to sigma antibond orbital)
absorption transition is not often observed in fluorescence exci-
tation using wavelengths greater than 250 nm. The transitions
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FIGURE 14.5 (a) Spectral distribution of mercury lamp with emission line spectrum including 184 nm (ultraviolet), 254 nm (ultraviolet), 365 nm
(ultraviolet), 405 nm (violet), 436 nm (blue), 546 nm (green), and 578 nm (yellow-orange), and (b) a xenon-arc lamp spectrum showing a continuum
of energy from approximately 250 nm to 700 nm. (Credit and/or copyright notice: www.zeiss.com/campus, © Mike Davidson, FSU, Tallahassee.)

usually observed for the fluorescence radiation are the nx — 7 (pi
antibond orbital to pi bond orbital) transitions. More on these
orbital transitions will be discussed in the consideration of struc-
tures below.

14.8.3 Filters, Optics, and Detectors (Instrumental)

The fluorometric instrumentation contains numerous filters, slits,
and monochromators involved in isolating and transferring var-
ious wavelengths for excitation, and intensity collection. With
time, these change in transmission efficiency and also specificity.
Detectors also will deteriorate with time resulting in changing the
detector quantum efficiency and thus decreasing in sensitivity
due to a decrease in the number or percentage of photons col-
lected. There is also variation in response from detector to

detector. All of these processes have a distinct effect upon the
measurement of fluorescence making it difficult to standardize
across all instruments. Later in this chapter we shall take a closer
look at the inner components of fluorometer instrumentation.

14.8.4 Cuvettes and Cells (Instrumental)

As was also the case with UV/Visible spectrophotometric ana-
lyses, the sample holder needs to be composed of an inert sub-
stance that does not absorb in a useful wavelength range.
Quartz has been the most used material for cuvettes in UV, vis-
ible, and near-infrared (NIR) spectroscopy measurements due to
its ideal transmittance from 200 to 2500 nm. The crystalline
structure of quartz is made up exclusively of pure silicon dioxide
(Si0,) while other glass tends to have impurities. Glass cuvettes
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FIGURE 14.6 (a) Structure of fluorescein. (b) Structure of beta-(p)-carotene.

available have a transmittance range from 320/360 to 2500 nm,
Plastic cuvettes available cover a range of 220-900 nm, while
polystyrene cover 350-900 nm. See Chapter 13, Section 13.3.8
UV/Visible Spectrophotometers, and Figures 13.19, 13.20,
13.21, and 13.22 for examples of cuvettes used in UV, visible,
NIR, and fluorescence spectroscopy.

14.8.5 Structure (Sample)

14.8.5.1 Fluorescein and Beta-(p)-Carotene Aromatic con-
taining compounds are the most common fluorescent structure
that the analyst is likely to work with in the laboratory. These
compounds contain low-energy n — m# transitions through con-
jugated pi bonds. Fluorescein, a commonly used aromatic fluo-
rescent tracer is depicted in Figure 14.6(a) as an example of an
organic fluorescent compound. Fluorescein is a dark orange/
red synthetic organic powder compound. It has an absorption
maximum at 494 nm and an emission maximum at 521 nm. Other
nonaromatic compounds that fluoresce include highly conjugated
double-bond structures (alternating single and double bonds)
such as beta-(p)-carotene, which has an excitation wavelength
of 280nm and a fluorescence maximum at 320-340 nm.
[-carotene is a terpenoid and is a strongly colored red-orange pig-
ment found abundantly in plants and fruits. Figure 14.6(b) depicts
the repeating conjugated double-bond structure of f-carotene.
The double-bond system contains pi () bonding.

14.8.5.2 Diatomic Oxygen Molecular Orbital Diagram The
molecular orbital diagram for the diatomic oxygen molecule (O,)
is illustrative of the possible 6 — o transition and the mx —
transition due to its double-bond characteristic. The molecular
orbital diagram for the diatomic oxygen molecule (O;) is
depicted in Figure 14.7. As shown in the figure, the high energy
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Diatomic oxygen, O,

FIGURE 14.7 Molecular orbital diagram for the diatomic oxygen
molecule (O5).



transition of an electron from the 62p — o*2p is not likely to take
place as compared to the energy required for the transition
n2p — mx2p. This is only a visual example as molecular orbitals
for organic compounds are much more complex than this with
overlap from neighboring orbitals.

In general, there are few conjugated aliphatic compounds that
fluorescence while there are numerous aromatic compounds
that do. For efficient fluorescence, the compound should have
a short lifetime for the emission of energy from the mx — =
transition, usually on the order of 107 to 1077 s.

14.8.5.3 Examples of Nonfluorescent and Fluorescent
Compounds Fluorescence increases with the number of rings
in the structure, the amount of condensation, and sometimes
the substitution. However, many simple heterocyclic compounds
do not fluoresce, such as pyridine (nitrogen substitution), furan
(oxygen substitution), thiophene (sulfur substitution), and
pyrrole (nitrogen substitution). Examples of nonfluorescent
structures are depicted in Figure 14.8(a). The lowest energy
transition for these simple heterocyclic compounds involves
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the n — 7 transition, which prevents fluorescence by rapidly
converting to the triplet state. When simple heterocyclic com-
pounds are fused with a benzene ring, fluorescence is produced.
Two examples of fluorescent, fused ring heterocyclic com-
pounds, quinolone and indole, are depicted in Figure 14.8(b).
Both compounds contain fused aromatic rings, and a heterocyclic
nitrogen substitution. The fusion with an aromatic ring allows
the low-energy m— m* transitions resulting in fluorescence.
Finally, examples of fluorescent, aromatic fused ring systems
are depicted in Figure 14.8(c), along with their associated exci-
tation and emission band maximum wavelengths as naphthalene,
anthracene, biphenyl, and fluorene.

14.8.5.4 Other Structural Influences

14.8.5.4.1 Rigidity and Substitution Rigidity plays a role in
fluorescence with an increase in fluorescence with an increase
in rigidity. Nonrigid compounds have an increased probability
of internal conversion and can also undergo low-frequency vibra-
tions, which help to dissipate the internal energy. Oxygenation as
a compound substitution also increases fluorescence, such as

(@
Non fluorescent heterocyclic compounds
o S H -
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v O N
Furan Thiophene Pyrrole Pyridine
(b) Fluorescent heterocyclic compounds
H
N
\ -
N
Indole Quinoline
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©
Fluorescent aromatic compounds
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2

Fluorene
(Ex A 304 nm Em A 460 nm)

FIGURE 14.8 Examples of nonfluorescent and fluorescent compounds. (a) Simple nonfluorescent heterocyclic compounds as pyridine
(nitrogen substitution), furan (oxygen substitution), thiophene (sulfur substitution), and pyrrole (nitrogen substitution). (b) Fluorescent,
fused ring heterocyclic compounds of quinolone and indole. (c) Fluorescent, aromatic fused ring systems along with their associated
excitation and emission band maximum wavelengths as naphthalene, anthracene, biphenyl, and fluorene.
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phenol, the phenolate ion, and anisole. While halogenated aro-
matic substances substituted with fluorine, chlorine, or bromine
do fluoresce, the intensity of the fluorescence decreases with
increasing atomic weight of the halogen. Iodine-substituted com-
pounds tend to undergo predissociation where the ruptured bonds
absorb the excitation energy and undergo internal conversion.
Organic carboxylic acids containing a carbonyl on an aromatic
ring (e.g., benzoic acid) usually have low fluorescent quantum
yields because the energy of the n — n* transition is less than that
of the m — mx transition, but the n — m« transition has a very
low yield.

14.8.5.4.2 Temperature, pH, and Solvent Effects Temp-
erature, pH, and the solvent all have an effect upon the
fluorescence of a system. Typically, fluorescence decreases with
increasing temperature due to the increase in the frequency of col-
lisions, which increases the deactivation of the excited molecule
through external conversion. Solvent blanks need to be analyzed
to determine whether they contain impurities that will fluoresce.
Also, viscous solvent can have an effect upon fluorescence.
Finally, the pH of the system’s solvent can also have an influence
upon fluorescence. Aniline is a good example of this where the
neutral solution species exists in three resonance forms giving
the excited aniline molecule a greater stability. In acidic solution,
the protonated anilinium ion does not have resonance forms
resulting in the quenching of the fluorescence.

14.8.5.5 Scattering (Sample) While not something that can
be observed by the analyst, scattering of the incident light can
have a major effect upon fluorescent measurements. The two most
influential types of scattering are Rayleigh and Raman scattering.

14.8.5.5.1 Rayleigh-Tyndall Scattering When light is scat-
tered, it is scattered in all directions, thus it cannot be excluded
from the fluorescence detection system. Rayleigh scattering is
a process that is derived from the analyte molecules themselves
in solution while Tyndall scattering is a process derived from
small particles in colloidal suspensions. The light that is scattered
by Rayleigh-Tyndall scattering possesses the same wavelength
as that of the original incident light. When this happens, the scat-
tered light is collected together with the fluorescence. Often the
fluorescence emission band is close in wavelength to the excitation
band, and thus the scattering interferes with the analysis as it can be
difficult to separate the scattering influence because it is in all
directions. To remove the interference of the excitation incident
wavelength band, the detector is often placed at an angle of 90°
to the cell. This is possible because the fluorescence process is
in all directions. However, the scattering is also in all directions.

14.8.5.5.2 Raman Scattering The other type of scattering
process taking place with fluorescence analysis is Raman scatter-
ing. An artifact of the Rayleigh scattering is the conversion of
some of the incident energy into vibrational and rotational
energy. This results in a scattered energy of slightly lower fre-
quency, lower energy, and subsequent longer wavelength. This
is often observed as a weak emission band that can be confused
with the actual fluorescence emission band, or it can interfere

with the fluorescence band. The amount of energy that is trans-
ferred to either the analyte or the solvent is always constant, and is
particular to the compound. The Raman band always appears
separated from the incident wavelength by the same frequency
difference. There are tables that demonstrate that all solvents
containing hydrogen linked either to carbon or oxygen have
Raman bands. If the Raman band is interfering with the fluores-
cence measurement, then a slight change in the incident excita-
tion wavelength will correspond to a change in the wavelength
of the Raman band. This is often used to eliminate interference
from solvent Raman bands. While the Raman scattering is usu-
ally quite weak, analysts often will run a blank solvent fluores-
cent measurement to inspect for any possible Raman band
influence on analyte measurement.

149 QUANTITATIVE ANALYSIS AND
BEER-LAMBERT LAW

In both fluorescence and phosphorescence, the luminescent
power Py is proportional to the number of molecules in the
excited state. We can relate this to the radiant power that is
absorbed by the analyte by

PL=® (Py-P), (14.15)

where

@; =quantum efficiency yield of fluorescence
Py =incident radiant power

P =radiant power emitting from the sample.

In the form of Beer-Lambert law, Equation 14.15 can be
written as

PL=(I)LP()8bC. (1416)

Equation 14.16 can be rewritten in the form of intensities for
dilute solutions (<0.05) as

Fi =1,®@;(2.303¢C), (14.17)

where

F=fluorescence intensity

@, =quantum efficiency yield of fluorescence
Ip =incident radiant energy intensity

& =molar extinction coefficient

C =molar concentration

[ =solid volume of the beam.

The intensity of the fluorescence emission is directly propor-
tional to the intensity of the incident radiation. Because of
this fluorescence, sensitivity can reach levels as low as 1072
moles, as compared to 10~® moles for UV/Vis measurements.
For quantitative analysis, a series of standards are measured
and the fluorescence intensity is plotted against the standard



concentrations. The dynamic linear range is determined and then
used to calculate concentrations of test samples. This approach is
very similar to what was presented in Chapter 13 for UV/Visible
calibration curves.

14.10 QUENCHING OF FLUORESCENCE

There are other processes happening in solution that may
adversely affect the fluorescent measurements. Quenching of
the fluorescence is a phenomenon by which the excited-state
energy of the analyte is lost due to collisions with either other
analyte species or impurities in the solution. The energy that
would have been observed as fluorescence is dissipated through
nonradiative energy transfer from the excited analyte to the
quenching agent. Quenching due to collisions is called dynamic
quenching. Dissolved oxygen in solution can bring about
dynamic quenching. Self-absorption can be another problem
where the emission band wavelength is close enough to the exci-
tation band wavelength that the emitted light is reabsorbed by
the analyte. To alleviate this, the sample is often diluted before
analysis. Diluting also helps with quenching from impurities
in the solvents by reducing their concentrations to a point of
insignificance.

14.11 FLUOROMETRIC INSTRUMENTATION

14.11.1 Spectrofluorometer

The spectrofluorometer is one of the major instruments used in
fluorescence applications. The light source of the fluorometer
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transmits the selected wavelength to the sample, which then emits
fluorescence. The emitted fluorescence intensity is directly pro-
portional to the sample concentration. The fluorometer spectra
are presented as intensity versus wavelength. For a set of known
standards, the maximum fluorescence intensity at a given wave-
length is regressed with the known concentration. The resultant
linear relationship is used for samples where the fluorescence
intensity obtained from the spectra will correspond directly to
the sample’s concentration.

In our study of fluorescence, we will look at two spec-
trofluorometers: the PTI model Quant Master 400 spectro-
fluorometer (PTI, QuantaMasterTM, ON, Canada) and an LS
55 Luminescence spectrometer (PerkinElmer, USA) which is
relatively new. Figure 14.9 is an illustration of one of the lay-
outs used for the PTI spectrofluorometer where the system is
designed as modular components. Figure 14.10 depicts the
light paths and internal optics used in the fluorometer (also
called fluorimeter). Compared to the PTI model spectrofluo-
rometer, the LS 55 spectrometer is smaller and more compact.
A picture of the LS 55 fluorimeter is depicted in Figure 14.11.
All of the optical components are under the same cover in con-
trast to the PTI, which is multicomponent. The monochromatic
slits are automatic and do not need to be changed manually.
This important aspect can help to increase the accuracy of
the instrument. The instrument can change from a liquid sample
to solid sample holder easily, which increases the versatility
and application ability of the spectrometer. However, even
though the spectrometer’s response and accuracy are improved,
the major components that make up a spectrometer do not
fundamentally change. The major components include a light
source, monochromators, and a photomultiplier tube (PMT)
detector.

FIGURE 14.9 Configuration used for the PTI QuantaMaster ™ 400 spectrofluorometer where the system is designed as modular components.

(Reprinted with permission from HORIBA Scientific.)
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Optional flash lamp for phosphorescence measurements

Optional steady state
phosphorescence or
NIR detector

Optional lifetime detector

Optional second emission monochromator

Optional LED and laser
diodes for fluorescence
lifetimes

Optional liquid light guide
for microscope illumination

Optional laser for fluorescence lifetime measurements

FIGURE 14.10 Light paths and internal optics used in the PTI QuantaMaster™ 400 spectrofluorometer. (Reprinted with permission from

HORIBA Scientific.)

14.11.1.1 Light Source Both spectrometers, the PTI and the
Perkin Elmer, use a 75 W xenon (Xe) lamp. The lamp supplies
a continuous light output from 250 to 700 nm, thus covering
both the ultraviolet and visible regions of the spectrum. The lamp
consists of two electrodes sealed under high pressure in a quartz
bulb with Xe gas. When the power is turned on, a high-voltage
pulse is generated between the two electrodes, which will induce
collisions between the Xe gas. The collisions ionize the Xe atoms
by removing electrons. The recombination of the removed

electrons with the ionized Xe atoms will result in a continuum
of light.

14.11.1.2 Monochromators The purpose of the monochro-
mator is to disperse white light into various colors of wave-
lengths. The spectrofluorometer has two monochromators; one
is to select an excitation wavelength while the other is to select
an emission wavelength.
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FIGURE 14.11 LS 55 luminescence spectrometer. (Reprinted with permission from PerkinElmer).
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FIGURE 14.12 Schematic of a photomultiplyer tube.

14.11.1.3 Photomultiplier tube (PMT) The purpose of the
PMT is to amplify electrons, derived from incident photons enter-
ing the photomultiplier, to an extremely large number of elec-
trons, thus increasing the analyte response many times fold.
PMTs are used as the detector for most types of spectrofluorom-
eters. A PMT output is taken as a current source by the instrument
and the light intensity emitted by the analyte is proportional to the
current, which is used to correlate concentration to fluorescence
intensity.

Figure 14.12 depicts the principle of a PMT. Within the PMT
vacuum area is a photocathode and a series of dynodes. Incident
photons hit the surface of the photocathode where an electron will
be ejected. The potential difference between the photocathode

and dynode will accelerate the ejected electrons to the first
dynode. Several additional electrons are ejected by the differen-
tial potential. This process continues along the dynode chain,
where more electrons are ejected and collected. When a new cur-
rent pulse arrives at the cathode, a new cycle of this process is
started again. By this process, amplification of the electrons is
generated that represents amplification of the incident signal.
The PTI spectrofluorometer specifically utilizes digital pho-
ton counting detector with a discriminator and high-voltage
power supply. At constant high voltage, the PMT is very sensi-
tive. The measurement is performed when each photon hits the
photocathode of the PMT. Individual photon results in a count
at the anode which can be detected. The light hitting on the
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FIGURE 14.13 The SpectraMax M2 microplate reader and 96 well plate. (Reprinted with permission from Molecular Devices, Inc.)

photomultiplier detector is proportional to the count rate, which is
the number of counts per second. The detector is usually operated
with a discriminator to discriminate a low-level noise signal from
a higher level signal from the incident photons.

14.11.2 Multidetection Microplate Reader

Another useful way to do fluorescence measurement is to use a
microplate reader. This is a fluorimeter that accepts a 96 well
microplate for fluorescence measurements. This can often be
advantageous when a large number of samples need to be analyzed
atone time, and also when small volumes of sample are being used
(~100—400 pl). The design and function of the SpectraMax M2
microplate reader (Molecular Devices, Inc.) performs similarly
to a spetrofluorometer, and is depicted in Figure 14.13. However,
this is the only system that can provide both dual-mode measure-
ment for a cuvette port and 6-384 microplate reading. The major
components of amultidetection microplate reader are similar to the
spectrofluorometer, such as the light source, the monochromator,
and the photodetector. There is slight difference between the two
such as the light source for the microplate reader uses a S0 W
xenon flash lamp (versus a 75 W for the spectrofluorometer). It
has very similar functions for the monochromator. The dual mono-
chromators of the microplate reader are flexible to select any
absorbance wavelength range between 200 and 1000 nm, any

excitation wavelength between 250 and 850 nm and any emission
wavelength from 360 to 850 nm.

The multidetection microplate reader can measure and obtain
endpoint and kinetic spectra, and multipoint well scanning for
fluorescence and absorbance. It can be applied to the field of
biochemistry, cell biology, immunology, nuclear biology, and
microbiology. A schematic diagram of the multidetection micro-
plate reader is shown in Figure 14.14.

14.11.3 Digital Fluorescence Microscopy

Digital fluorescence imaging microscopy system is an extremely
sensitive technique capable of single molecule observations, and
is a highly specialized tool for fluorescent measurement. It can
distribute to a single molecule measurement and visualize spe-
cific fluorescent molecules in intracellular locations. Primarily
used instrument in the research work is inverted fluorescence
microscopy (Olympus IX-70). Figure 14.15 depicts a typical dig-
ital fluorescence microscope used. The major components in a
microscope are the light source, filter cubes, objectives and grat-
ing, and a charge-coupled device (CCD), which are individually
described next.

14.11.3.1 Light Source The fluorescence microscope is a
very sensitive instrument that requires a bright, white light
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FIGURE 14.14 Diagram of the spectramax microplate reader. (Reprinted with permission from Molecular Devices, Inc.)
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source. A 100 W mercury arc lamp is the most commonly used
light source. This type of lamp provides a bright, continuous
emission across the visible range from 400 to 750 nm, plus a
UV range of 200 to 399 nm. Mercury lamps also have very dis-
tinct and sharp emission lines that are very importantly used to
characterize the mercury arc lamp and calibrate the spectra.

14.11.3.2 Filter Cube To deliver the light to the specimen
from the lamp, then collect the emitting fluorescence and form
a fluorescence image, the proper filter cube need to be selected.
A filter cube is typically made up of an excitation filter, a

Diagram of a typical digital fluorescence microscope.

dichromic mirror, and an emission filter. The excitation filter is
used to excite the specimen by selectively transmitting a narrow
band of wavelengths. The dichromic mirror is used to reflect the
excited light to the specimen and to transport the collected emis-
sion to the CCD detector. The emission filter is used to transmit
the emission fluorescence from the specimen and block the resid-
ual excited light. Figure 14.16 depicts the filter cube components.

14.11.3.3 Objectives and Grating The objective is often con-
sidered the most important part of the microscope because the
image qualities are produced by it. The objective is positioned
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between the specimen and the filter cube. Its function is to trans-
mit the fluorescence-inducing light (excitation wavelength) to
the specimen from the dichromic mirror while allowing passage
of the emitted fluorescence to the CCD camera for images or
spectra. Analytical laboratories often use 10x, 20x, and 40x
objectives with a numerical aperture of 0.5 or 0.9.

The diffraction grating is used to separate the mercury light
into individual wavelengths and can be used as a monochromator
and as a spectrograph in microscopy. In one of our microscopes,
we use a triple grating to achieve efficiency light throughput over
a broad spectral region, which is equipped with 150 blz (blaze)
and 300 blz at an optimum wavelength (Acton Research, Inc.).

14.11.3.4 Charged-Coupled Device (CCD) A charge-coupled
device (CCD) is a photon detector used in digital CCD cameras. It
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FIGURE 14.16 Filter cube and its components.

is made up of thousands, or millions, of pixels, which are silicone
diode photosensors. Pixels can store information from incident
photons that are used to comprise the microscope image.

Pixels are semiconductor materials that can trap and hold
photon-induced electrons (photoelectrons) derived from incident
photons. A pixel is coupled to a charge storage region that will
accumulate and store the photoelectrons. This storage region
is connected to one amplifier that reads out the amount of accu-
mulated charge. The stored charge is transferred through the par-
allel registers to a linear serial register and then to an output mode
adjacent to the readout amplifier.

The three types of CCD designs are full-frame CCD, frame-
transfer CCD, and interline-transfer CCD. Figure 14.17 depicts
two types of CCD architectures, namely frame-transfer CCD
and interline-transfer CCD.

14.11.3.4.1 Full-Frame CCD One microscope uses full-
frame CCD supplied by Andor Technology, Inc. In this design,
every pixel of the CCD surfaces corresponds to the image being
collected. During image collection, exposures are usually con-
trolled by an electrochemical shutter.

14.11.3.4.2 Frame-Transfer CCD In this design, one half of
the CCD chip is masked and used as a storage space. After expo-
sure, all of the pixels in the image side are transferred to pixels on
the storage side. No camera shutter is needed because transferring
time for the image is only a fraction of the exposure time.

14.11.3.4.3 Interline-Transfer CCD In this design, imaging
rows and masked storage transfer rows are parallel pixels of
columns. Camcorders and video cameras typically use inter-
line-transfer CCDs because they provide high-quality images
and can be read out at video rate. This type of CCD can be used
for dim fluorescent specimens because of the low camera read
noise and improved camera electronics. Interline-transfer CCDs
can be very fast and do not require a shutter to control the

Charged coupled device architecture
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FIGURE 14.17 Frame transfer CCD and interline transfer CCD.
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exposure. With current technologies, the spatial resolution and
light-collecting efficiency can reach those of a full-frame CCD.

14.12 SPECIAL TOPIC—FLOURESCENCE STUDY
OF DYE-A007 COMPLEXES

The in-solution binding behavior of the anticancer agent A007

and three dye compounds was studied using fluorescence.
The structures of the compounds are depicted in Figure 14.18.

(a)

NH

Density Functional Theory (DFT) was used to study the gas-
phase binding structure of the anticancer AOO7 and methylene
blue (MEB). The most stable configuration is depicted in
Figure 14.19 for a one-to-one binding.

The dyes used in the study naturally fluoresce at specific
wavelengths. It was initially felt that the complex between the
dyes and the anticancer agent AOO7 enhanced this fluorescence.
Using the method of continuous variation, a fluorescence maxi-
mum was obtained for each dye-AOO7 complex versus mole
fraction. Figure 14.20 depicts the stoichiometries determined
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FIGURE 14.18 Structures of (a) 4,4’-Dihydroxybenzophenone-2,4-dinitrophenylhydrazone (A007), (b) methylene blue (MEB) double salt,
(c) toluidine blue (TB) double salt, and (d) methylene green (MEG) double salt.
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FIGURE 14.19 Density Functional Theory (DFT) study of the gas phase binding structure of the anticancer AOO7 and methylene blue (MEB).
The most stable configuration for a one-to-one binding is shown.
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for the three complexes. These dyes however are known to pro-
duce dimers in the liquid phase, where the production of the
dimer will quench the fluorescence. Further spectroscopic experi-
ments showed that only one species of complex was being
formed in solution between A007 and the dyes, but the enhance-
ment in fluorescence was attributable to the decrease in dye dimer
only, and not to the formation of the A0O07:dye complex.

14.13 CHAPTER KEY CONCEPTS

14.1 In molecular absorbance photospectroscopy, the absorb-
ance of the incident radiant energy is proportional to the
concentration of the analyte according to Beer’s law.

14.2  Fluorescence and the closely related phosphorescence
are processes that include absorbance of radiant energy
of infrared, visible, or ultraviolet light which is followed
by the release of quanta of energy that is subsequently
detected and measured.

14.3  Collectively, fluorescence, phosphorescence, and chem-
iluminescence are known as molecular luminescence.

144  Most organic molecules and inorganic compounds will
luminescence or emit photons when excited to higher
electronic states.

14.5  Fluorescence and phosphorescence are photolumines-
cent processes where it is incident energy that excites
the species resulting in emission of photons. Fluores-
cence is a faster process as compared to phosphorescence
where the release of energy is almost instantaneous.

14.6  Phosphorescence is emission that is accompanied with a
change in electron spin that results in irradiation that lasts
up to a few seconds.

14.7  Radiant energy is absorbed by atoms or molecules in def-
inite units, which are called quanta.

14.8  Excited species are formed with the absorption of inci-
dent radiation (light), which imparts energy to the mole-
cules. The excited molecules then release some of this
energy in the form of light emission.

14.9  The efficiency in which the light is absorbed and then
released is called the quantum efficiency and is described as

_ einsteins emitted  quanta emitted
" einsteins absorbed  quanta absorbed”

14.10 Since the quanta emitted can never be greater than the
quanta absorbed, the quantum efficiency will always
be less than or equal to 1 (PE<1).

14.11 Jabloniski diagrams describe light absorption and emis-
sion and demonstrate different molecular processes
happening in the excited states during fluorescence.

14.12 Excitation of atomic and molecular species comes in
many forms including: gamma rays produce nuclear
excitation reactions, X-rays produce transitions of inner
atomic electrons, ultraviolet and visible lights produce
transitions of outer atomic electrons, infrared produces
molecular vibrations, far infrared produces molecular
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rotations, and long radio and radar waves produce oscil-
lations of mobile or free electrons.

In fluorescence and phosphorescence, the processes
involve the outer atomic electrons.

The type of fluorescence with the release of energy with-
out a change in frequency is known as resonance fluores-
cence and is common with excited atoms. Most organic
molecules will release energy at longer wavelength than
the excitation due to a shift known as the Stokes shift.

Electrons in atoms possess four quantum numbers (n, 1,
ml, and ms).

The Pauli exclusion principle states that two electrons
cannot have the same four quantum numbers and that
only two electrons can occupy each orbital and their
spins must be opposite.

Phosphorescence differs from fluorescence where in
phosphorescence there is an electron spin change result-
ing in a long excited-state lifetime on the order of sec-
onds to minutes.

Emission or fluorescence bands are primarily at lower
frequency (longer wavelength) for most organic com-
pounds. This is known as the Stokes shift named after
the Irish physicist George G. Stokes.

The absorption of the incident radiant energy by atoms
and molecules is very fast for the elevation of the electron
from the singlet ground state to the excited singlet state
So — S; on the order of 1073 t0 107" s.

Rate parameters are used to describe the emission proc-
ess of excited species and the probability or likelihood
that fluorescence will take place.

The lifetimes of the decay processes are also based on the
rate constants.

There are factors which distort and influence the spectra
that require corrections in order to obtain true (instrument
independent) spectra. The distorting influences are both
instrument based and sample based.

The excitation wavelength (A, nm) can have a negative
impact on decays by bringing about bond breakage
designated as either dissociation or predissociation.

There is also observed variation in the light source inten-
sity and wavelength, an instrumental influence.

The fluorometric instrumentation contains numerous fil-
ters, slits, and monochromators involved in isolating and
transferring various wavelengths for excitation, and
intensity collection. With time, these change in transmis-
sion efficiency and also specificity.

As was also the case with UV/Visible spectrophotomet-
ric analyses, the sample holder needs to be composed
of an inert substance that does not absorb in a useful
wavelength range. Quartz has been the most used mate-
rial for cuvettes in UV, visible, and NIR spectroscopy
measurements due to its ideal transmittance from 200
to 2500 nm.

Aromatic containing compounds are the most common
fluorescent structures.
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In general, there are few conjugated aliphatic compounds
that fluorescence while there are numerous aromatic
compounds that do. For efficient fluorescence, the com-
pound should have a short lifetime for the emission of
energy from the m+ — 7 transition, usually on the order
of 107 to 107 s.

Fluorescence increases with the number of rings in the
structure, the amount of condensation, and sometimes
the substitution.

Rigidity plays a role in fluorescence with an increase in
fluorescence with an increase in rigidity.

Temperature, pH, and the solvent all have an effect upon
the fluorescence of a system.

While not something that can be observed by the analyst,
scattering of the incident light can have a major
effect upon fluorescent measurements. The two most
influential types of scattering are Rayleigh and Raman
scattering.

In both fluorescence and phosphorescence, the lumines-
cent power Py is proportional to the number of molecules
in the excited state.

For quantitative analysis, a series of standards are meas-
ured and the fluorescence intensity is plotted against the
standard concentrations. The dynamic linear range is
determined and then used to calculate concentrations
of test samples.

Quenching of the fluorescence is a phenomenon by
which the excited-state energy of the analyte is lost
due to collisions with either other analyte species or
impurities in the solution.

The spectrofluorometer is one of the major instruments
used in fluorescence applications.

CHAPTER PROBLEMS

What is the energy of a wavelength of 395 nm (395 x
107 m)?

What is the wavelength of a system with energy of
9.50x 107712

What is the quantum efficiency of a system that was
measured to have 1.344 einstein absorbed and 0.992 ein-
stein emitted?

What are the quanta emitted if a system has a quantum
efficiency of 0.65 and the quanta absorbed are 289.0?

Using the chapter as a reference, define the following in
your own words: (a) fluorescence, (b) resonance fluores-
cence, (c) dissociation, (d) predissociation, (e) singlet
state, (f ) triplet state, (g) internal conversion, (h) external
conversion, (i) vibrational relaxation, (j) intersystem
crossing, (k) quantum yield, phosphorescence.

3>
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Relative absorption/emission intensity

Absorption peaks
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shift
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FIGURE 14.21 Unknown fluorescence excitation and emission
spectrum.
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14.13

14.14

14.15

Often fluorometric analyses are more sensitive as
compared to UV/Visible analyses. Explain why
this is so.

Roughly draw the following spectrum and label the
absorption peaks, the emission peaks, and the Stokes
shift (Fig. 14.21).

Explain in your own words the Stokes shift.

Explain how fluorescence is different from phos-
phorescence.

If a compound has a known quantum yield (®E) of 0.755,
and rate constants consisting of Kgiss and Kpregiss =0,
Kint con =236 % 1072, Kext con =621 %107 and kigc =
1.19 x 10’16, at a certain state, can the rate constant for
fluorescence (ko) be determined?

Using the constants given in Problem 14.10, what affect
upon the quantum yield be observed if the wavelength
has been reduced to a lower value resulting in a Kgjs =
3.39x 1072, and a Kpreqiss = 2.47 x 107132

Using Figure 14.4 as a guide and the rate constants in
Problems 14.10 and 14.11, what would be the lifetime
(z) for the S| — Sy transition?

If the lifetime value calculated in Problem 14.12 has
units of nanoseconds, what is the lifetime in seconds
and minutes? Does this appear to be fluorescence or
phosphorescence?

For the lifetime determined in Problem 14.12, if a higher
wavelength was used that resulted in no dissociations
(i.e., kgiss and Kpreqis = 0), what affect upon the lifetime
would this have?

The fluorescence intensity of a system is dependent upon
both the incident radiant intensity (/y) and the quantum
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yield (& ). What influence does changing either of these
have on the fluorescence intensity?

What is the molar concentration (C) of a quinine sample
with the following fluorescence-related parameters?

Fy=355

®; =0.669
Io=1054
e=2.056M"cm™
[=0.989 cm

Under standard conditions, the following parameters
were determined. Calculate the molar extinction coeffi-
cient (¢).

F1=990

&, =0.472
Io=824
C=0.0523 M
[=1.326 cm

A solution in the laboratory has a fluorescence intensity
of 50,000, too concentrated for an accurate measurement.
The sample is diluted one to ten (1:10) and then meas-
ured again under the same conditions. If the measure-
ment is linear, what is the expected fluorescence
intensity of the diluted sample?

If the molar extinction coefficient of the analyte in Prob-
lem 14.18 is €=525%x1072M~" - cm™!, the quantum
yield is 0.939, the incident intensity is 10,500, and the
beam volume is 2.55, what is the concentration of the
solution?

The absorbance from 220 to 580 nm of a 0.1 M rhoda-
mine derivative was collected in 20 nm steps. Plot the
data and determine the best wavelength to excite the
fluorophore for analysis.

Wavelength Wavelength

(nm) Absorbance (nm) Absorbance
220 0.125 400 0.140
240 0.158 420 0.168
260 0.174 440 0.211
280 0.162 460 0.225
300 0.130 480 0.236
320 0.145 500 0.208
340 0.169 520 0.177
360 0.188 540 0.149
380 0.157 580 0.131

The fluorescence emission of the rhodamine deriva-
tive fluorophore was collected from 540to 880 nm in

14.22

14.23

14.24

14.25

14.26
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20 nm steps. Plot the data and determine the best
wavelength to collect the emission of the fluorophore
for analysis.

Wavelength Wavelength

(nm) Emission (nm) Emission
540 1310 720 1570
560 1490 740 1880
580 1770 760 1690
600 2080 780 1450
620 2360 800 1300
640 2250 820 1620
660 2110 840 1740
680 1680 860 1580
700 1400 880 1250

A series of standards of the rhodamine derivative were
measured with an excitation wavelength of 480 nm
(Aex) and emission wavelength of 620 nm (A.,). Using
ChemTech-TookKit or Excel®, plot the data.

Rhodamine derivative Emission
Standard concentration (ppm) intensity
1 1.7 1100
2 37 2150
3 5.6 3130
4 7.8 4350
5 10.6 5880

From the slope of the best-fit equation, determine the
extinction coefficient in lmg_] cm™!, and the molar
extinction coefficient in 1mole™ em™. The rhodamine
derivative has a molar mass of 480 g mol ™.

-1

If an unknown sample has a fluorescence emission inten-
sity of 3899, calculate the concentration of the sample in
ppm and in molarity.

The fluorophore anthracene at 360 nm excitation and
402 nm emission was measured for a set of standards and
recorded. Using ChemTech-ToolKit or Excel®, plot
the data.

Anthracene Fluorescence
Standard concentration (ppm) Intensity
1 50 520
2 100 949
3 200 1550
4 350 2100
5 500 2207

If an unknown sample has a fluorescence emission of
1789 using the above conditions, using the ChemTech-
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ToolKit calculate the concentration of the sample in ppm
and in molarity. The molar mass of anthracene is 178.23
g mol ™.

The concentration determined in Problem 14.25 is for a
solution that is directly measured. If, for another sample,
the original sample makeup consists of 10.994 g dis-
solved in 500 ml, and an aliquot of 50 ml was diluted

14.28

to 200 ml, and the fluorescence intensity was measured
at 1355, what is the concentration of anthracene in the
original sample?

If an unknown sample has an emission of 2200, using the
ChemTech-ToolKit calculate the concentration of the
sample in percentage and in molarity.
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15.1 Introduction

15.2 Basic IR Instrument Design

15.3 The Infrared Spectrum and Molecular Assignment
15.4 FTIR Table Band Assignments

15.5 FTIR Spectrum Example I

15.1 INTRODUCTION

Infrared (IR) analysis is another analytical laboratory instru-
mental analysis with relation to the UV/Vis instrumental anal-
ysis just covered. In UV/Vis analysis, the wavelengths used
are approximately 190-400 nm for the ultraviolet (UV) region,
400-800 nm for the visible (Vis), and finally 1000-15,000 nm
for the infrared region (IR). The name infra comes from “infe-
rior” as the infrared region is next to but less in energy than the
red region of the spectrum. In Figures 13.11 and 14.1, we saw
two types of energy diagrams that depict the absorption of elec-
tromagnetic radiation producing the processes that we use in
UV/Vis analyses and fluorescence analyses. Figure 15.1 depicts
a comparison of the UV absorption transition process, the Vis
and the infrared transition absorption processes. With the infra-
red absorption process, energy of longer wavelengths is being
absorbed with translation to processes involving molecular
vibrations. There are two types of molecular vibrations that take
place: stretching and bending. Stretching is the movement of
atoms back and forth along the bond axis. Bending may involve
the change in bond angles between two atoms that are each
attached to a third. Bending can also take place as a movement
of atoms in respect to the whole molecule. This type of bending
is referred to as rocking, scissoring, wagging, and twisting. The
spectral region of 1000-15,000 nm is usually expressed in
micrometers, as 1-15 um, and was primarily dictated by the
optic crystals being used. The internal optics is not made of
glass or quartz, because both of these absorb energy greatly
in the infrared region. In order to overcome this, inorganic salts
are used for internal transmission optics and sample holders.

15.6 FTIR Spectrum Example 11

15.7 FTIR Inorganic Compound Analysis
15.8 Chapter Key Concepts

15.9 Chapter Problems

Examples of inorganic salts used and their spectral regions
are listed in Table 15.1.

The spectral regions used in Table 15.1 are in values of inverse
centimeters (cm™'). Both wavelength in micrometer and wave-
number in cm™" are used in presenting infrared spectra, though
wavenumber has become the most commonly used scale when
reporting and discussing IR spectra. The relationship between
wavelength and wavenumber is as follows:

1
Wavenumber, cm™'=———— x 10%.

= 15.1
wavelength, pm (15.1)

15.2 BASIC IR INSTRUMENT DESIGN

The major components of an infrared spectrometer include the
infrared radiation source, the beam path for sample and reference,
the monocromators, and the detector as depicted in Figure 15.2.
The instrument layout depicted in Figure 15.3 is a simple design
of an IR instrument including the IR source, interferometer, beam
splitter, sample compartment, and detector (illustration by
Thermo-Nicolet). The infrared radiation sources used are either
a Nernst glower or a globar. The Nernst glower comprises a small
rod of zirconium and yttrium oxides that is heated to approxi-
mately 2000 °C. The globar consists of sintered silicon carbide
that is heated to approximately 1400 °C. Both rods are heated
electrically. At these elevated temperatures, the IR sources emit
IR radiation in a wavelength range that is used for IR molecular
analyses. For the monochromator, a dispersing diffraction grating

Analytical Chemistry: A Chemist and Laboratory Technician’s Toolkit, First Edition. Bryan M. Ham and Aihui MaHam.

© 2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc.
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FIGURE 15.1 Absorption electronic transitions for 7, T, and Tj.
TABLE 15.1 Inorganic Salts Used for IR Optics.
Inorganic Salt Spectral Range (cm™ Practical) Properties
AgCl 4000-400 Water insoluble
BaF, 4000-750
CaF, 4000-1100 Water insoluble
CsBr 4000-250 Hygroscopic
Csl 4000-200
KBr 4000400 Hygroscopic
KC1 4000-500 Hygroscopic
MgF, 4000-1400
NaCl 4000-600 Hygroscopic
ZnS 4000-715 Water insoluble
ZnSe 4000-550
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IR ) 4
litter | Detector {— P H Displ

source > ( ) Splitter | Detector rocessor isplay
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FIGURE 15.2 Basic components of an infrared spectrophotometer. (Reprinted with permission under the Wiki Creative Commons Attribution-
Sharealike 3.0 Unported License.)



THE INFRARED SPECTRUM AND MOLECULAR ASSIGNMENT 263

Beamsplitter

3 ¢ Mirror
R source Mirror FE:’
2,
a N 2
U =
@)
Mirror Sample Y
H .
- Mirror
& Z
Sample compartment

FIGURE 15.3 A simple infrared spectrophotometer including the IR source, interferometer, beam splitter, sample compartment, and detector.
(Used by permission from Thermo Fisher Scientific, the copyright owner.)
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FIGURE 154 Interferogram obtained from an FTIR measurement.
The horizontal axis is the position of the mirror, and the vertical axis
is the amount of light detected. This “raw data” can be Fourier
transformed to get the actual IR spectrum. (Reprinted with
permission under the Wiki Creative Commons Attribution-
Sharealike 3.0 Unported License.)

is typically used. The Fourier transform infrared (FTIR) spectro-
meters will have an interferometer after the IR source and before
the beam splitting. The advantage of the FTIR is that the infrared
spectrum is scanned very quickly using a moving mirror system.
The interferogram scans are added together reducing the back-
ground noise significantly. The IR instruments used today in ana-
lytical laboratories are solely FTIR spectrometers. The typical
configuration in an FTIR instrument is the Michelson

interferometer, which uses a beam splitter and two mirrors. An
interferogram is produced by the Michelson interferometer such
as the one depicted in Figure 15.4. Fourier transform mathemat-
ical algorithm is used to convert the interferogram in Figure 15.4
into an IR spectrum as depicted in Figure 15.5. In order to get a
proper spectrum, the IR source beam must be sampled also as a
reference to adjust for instrument characteristics influencing the
IR beam measurements, such as the IR source and the detector.
This is illustrated in the double-beam layout shown in
Figure 15.2. For raw spectral data processing, the sample trans-
mission spectrum is divided by the reference transmission
spectrum.

An example of a commercial-grade FTIR instrument is
depicted in Figure 15.6 for the Agilent Cary 620 spectrochemical
imaging system where the FTIR instrument has been coupled to a
microscope. This configuration enables single point and spatial
mapping with IR spectral imaging. Figure 15.7 depicts the inter-
nal optics of the microscope.

15.3 THE INFRARED SPECTRUM AND
MOLECULAR ASSIGNMENT

A very powerful and valuable aspect of FTIR spectrometers is
molecular assignments for the IR spectra. Figure 15.8 depicts an
FTIR spectrum of the ambient background gases in the FTIR
sample compartment. This is usually collected in order to sub-
tract out from a sample spectrum. Note that in this particular
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FIGURE 15.5 Illustration of converting an interferogram into an IR spectrum using a CPU and Fast Fourier transform (FFT) calculations.
(Used by permission from Thermo Fisher Scientific, the copyright owner.)

FIGURE 15.6

Agilent Cary 620 spectrochemical imaging system where the FTIR instrument has been coupled to a microscope. (© Agilent

Technologies, Inc. 2014, Reproduced with Permission, Courtesy of Agilent Technologies, Inc.)

spectrum, the x-axis is in wavenumbers (em™) and the y-axis is
percent transmittance. This is often a convenient form used in
functional group assignment to a sample. When quantitative
analysis is being performed, the preferred output is to use
absorbance. The major wavenumbers displayed in the back-
ground spectrum are for water vapor (H,O) at approximately
1500 and 3800cm™, and CO, at approximately 675 and
2300 cm™'. The background ambient atmosphere in the sample
compartment has these bands that can interfere in sample anal-
ysis if they are not removed. Different bonds, most associated
with functional groups in an organic compound will absorb
infrared radiation at different wavenumbers. We can utilize
this aspect to assign structures to both known compounds

and also to elucidate the structure and identity of an unknown
compound or sample.

15.4 FTIR TABLE BAND ASSIGNMENTS

Table 15.2 depicts a listing of absorption peaks for the different
types of bonds making up organic structures and also listing the
relative intensities displayed on the FTIR spectra as weak,
medium, or strong. Table 15.2 is a relatively simple table for
FTIR spectral band assignments for the most commonly
observed organic functional groups. A more complex assignment
table is presented in Figure 15.9, which includes both organic and
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FIGURE 15.7 Internal optics of the 620 FTIR Microscope. (© Agilent Technologies, Inc. 2014, Reproduced with Permission, Courtesy of
Agilent Technologies, Inc.)
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FIGURE 15.8 FTIR background spectrum.

TABLE 15.2 Infrared Spectroscopy Correlation Table®.

Bond Type of bond Specific type of bond Absorption peak Appearance

C—H Alkyl Methyl 1260 cm™ Strong

1380 cm™ Weak
2870 cm™ Medium to strong
2960 cm™* Medium to strong
Methylene 1470 cm™ Strong
2850 cm™! Medium to strong
2925 cm™! Medium to strong
Methane 2890 cm™! Weak
Vinyl C=CH, 900 cm™ Strong
2975 cm™! Medium
3080 cm™ Medium
C=CH 3020 cm™ Medium
Monosubstituted alkenes 900 cm™ Strong
990 cm™ Strong
cis-Disubstituted alkenes 670-700 cm ™" Strong
trans-Disubstituted alkenes 965 cm™ Strong
Trisubstituted alkenes 800-840 cm™! Strong to medium
Aromatic Benzene/substituted benzene 3070 cm™ Weak
Monosubstituted benzene 700-750 cm™! Strong
690710 cm™ Strong
ortho-Disubstituted benzene 750 cm™ Strong
meta-Disubstituted benzene 750-800 cm ™' Strong
860-900 cm™ Strong
para-Disubstituted benzene 800-860 cm™" Strong
Alkynes Any 3300 cm™! Medium
Aldehydes Any 2720 cm™! Medium
2820 cm™!

Cc—C Acyclic C—C Monosubstituted alkenes 1645 cm™ Medium
1,1-Disubstituted alkenes 1655 cm™ Medium
cis-1,2-Disubstituted alkenes 1660 cm™! Medium
trans-1,2-disubstituted alkenes 1675 cm™ medium
Trisubstituted, tetrasubstituted Alkenes 1670 cm™! Weak
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Bond Type of bond Specific type of bond Absorption peak Appearance
Conjugated C—C Dienes 1600 cm™" Strong
1650 cm™ Strong
With benzene ring 1625 cm™ Strong
With C=0 1600 cm™ Strong
C=C (both sp?) Any 1640-1680 cm™! Medium
Aromatic C=C Any 1450 cm™ Weak to strong (usually 3 or 4)
1500 cm™
1580 cm™
1600 cm™
C=C Terminal alkynes 2100-2140cm™  Weak
Disubstituted alkynes 2190-2260 cm™! Very weak (often indistinguishable)
C=0 Aldehyde/ketone Saturated aliphatic/cyclic 6-membered 1720 cm™
o,B-Unsaturated 1685 cm™!
Aromatic ketones 1685 cm™
Cyclic 5-membered 1750 cm™
Cyclic 4-membered 1775 cm™
Aldehydes 1725cm™ Influence of conjugation (as with ketones)
Carboxylic acids/derivates  Saturated carboxylic acids 1710 cm™
Unsaturated/aromatic carboxylic acids 1680-1690 cm ™"
Esters and lactones 1735 cm™ Influenced by conjugation and
ring size (as with ketones)
Anhydrides 1760 cm™
1820 cm™
Acyl halides 1800 cm™
Amides 1650 cm™ Associated amides
Carboxylates (salts) 1550-1610 cm™
Amino acid zwitterions 1550-1610 cm™
O—H  Alcohols, phenols Low concentration 3610-3670 cm™
High concentration 3200-3400 cm™ Broad
Carboxylic acids Low concentration 3500-3560 cm ™
High concentration 3000 cm™ Broad
N—H  Primary amines Any 34003500 cm™ Strong
1560-1640cm™  Strong
Secondary amines Any >3000 cm™" Weak to medium
Ammonium ions Any 2400-3200 cm ™! Multiple broad peaks
Cc—O Alcohols Primary 1040-1060 cm™ Strong, broad
secondary ~1100 cm™ Strong
Tertiary 1150-1200cm™  Medium
Phenols Any 1200 cm™
Ethers Aliphatic 1120cm™
Aromatic 1220-1260 cm™
Carboxylic acids Any 1250-1300 cm™
Esters Any 11001300 cm™ Two bands (distinct from ketones,
which do not possess a C—O bond)
C—N  Aliphatic amines Any 1020-1220 cm™ Often overlapped
C=N Any 1615-1700 cm™ Similar conjugation effects to C=0
C=N (nitriles) Unconjugated 2250 cm™! Medium
Conjugated 2230 cm™ Medium
R—N—C (isocyanides) Any 2165-2110 cm™
R—N=C=$ Any 2140-1990 cm™
C—X Fluoroalkanes Ordinary 1000-1100 cm™
Trifluromethyl 1100-1200 cm™ Two strong, broad bands
Chloroalkanes Any 540-760 cm™ Weak to medium
Bromoalkanes Any 500-600 cm™" Medium to strong
Iodoalkanes Any 500 cm™! Medium to strong
N—O  Nitro compounds Aliphatic 1540 cm™ Stronger
1380cm™ Weaker
Aromatic 1520, 1350 cm™ Lower if conjugated

#Reprinted with permission under the Wiki Creative Commons Attribution-Sharealike 3.0 Unported License.
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FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY
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FIGURE 15.10 Characteristic bands associated with the organic carbon-hydrogen methylene CH, bond, and for the carbonyl functional group

C=O0 stretch at 1750 cm™" for ketones.
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FIGURE 15.11 FTIR spectrum of the organic compound vanillin.

inorganic band assignments. Figure 15.9 is a well-known and still
quite useful correlation table for FTIR spectral band functional
group assignments.

15.5 FTIR SPECTRUM EXAMPLE I

If we look at the FTIR spectrum in Figure 15.10, we can see some
characteristic bands associated with the organic carbon—
hydrogen methylene CH, bond. There are five bands listed in
the figure ranging from 1165 to 2850 cm™. It is common to
observe most of these in organic compound FTIR spectra. Note
the descriptions to the vibrations associated to the absorbance

of IR radiation as wag, rock, scissor, and stretching. This is the
common terminology used for the different vibrations and struc-
ture deformities associated with the IR. Also included in the spec-
trum is the band for the carbonyl functional group C=0 stretch at
1750 cm™ for ketones, an important spectral range area associated
with the carbonyl group. From Table 15.2, we also see 1725 cm™!
for aldehydes, 1710 cm™! for carboxylic acids, and so on.

15.6 FTIR SPECTRUM EXAMPLE II

Figure 15.11 depicts an FTIR spectrum of the organic compound
vanillin. As can be seen, the spectrum contains numerous bands
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FIGURE 15.12
and (c) silica lipobeads following acylation with sebacoyl chloride.

that at first glance appears to be nondescriptive; however, many
of the characteristic functional group absorbance bands are
represented. Starting at the higher wavenumbers, there is a band
at approximately 3500 em™ for the hydroxyl OH group, there
are aromatic C—H bands at 3000-3200 cm™', CH, bands at
2700-2850 cm™", aromatic aldehyde at 1700 cm™', and aromatic
ether at 1220—1260 cm™ . We can readily see that the FTIR spec-
trum does represent the different groups contained within the
vanillin structure (Figure 15.12).

15.7 FTIR INORGANIC COMPOUND ANALYSIS

Inorganic compound analysis is also performed using FTIR
spectroscopy. Many inorganic compounds have FTIR spectra
detailed enough to identify the compound. Figure 15.13
depicts the IR spectra for four selected inorganic compounds
including: sodium carbonate (Na,CO;3), potassium cyanide
(KCN) (KHCO3, K,COj3 impurities), ammonium phosphate,
dibasic ((NH4),HPO,), and copper sulfate (CuSQO,). In the
spectra, a star (x) denotes a spectral band arising from the
Nujol oil that is used to disperse and hold the inorganic
compounds for spectral analysis. Most laboratories now use
attenuated total reflectance (ATR) apparatus that allows the
measurement of powdered compounds directly without the
need for the use of Nujol oil. Spectra like these can be searched
against known libraries to identify the compounds
when there are enough discerning features. Table 15.3 contains
the characteristic IR bands in the spectra of Figure 15.13 for
the selected inorganic compounds. For the spectral intensity,

FTIR spectra monitoring different steps of the lipobeads synthesis: (a) bare silica beads, (b) silica lipobeads prior to acylation,

the following abbreviations are used: m = medium, w = weak,
vw=very weak, and s=strong to describe the expected
observed bands.

15.8 CHAPTER KEY CONCEPTS
15.1 In UV/Vis analysis, the wavelengths used are approxi-
mately 190-400 nm for the ultraviolet (UV) region,
400-800 nm for the visible (Vis), and finally 1000-
15,000 nm for the infrared region (IR).

The name infra comes from “inferior” as the infrared
region is next to but less in energy than the red region
of the spectrum.

15.2

15.3  With the infrared absorption process, energy of longer
wavelengths is being absorbed with translation to pro-

cesses involving molecular vibrations.

15.4  There are two types of molecular vibrations that take
place: stretching and bending. Stretching is the move-
ment of atoms back and forth along the bond axis. Bend-
ing may involve the change in bond angles between two

atoms that are each attached to a third.

15.5 Bending also takes place as a movement of atoms in
respect to the whole molecule referred to as rocking, scis-
soring, wagging, and twisting.

15.6  Glass and quartz both absorb energy greatly in the infra-

red region.

15.7  Inorganic salts are used for internal transmission optics

and sample holders.
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FIGURE 15.13 FTIR spectra of sodium carbonate Na,COj3, potassium cyanide KCN (KHCO3;, K,CO5 impurities), ammonium phosphate,
dibasic (NH4),HPO,, and copper sulfate CuSO,. (Reprinted with permission from Analytical Chemistry, F.A. Miller, C.H. Wilkins
Infrared Spectra and Characteristic Frequencies of Inorganic Ions 1952, pp. 1253-1294. Copyright 1952 American Chemical Society.)



TABLE 15.3  Characteristic IR Bands for the Selected Inorganic
Compounds. For Intensity, m = medium, w = weak, vw = very weak,
s = strong, vs = very strong®.

Sodium carbonate (Na,COj3)

‘Wavenumber (cm") Micrometers (pm) Intensity
700 14.3 m
705 14.2 m
855 11.7 VW
878 11.4 S
1440 6.95 Vs
1755 5.7 m
2500 4.0 m
2620 3.82 VW
3000 3.3 m
Potassium cyanide (KCN) (KHCOj3;, K,CO; impurities)
Wavenumber (cm™) Micrometers (pm) Intensity
833 12.0 m
882 11.35 VW
1440 6.95 s
1635 6.12 s
2070 4.83 S
Ammonium phosphate, dibasic (NH4),HPO,)

‘Wavenumber (cm‘l) Micrometers (pm) Intensity
850 11.75 VW
900 11.1 m
953 10.5 S
1060 9.45 Vs
1195 8.37 m
1220 8.22 m
1415 7.05 m
1470 6.8 S
1530 6.55 VW
1710 5.85 w
1920 52 m
2200 4.55 w
2860 3.5 Vs
Copper sulfate (CuSO,)

‘Wavenumber (cm‘l) Micrometers (pm) Intensity
680 14.7 m
805 12.45 m
860 11.6 m
1020 9.8 w
1090 9.2 Vs
1200 8.35 S
1600 6.25 w
3300 3.15 S

#Reprinted with permission from Analytical Chemistry, F.A. Miller, C.H.
Wilkins Infrared Spectra and Characteristic Frequencies of Inorganic Ions
1952, pp. 1253-1294.

15.8 Wavenumber is the most commonly used scale when
reporting and discussing IR spectra. The relationship
between wavelength and wavenumber is as follows:

CHAPTER PROBLEMS 273

= ! 0*.

Wavenumber,cm™ = ————
wavelength, pm
15.9  The major components of an infrared spectrometer include
the infrared radiation source, the beam path for sample and
reference, the monochromator, and the detector.

15.10 The infrared radiation sources used are either a Nernst
glower or a globar. The Nernst glower comprises a small
rod of zirconium and yttrium oxides that is heated to
approximately 2000 °C. The globar consists of sintered

silicon carbide that is heated to approximately 1400 °C.

15.11 For the monochromator, a dispersing diffraction grating

is typically used.

15.12 The FTIR spectrometers will have an interferometer after

the IR source and before the beam splitting.

15.13 The advantage of the FTIR is that the infrared spectrum is
scanned very quickly using a moving mirror system. The
interferogram scans are added together reducing the

background noise significantly.

15.14 The IR instruments used today in analytical laboratories

are solely FTIR spectrometers.

15.15 A very powerful and valuable aspect of FTIR spectro-

meters is molecular assignments for the IR spectra.

15.16 Different bonds, most associated with functional groups
in an organic compound will absorb infrared radiation at
different wavenumbers. We can utilize this aspect to
assign structures to both known compounds and also
to elucidate the structure and identity of an unknown

compound or sample.

15.17 A spectrum of the ambient background gases in the FTIR
sample compartment is usually collected in order to sub-

tract out from a sample spectrum.

15.18 Absorption peaks for the different types of bonds making
up organic structures list the relative intensities as weak,

medium, or strong.

15.19 Wag, rock, scissor, and stretching are common terminol-
ogies used for the different vibrations and structure

deformities associated with the IR.

15.20 Inorganic compound analysis is also performed using
FTIR spectroscopy. Many inorganic compounds have

FTIR spectra detailed enough to identify the compound.

15.21 Most laboratories now use ATR apparatus that allows the
measurement of powdered compounds directly without
the need for the use of Nujol oil.

15.22 Spectra can be searched against known libraries to iden-
tify the compounds when there are enough discerning

features.

159 CHAPTER PROBLEMS

15.1  The following spectrum is a background FTIR spectrum
of ambient air. What are the peaks in the spectrum attrib-
uted to?
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Without a background spectrum, spectra of samples can
contain interference peaks from carbon dioxide and
water. Why are these two compounds IR active?

Percent transmittance (%T)

List whether the following are expected to be IR active or
IR inactive for the compound acetylene.

10 4

50 A

(d)
C—C ——

Stretch

Vegetable seeds were extracted with petroleum ether.
The ether was removed on a steam bath leaving behind
an oily substance. The oily substance was smeared onto
a KBr window, and an FTIR spectrum was collected.

4

3468 |
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‘ 1463
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HC=CH 4000 3500 3000 25’00 2200 1800 1600 1400 1200 1000 800 600
Acetylene ‘Wavenumbers (cm™")
@ c=c a. List the major transmittance peak wavenumbers in the
Str;ch spectrum.
b. Using Table 15.2 and Figure 15.9, assign functional
(b) groups to the FTIR spectral peaks.
HC=C—H c. From the extraction information and the spectrum,
Stretch what is the material?
© R 15.6  The following FTIR spectrum is of mineral oil, a sub-
Strjtch_> stance often used as a carrier for other compounds used
for collecting spectra. Nujol is a brand of mineral oil by
) ) ) Plough Inc., CAS number 8012-95-1, and density
List whether the following are expected to be IR active or 0.838 g/ml at 25 °C, used in infrared spectroscopy.
IR inactive for the compound ethene.
100
CH2 — CH2
~ 719
(a) Ethene g
-~ C —C —_— §
Stretch E
(b) g 50 4 1374
\H / % 1459
N i 2
C—
2853
H/ \H 104 - 2922, . I . . .
J/ \ 4000 3500 3000 2500 2200 1800 1600 1400 1200 1000 800 600
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© a. List the major peaks and make assignments.
\H / b. Compare this spectrum to the spectrum of Problem
H 15.1. How are they similar and/or different?
C=—C
H H 15.7  The following FTIR spectrum was obtained by crushing

N

Stretch

oyster shells, mixing some of the powder with mineral
oil, and collecting the spectrum.
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a. List the major transmittance peak wavenumbers in the
spectrum.

b. Using Table 15.2 and Figure 15.9, assign functional
groups to the FTIR spectral peaks.

c. From the extraction information and the spectrum,
what is the material?

15.8 The following FTIR spectrum is that of potassium
phosphate.
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a. List the major transmittance peak wavenumbers in the
spectrum.

b. Using Table 15.2 and Figure 15.9, assign functional
groups to the FTIR spectral peaks.

The following FTIR spectrum is that of the aromatic
compound benzene.
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a. List the major transmittance peak wavenumbers in the
spectrum.

b. Using Table 15.2 and Figure 15.9, assign functional
groups to the FTIR spectral peaks.

15.10 The following FTIR spectrum is that of a simple deriva-
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tive of the aromatic compound benzene. The compound
is phenol.
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a. List the major transmittance peak wavenumbers in the
spectrum.

b. Using Table 15.2 and Figure 15.9, assign functional
groups to the FTIR spectral peaks.

c. Why is the spectrum for phenol more complicated
than the spectrum in Problem 9 for benzene? What
differentiates the two?

The following FTIR spectrum is that of a simple deriva-
tive of the aromatic compound benzene. The compound
is benzoic acid.
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a. List the major transmittance peak wavenumbers in the

spectrum.

b. Using Table 15.2 and Figure 15.9, assign functional

groups to the FTIR spectral peaks.

c. Why is the spectrum for benzoic acid more compli-

cated than the spectrum in Problem 15.9 for benzene,
and different from that of phenol? What differentiates
the spectrum?
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15.12 The following FTIR spectrum is that of a second simple
organic carboxylic acid compound acetic acid (ethanoic
acid).
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a. List the major transmittance peak wavenumbers in the
spectrum.

b. Using Table 15.2 and Figure 15.9, assign functional
groups to the FTIR spectral peaks.

c. What are the similarities and differences between the
FTIR spectra for acetic acid and benzoic acid?

15.13 The following FTIR spectrum is that of starch. Starch is a
carbohydrate consisting of a large number of glucose
units joined by glycosidic bonds. This polysaccharide
is produced by most green plants as an energy store.
It is the most common carbohydrate in human diets
and is contained in large amounts in such staple foods
as potatoes, wheat, maize (corn), rice, and cassava.
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a. List the major transmittance peak wavenumbers in the
spectrum.
b. Using Table 15.2 and Figure 15.9 and the structure of

starch, assign functional groups to the FTIR spec-
tral peaks.

15.14 Use the assignments that have been presented in the

preceding problems to decipher the following FTIR
spectrum.
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a. List the major transmittance peak wavenumbers in the
spectrum.

b. Using Table 15.2 and Figure 15.9, assign functional
groups to the FTIR spectral peaks.

c. What are some possible structures or identifications
for the compound?

15.15 The FTIR spectrum is that of anhydrous sodium chloride
(NaCl). Explain why the spectrum is void of any IR

spectral bands.
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15.16 The FTIR spectrum is that of magnesium chloride
hexahydrate (MgCl,-6H,0). Explain why the spectrum
possesses IR spectral bands. Identify the functional
groups that are responsible for the spectral bands.
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16.1  Introduction
16.2  Frequency and Magnetic Field Strength
16.3  Continuous-Wave NMR
164 The NMR Sample Probe
16.5  Pulsed Field Fourier Transform NMR
16.6  Proton NMR Spectra Environmental Effects
16.6.1 Chemical Shift
16.6.2 Spin—Spin Splitting (Coupling)
16.6.3 Interpretation of NMR Spectra
16.7  Carbon-13 NMR
16.7.1 Introduction
16.7.2 Carbon-13 Chemical Shift
16.7.3 Carbon-13 Splitting

16.1 INTRODUCTION

The analytical instrumental analysis technique of nuclear
magnetic resonance (NMR) is another very useful tool for
compound structural information. Unlike UV/Vis and FTIR
spectroscopy where energy absorption involves electrons
and bonds, the NMR process is a nuclear interaction brought
about in the presence of a strong magnetic field. The four most
common nuclei that are used in NMR studies are 'H, 'C, '°F,
and >'P. Each of the nuclei have a spin quantum number of Y2,
and each nuclei have two spin states: /=+1/2 and I=-1/2.
The related magnetic quantum numbers are m=+1/2 and m
=—1/2. Similar to when electricity flows through a coil of wire
a magnetic field is produced, so to a charged nucleus spinning
creates a magnetic field. The physical property of the
spinning nucleus is described by the magnetic moment u
that is orientated along the axis of spin and is proportional
to the angular momentum p. The magnetic moment is
expressed as

H=7p; (16.1)

16.7.4 Finding the Number of Carbons
16.7.5 Carbon-13 NMR Examples
16.8  Special Topic—NMR Characterization of Cholesteryl
Phosphate
16.8.1 Synthesis of Cholesteryl Phosphate
16.8.2 Single-Stage and High-Resolution Mass
Spectrometry
16.8.3 Proton Nuclear Magnetic Resonance ('H-NMR)
16.8.4 Theoretical NMR Spectroscopy
16.8.5 Structure Elucidation
16.9  Chapter Key Concepts
16.10 Chapter Problems

References

where y is a proportionality constant called the magnetogyric
ratio (radian-T~' s™!). The ratio is specific for each nuclei. The
magnetogyric ratio for 'H is 2.6752 x 10® radian-T~'s™', for
Cis 6.7283 x 10 radian-T™' 57", for "’Fis 2.5181 x 10° radian-
T 's7!, and for >'Pis 1.0841 x 108 radian-T~' s™!. Not all nuclei
have a magnetic moment, only those with an odd sum of protons
and neutrons as illustrated in Table 16.1.

16.2 FREQUENCY AND MAGNETIC FIELD
STRENGTH

When an organic compound containing hydrogen nuclei is
placed into a magnetic field, the magnetic moments (m) of each
nuclei will align either with the magnetic field (low energy state,
where m=+1/2) or against the external magnetic field (high
energy state, where m =—1/2). The low energy state can be uti-
lized to absorb energy at a certain frequency (radio frequency
range) in order to raise it to the high energy state allowing meas-
urement of the transition. Illustrative example of the energy
levels of the two magnetic moments of the nucleus in an applied
magnetic field is shown in Figure 16.1.

Analytical Chemistry: A Chemist and Laboratory Technician’s Toolkit, First Edition. Bryan M. Ham and Aihui MaHam.

© 2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc.



278

NUCLEAR MAGNETIC RESONANCE (NMR) SPECTROSCOPY

TABLE 16.1 Magnetic Properties of Selective Elements Used in NMR Studies and for Comparison.

Nucleus Magnetogyric Ratio (radian-T™"-s™") Spin Number Isotopic Abundance (%) Absorption Frequency (MHz)
'H 2.6752 x 108 17 99.98 600°

H (deuterium) 4.1066 x 107 1 0.016 91.5

2c 0 98.9

B¢ 6.7283 x 107 17 1.11 150

R 2.5181 x 108 17 100.0 561

3lp 1.0841 x 10® 17 100.0 242

# All calculated with a 14 T magnet.

I1=12,m=+1/2,-1/2
Energy

A

> T

No field —_— =12
m=-112 EAE
\ /
/
/
u /
0 p——
HO \\
A \
u \
\
\ Y
m=+1/2 ——— m=+1/2

FIGURE 16.1 Magnetic moments in the presence of a strong applied
magnetic field.

The potential energy of the two states can be derived from
Planck’s equation as follows:

vh
E=—-"—. 16.2
For the lower energy state, m =+1/2:
vh
E =-"—B,. 16.3
+1/2 iz 0 ( )
For the higher energy state, m=—-1/2:
rh
E_i,=—"—By. 16.4
12== - Bo (16.4)

The difference between the two energy states is represented
by AE:

(16.5)

The frequency of the radiation required to bring about the
transition can be obtained by substituting into Equation 16.5
the relationship AE = hy, giving the expression:

¥Bo
vo=" " (16.6)

We can see that there is a direct relationship between the
frequency of the transition and the magnetic field strength.

The frequency absorbed in the strong external magnetic field
is characteristic of the isotope. NMR instruments used for proton
resonance are often referred to as proton magnetic resonance
(PMR) instruments, and are usually designated by the frequency
for the proton transition instead of the magnet strength (also referred
to as H-NMR). Using the magnetogyric ratio and Equation 16.6,
if the frequency is known then the magnet strength can be
calculated, and vice versa. For example, a 900 MHz (megahertz
or million hertz) PMR will have a magnetic field strength of

_vo2r (9.0x10%)27

By ¢ =21T.
v 2.6752x10

(16.7)

In this case, the 21 T magnet is referred to as a 900 MHz magnet.

16.3 CONTINUOUS-WAVE NMR

Older NMR spectrometers are generally called continuous-wave
(CW) NMR spectrometers due to the use of a steady, nonchan-
ging magnetic field. Nuclei can absorb energy by either holding
the magnetic field constant while changing the radio frequency,
or holding the radio frequency oscillator constant and varying the
magnetic field. These were often equipped with permanent mag-
nets that have field strengths of 0.7 T (30 MHz proton), 1.4 T
(60 MHz proton), and 2.1 T (90 MHz proton). Permanent mag-
nets are very sensitive to heat and also require extensive shield-
ing. Both sensitivity and resolution increase with increasing field
strength, thus stronger magnets than these are desirable. The per-
manent magnets used in the CW-NMR were also unstable and
tended to drift with time making extended period experiments
difficult. The instruments were designed where the magnetic field
is induced around the sample, and unlike optical spectroscopy
that uses the electrical field of electromagnetic radiation to inter-
act with absorbing species, NMR uses the magnetic field of the
radiation to excite the absorbing species. If the magnetic vector’s
rotational frequency of the induced radiation is the same as the
precessional frequency of the nucleus, then absorption with flip-
ping will occur. An oscillator coil is mounted in the NMR instru-
ment acting as the source radiation for absorbance at 90° to the
direction of the fixed magnetic field. In order to alter the applied
magnetic field over a small range, two field sweep generators
made of a pair of coils are located parallel to the permanent



magnet faces. A PMR instrument may have a fixed 60 MHz radio
frequency and a small magnetic sweep range of 16.7 ppm. Both
the magnetic field strength and the radio frequency are propor-
tional and can be plotted against the NMR spectrum. The source
frequency can be swept also where when the frequency resonates
with the nuclei and produces a transition, the frequency when the
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absorbance takes place can be stored and plotted to produce an
NMR spectrum. The radio frequency source consists of a coil
around the sample tube. The same is for the radio frequency
receiver. A simple component representation of the configuration
of a CW NMR is depicted in Figure 16.2. An example of NMR
spectrum is depicted in Figure 16.3 for a compound with

Control system
Radio frequency transmitter, receiver,
amplifier, and sweep generator

@

(1D

-l

o - I E

I - o

N,

NMR sample tube
Coils used for direction of spin

sweeping frequency

FIGURE 16.2 Design of a continuous wave NMR apparatus.

H

2.0 1.0 0.0

(ppm)

FIGURE 16.3 Simple proton NMR spectrum of 2-amino-3-methyl-pentanoic acid.
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Fill tube

‘ to this line
4.5 cm

FIGURE 16.4 Examples of NMR tubes and the proper filling height
with sample.

molecular formula of CyH;cO4. The structure in the figure
illustrates the hydrogen protons that are contained within the
compound. Also shown are assignments of the NMR spectral
peaks to the associated structural protons, in the form of a, b,
¢, and d. The spectrum also contains integration lines giving
the ratio of protons. Later, we will take a closer look at some
example NMR spectra and the assignment of structural protons
to the NMR peaks.

16.4 THE NMR SAMPLE PROBE

The NMR sample probe is also an important component of the
NMR instrumentation. The probe compartment is where the sam-
ple sits within the magnetic field. Usually, the sample is spinning
anywhere from 30 to 60 revolutions per second. The spinning is
achieved using an air-driven turbine. Spinning the sample helps
to greatly reduce the effects of inhomogeneity in the magnetic
field, the cell walls, and the sample. The sample probe also
contains the coils for producing the excitation energy, and for
the detection. The actual tubes that hold the sample are 5-mm
o.d. glass tubes that are designed to hold 0.5ml of sample.
Figure 16.4 depicts examples of NMR tubes, and the proper sam-
ple height.

16.5 PULSED FIELD FOURIER TRANSFORM NMR

Pulsed field Fourier transform nuclear magnetic resonance (FT-
NMR) is an NMR measurement that differs from CW NMR
where instead of scanning a frequency wave range, all frequen-
cies (spectral lines) are simultaneously excited for a brief pulse
period (7, 1-100 ps), then the pulse is repeated a number of times.

FIGURE 16.5 Bruker AVANCE 1000MHz (23.3T) NMR
spectrometer. (Reprinted with permission from Bruker BioSpin.)

The time T of the interval between the pulses is usually 1-3 s. The
magnets used in current FT-NMR instrumentation are supercon-
ducting magnets with field strengths that range from 7T
(300 MHz proton), 14 T (600 MHz proton), to 21 T (900 MHz
proton). Superconducting magnets produce their magnetic field
from a superconducting solenoid made of either coiled niobium
and tin wire or niobium and titanium wire that is supercooled.
The solenoid coil is bathed in liquid helium that keeps the sole-
noid at 4 K. The liquid helium bath is surrounded by a liquid
nitrogen bath. The cost of filling the liquid nitrogen Dewar
(required about every 10-30 days), and the liquid helium Dewar
(about every 70-130 days) is well offset by the advantages of
using the superconducting magnet. Advantages include much
simpler configurations requiring a smaller size, greater stability
over extended intervals, low maintenance and operation costs,
and extensively stronger field strengths. The increased sensitivity
obtained by using superconducting magnets with pulsed Fourier
transform NMR has allowed the measurement of less-sensitive
nuclei such as "*C and *'P. Figure 16.5 is a picture of the Bruker
AVANCE 1000 MHz (23.3 T) NMR spectrometer.

The FID decay signals following each pulse are digitized by
a fast analog-to-digital converter and added together increasing
the signal-to-noise ratio of the measurement and thus increasing
the sensitivity. The summed time domain data are then fast
Fourier transformed (using the Cooley—Tukey algorithm) into a
frequency domain signal. Figure 16.6(a) depicts an input signal
pulse sequence of 7 and T. The duration of 7 is 1-10 ps, and T
is usually 1-3s. Figure 16.6(b) is an expanded view of one
of the RF pulses. Figure 16.6(c) is a time domain signal, and a
Fourier transform of the time domain signal to a frequency
domain is depicted in Figure 16.6(d).

16.6 PROTON NMR SPECTRA ENVIRONMENTAL
EFFECTS

At this point, we are able to begin to look at the final output of
an NMR experiment, such as a PMR spectrum of an organic
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FIGURE 16.6 (a) An input signal pulse sequence of 7 and 7. The
duration of 7z is from 1 to 10ps, and T is usually 1-3s. (b)
Expanded view of one of the RF pulses. (c) Time domain signal.
(d) Fourier transform of the time domain signal to a frequency.

compound. There are two processes observed in NMR that are
used in obtaining structural information of a compound called
chemical shift and spin—spin splitting (coupling).

16.6.1 Chemical Shift

Protons in a molecule do not absorb radiation at the same fre-
quency in a given magnetic field strength. The absorbing protons
are influenced by the protons that surround them. Each proton has
a magnetic field induced by its electrons as they circulate around
the nuclei that tends to shield the proton from the external mag-
netic field of the NMR instrument. This effect is clearly seen with
covalent bonds, and the structure and composition of the organic
compound. The local magnetic field around the nucleus will
oppose the external field thus decreasing the magnitude of the
field affecting the nucleus during the NMR experiment. There-
fore, the external field will have to be increased in strength to
cause nuclear resonance. The magnitude of the shielding that
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takes place depends directly on the electron density around the
proton. The greater the electronegativity of the protons environ-
ment the less shielding will take place. An electronegative envi-
ronment will draw the electrons away from the nucleus thus
decreasing the shielding effect. For example, halogens will
decrease the shielding effect. To give a type of universal magni-
tude to the shielding effect, a difference in the chemical shift,
expressed as parts per million (ppm), from a reference standard
is used. A typical reference standard is tetramethylsilane
(TMS, (CHj3))4Si) that contains 12 protons that are identical in
their environment with a large degree of shielding taking place
from the central electropositive silicon atom. An electropositive
environment will not draw the electrons away from the proton
nucleus thus allowing the shielding to take place. TMS was cho-
sen because it is chemically inert, soluble in most nonpolar sol-
vents, and has a single sharp resonance line at a high magnetic
applied field that does not interfere with most organic com-
pounds. The chemical shift is expressed as a delta (J) in ppm
using the following expression:

(RFs—RFrms) y

10°, (16.8)
RF1vms

Chemical shift (5), ppm =

where

RFs =resonance frequency of sample, in Hz
RFt\s =resonance frequency of TMS reference, in Hz.

In general, for most NMR instrumentation the chemical shift for
protons is from 1 to 13 ppm. We can try to correlate the chemical
shift with observed in the NMR spectrum with structural charac-
teristics of the organic compound. Figure 16.7 depicts a chart that
roughly shows correlations between chemical shifts and the
chemical makeup adjacent to the proton.

An example of chemical shift is depicted in Figure 16.8 for
ethanol with TMS as an internal standard. In the figure, we can
see a good example of the influence of shielding and deshielding
and the chemical shift. The hydroxyl proton is experiencing the
greatest amount of deshielding due to the electronegative oxygen,
and thus is shifted far to the left. By convention, the x-axis is plot-
ted with the magnetic field increasing from left to right. The inter-
nal reference TMS is situated to the far right and designated as 0 6,
with increasing chemical shift from right to left (increasing 6 from
0 to 13 ppm). The methylene group (~CH,) next to the hydroxyl
group is experiencing less deshielding, and then finally the termi-
nal methyl (—CHj3) group is influenced the least in comparison
with the greatest amount of shielding taking place.

16.6.2 Spin-Spin Splitting (Coupling)

Another type of nuclear interaction that is manifested onto the
NMR spectrum is the splitting of the NMR peaks. There is a small
interaction or coupling between the protons on one group and the
protons that are adjacent. This interaction has been shown to be
between the magnetic field of the proton and the bonding electrons
and not an influence through the open space between the protons.
The magnetic moment of the nucleus that is being observed in
the NMR spectrum is interacting with the magnetic moment of
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FIGURE 16.7 Proton NMR chemical shifts correlated with function group.
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FIGURE 16.8 Example of chemical shift for ethanol with TMS as an internal standard.

adjacent nuclei. The energy levels of the transitions are being split,
which results in multiple peaks on the spectrum. In Figure 16.9,
instead of one peak for the methylene group (—CH,) and the ter-
minal methyl (—CHj3) group, like what is seen with the proton
on the hydroxyl group, the methylene group (—CH,) is split into
four peaks and the terminal methyl (~CHj3) group into three.
The rule for splitting is the number of adjacent equivalent nucleus
(n) plus one (n + 1) equals the number of spectral peaks. The num-
ber of spectral peaks (n + 1) is referred to as the multiplicity. The
distance between the peaks in Hertz (Hz) is called coupling
constant (J) and is the same for the interacting nuclei. This is illus-
trated for our ethanol spectrum in Figure 16.8, where the coupling

constant for the four methylene group (~CH,) nuclei and the three
terminal methyl (—CH3) nuclei are equal at ~7 Hz. The relative
areas under the peaks are also predictable and are in integer ratios.
For example, the ratio for the terminal methyl (—CH3) group split
into three is 1:2:1. The ratio for the methylene group (—CH,) split
into four peaks is 1:3:3:1. The splitting of the peaks and the ratios
are due to the possible combinations of the spin states of the nuclei.
Note that the splitting of the peaks also involves slight chemical
shifts of the different spin states. The relative intensities of the
first-order (spectra where the chemical shift is large compared to
the coupling constant) multiplets are presented in the following
Pascal’s triangle in Table 16.2.
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FIGURE 169 Example of J coupling constants.

TABLE 16.2 Spin—-Spin Coupling Patterns of First-Order
Multiplets.

Equivalent

hydrogen Number of peaks Splitting pattern
protons (1) multiplicity (n + 1) Name and ratios

0 1 Singlet 1

1 2 Doublet 1:1

2 3 Triplet 1:2:1

3 4 Quartet  1:3:3:1

4 5 Quintet 1:4:6:4:1

5 6 Sextet 1:5:10:10:5:1

6 7 Septet 1:6:15:20:15:6:1

16.6.3 Interpretation of NMR Spectra

16.6.3.1 2-Amino-3-Methyl-Pentanoic Acid The first exam-
ple NMR spectrum we will look at is depicted in Figure 16.10,
which is of the organic compound 2-amino-3-methyl-pentanoic
acid. The structure of 2-amino-3-methyl-pentanoic acid is
included in the figure with letters denoting the hydrogens that
are giving rise to the peaks in the NMR spectrum. The lower
<1 ppm group of peaks is due to the two methyl groups in the
structure labeled as “a.” The two small series of peaks labeled
as “b” are associated with the —CH, methylene group next to
the alkane —CH3; methyl groups. Next are the “c” and “d” hydro-
gens, all with different ppm shifts due to their local environment.
Finally, there is a peak at approximately 4.8 ppm, which is asso-
ciated with the protonated form of the deuterium oxide solvent,
HDO versus D,0. The deuterium oxide undergoes exchanges
with both the -NH, amino group and the —OH hydroxyl group
of the carboxylic acid.

16.6.3.2 Unknown I An unknown sample was analyzed
using NMR to give the following spectrum depicted in
Figure 16.11. FTIR analysis showed that the compound has a
major peak at 1710 cm™!, and a 1% solution of the unknown

material was found to change litmus paper to red. The compound
was found to have an empirical formula of CsH;(O,.

Upon inspection of the NMR spectrum and the added FTIR and
litmus information above, the most likely assignment of the broad
singlet with shift of 11.4 ppm would be for the hydroxyl proton of a
carboxylic acid moiety containing compound. This agrees with the
FTIR peak at 1720 cm™" indicative of a carboxyl acid group, and
the red (acidic) litmus paper test. We can conclude from this that
the unknown compound contains an organic acid group. The tri-
plet located at approximately 2.5 ppm is derived by the splitting
of a—CH,— group by two protons. The triplet is also shifted down-
field most likely due to the carboxyl group. The structure is indi-
cated as HO-COO-CH,—CH,— now. The pentuplet signal at
~1.7 ppm is split by two —CH,— groups on each side, (2+2) +
1=5 peaks (pentuplet). This now indicates the structure as
HO-COO-CH,—CH,—CH,-. The sextuplet signal at ~1.35 ppm
is split by a —CH,— group on one side, and a -CH3 methyl group
on the other side, (2 + 3) + 1 = 6 peaks (sextuplet). This is also sup-
ported by the triplet at ~0.35 ppm, which corresponds to a
—CH3 methyl group that is split by one —CH, methylene group.
This now indicates the final structure as HO—-COO-CH,—CH,—
CH,—CHj;. Figure 16.12 depicts the assignment of the different
groups of the proposed structure to the corresponding NMR peaks,
labeled as a, b, ¢, d, and e.

16.7 CARBON-13 NMR

16.7.1 Introduction

As we saw in the introduction, NMR Spectroscopy is not just lim-
ited to the activity of protons. The four most common nuclei
that are used in NMR studies are 'H, 'C, '°F, and *'P. Carbon-
13 comprises 1.1% of the naturally occurring carbon (as opposed
to carbon-12 at 98.9% abundance) found in nature. At 1.1%,
carbon-13 is abundant enough to be useful in NMR studies. It
has found direct applications because carbon is the central atom
of all organic compounds. The nuclear spin of carbon is Y2
(I="%) allowing its measurement by NMR.
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FIGURE 16.10 Proton NMR spectrum of 2-Amino-3-Methyl-Pentanoic Acid.
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FIGURE 16.11 Proton NMR spectrum of Unknown I.

16.7.2 Carbon-13 Chemical Shift

The effect of chemical shift is observed also with other different
nuclei that are measured with NMR such as the carbon-13 chem-
ical shifts depicted in Figure 16.13. Observe though that a differ-
ent scale is used for the x-axis for the carbon shifts depicted in

Figure 16.13. While proton NMR has shifts typically in the range
of 1-10 ppm, the range observed in carbon-13 NMR runs from 0
to 200 ppm.

Carbons that have a different environment respond to the mag-
netic field and resonance differently. Electrons shield the nucleus
and subsequently reduce the effective magnetic field. This in turn
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FIGURE 16.12 Proton NMR spectrum of Unknown I with assignments of protons to the corresponding spectral shift peaks as, a, b, ¢, d, and e.

| ]

Aldehydes, RCH=0 _ _ _
ey R,C=CH, b——i +—CL. e &l
Ketones, R,C=0 RHC=CHR C-NO, C-Br
—_— = [ — ' y
R,C=CH, :C—H Saturated alkanes:
Aromatics C-NR,
Heteroaromatics C-OH C-SR
R-CO,H =
Carboxylic acids i |-—R—9;N——4 C-OR ' C-Ar .
R-CO,R' .
Esters +——— Sulfoxides, sulfones,C SO“R., C-C=C
(6]
R-CONR, = 1l
Amides ————3 LSS ¢ C—C=R
| | I I I
200 150 100 50 0.0
ppm (6)
FIGURE 16.13 Carbon-13 chemical shifts.

requires energy of lower frequency in order to cause the magnetic
resonance. This shows up as a lower ppm chemical shift on the
NMR spectrum. In contrast to this, an environment that is not
electron dense requires a higher frequency for resonance. These
two environments are associated with electron-withdrawing
groups and electron-donating groups. Electron-withdrawing
groups are those that remove the electron density from around
the carbon of interest. In Figure 16.13, some examples of

electron-withdrawing groups are the amides, esters, carboxylic
acids, ketones, and aldehydes, all found at 150 ppm or greater.
Halogens on the other hand are electron donating and are found
at much lower chemical shifts in Figure 16.13, such as the car-
bons covalently attached to chloride or bromide, both with a
chemical shift <50 ppm. Table 16.3 is a numerical listing of
typical chemical shifts in carbon-13 NMR spectra. Table 16.4
is a simplification of Table 16.3.
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16.7.3 Carbon-13 Splitting

In the NMR spectra, multiple peaks are observed if not decoupled
and removed. This is because the carbon atoms couple with the
hydrogen atoms that are attached to them directly. If a carbon atom
is a quaternary carbon with no hydrogens, then the carbon will
appear as a singlet. If the group is a methane group (—CH), then
the carbon appears as a doublet, if a methylene group (—CH,) then
a triplet, and finally as a methyl group (—CHj3) as a quartet.
A technique is used to decouple the protons from the carbon atoms
by irradiating them at a frequency that excites the protons and
interrupts their coupling. This type of spectrum is called a
proton-decoupled NMR spectrum and all the carbons appear as
singlets. The proton-decoupled spectrum allows the determination
of the number of carbons and/or equivalent carbons are present in
the structure of the compound. The proton-coupled NMR spec-
trum can also be used in conjunction with the decoupled to give
the number of hydrogen protons attached to each of the carbons.

16.7.4 Finding the Number of Carbons

The carbon-13 NMR spectra of organic compounds give infor-
mation about: (i) the number of different types of carbon atoms
that are contained within the compound; (ii) the description of the

TABLE 16.3 Typical Chemical Shifts in
Carbon-13 NMR Spectra.

electronic environment surrounding the carbon atom; and (iii) the
number of direct neighbors that a carbon atom has through split-
ting. In carbon-13 NMR spectra, every chemically distinct carbon
or shared groups of carbons have a unique resonance. We also see
that carbon-13 carbons have a very broad range of resonances,
from 1 to 250 ppm; thus, they are less likely to overlap as is often
seen in proton NMR spectra. The end result of all of this is that the
analyst can tell how many different carbons or groups of equiv-
alent carbons are present in a molecule by counting the number of
peak resonances in the carbon-13 NMR spectrum.

16.7.5 Carbon-13 NMR Examples

A rather simple carbon-13 NMR spectrum is depicted in
Figure 16.14 for ethanol. Ethanol has a very limited structure as
CH;-CH,—-OH. It is obvious that there are only two carbons in
the structure and that they are in chemically different environ-
ments. In the spectrum of Figure 16.14, there are only two peaks
representing two carbons in two different environments. The
first carbon has three hydrogens attached to it and is bonded to
another carbon. The second carbon has two hydrogens, a carbon,
and a bond to oxygen. If we refer back to Figure 16.14 and
Tables 16.4 and 16.5, we can figure out which peak is associated
with which carbon. Looking at Figure 16.13, we can see that C—H
saturated alkanes have resonances <50 ppm, and that the C—-OH of
alcohols is >50 ppm. Tables 16.4 and 16.5 also list these two car-
bon environments with similar resonances. Therefore, we attribute

Carbon Chemical shift (ppm) the lower resonance peak as the C—H saturated alkane methyl CH3
RCH; 10-15 carbon and the higher resonance peak for that of the methylene
R,CH, 15-25 CHj; carbon attached to the OH alcohol group. The CHj3 group
CH;CO- 20-30
R;CH 25-35
RCH,NH, 3545 TABLE 16.4 Simplified Carbon-13 Chemical
RCH,CI 4045 Shifts.
RCH,OH 50-65
C=C 115-140 Carbon Chemical shift (ppm)
C—aromatic . 125-150 C—C 0-50
C=0O—esters and acids 170-185 C-0 50-100
C=O—aldehydes 190-200 Cc=C 100-150
C=0—Xketones 200-220 C=0 150-220
H;C — C—OH
H,
r—T1 T T T T T T T T T T T T T T T T T 1
180 160 140 120 100 80 60 40 20 0.0
(ppm)

FIGURE 16.14 Carbon-13 NMR spectrum for ethanol.
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is at about 18 ppm while the CH, group is at about 60 ppm. Can
you explain why these two carbons are at the resonance values they
are? The RCH; groupis at 18 ppm instead of 10—15 ppm range due
to the electronegativity of the alcohol hydroxyl group. The

TABLE 16.5 Proton NMR Spectral Results.

Theoretical
Node Shift (ppm) Experimental Shift (ppm)
CH3(18) 0.68-0.73 (0.69)*”
CH3(26), CH3(27) 0.88-0.89 (0.86-0.87)*’
CH3(21) 0.92 (0.91)*7
CH3 1.01 1.01 (1.0)*7
CH3 1.01 1.02
CH3 1.06 1.08
CH3 1.16 1.15-1.18
CH2 1.25
CH2 1.25
CH2 1.25
CH3 1.26 1.275
CH2 1.29 1.29
CH2 1.36 1.36
CH 1.40 1.40
CH2 1.40 1.40
CH2 1.44
CH 1.44
CH 1.45
CH2 1.47 1.46
CH2 1.47 1.47
CH 1.47 1.48
CH 1.64 1.64
CH 1.83 1.83
CH2 1.92 1.90
OH 2.0 2.01
CH2 2.11 2.11
CH 3.25
C=C-H 5.37 5.46 (5.3)%
127.2
100

%

200 400

electronegative oxygen pulls electrons away from the carbon
nucleus. This in turn leaves the carbon nucleus more exposed to
the external magnetic field. As was stated earlier, the carbon will
need a smaller external magnetic field to bring it into resonance as
compared to if it was in an environment that is less electronegative.
The end result is that the smaller the magnetic field needed for res-
onance, the higher the chemical shift will be.

16.8 SPECIAL TOPIC—NMR
CHARACTERIZATION OF CHOLESTERYL
PHOSPHATE

In metabolomics studies, often an unknown biomolecule is
observed in a system under study by mass spectrometry. The
structural elucidation and subsequent identification of an
unknown small biomolecule is a process that often involves a
number of steps. Figure 16.15 is a single-stage ESI Q-TOF mass
spectrum of a biological extract containing unknown biomole-
cules in a solution of 1:1 chloroform/methanol with 10 mM LiCl.
The spectrum contains primarily lithium adducts of the lipid
species in the biological extract as [M + Li]". The predominant
biomolecule observed in the biological extract at m/z 473.5
(also observed at m/z 489 as the sodiated species) will be the
subject of study concerning its identification in the following
example of identifying an unknown biomolecule.

Figure 16.16 is an ESI Q-TOF single-stage negative ion mode
mass spectrum of the same biological extract as depicted in
Figure 16.15 in a 1:1 chloroform/methanol solution containing
1 mM ammonium acetate. The spectrum is composed of depro-
tonated biomolecule species as [M — H]™. In the lower molecular
weight region of the spectrum, there are four peaks observed
representing the free fatty acids: myristic acid at m/z 227.3; pal-
mitic acid at m/z 255.4; oleic acid at m/z 281.4; and stearic acid
at m/z 283.4. The peak at m/z 465.5 is suspected to be the same
biomolecule as that of m/z 473.5 observed in positive ion mode.

593.6 709.6 754.7 971.8

600 800 1000

miz

FIGURE 16.15 Single stage ESI Q-TOF mass spectrum of a biological extract in a solution of 1:1 chloroform/methanol with 10 mM LiCl containing
primarily lithium adducts as [M + Li]*. m/z 473.5 (also observed at m/z 489 as the sodiated species) is the subject of study concerning its identification.

380.9

2554 2834

100 408.3

%

0
200 300 400

456.3
3 4655

597.7

6457 7299 7579 7859

500 600 700 800

FIGURE 16.16 ESI/Q-TOF single stage mass spectrum of the biological extract collected in negative ion mode in a 1:1 chloroform/methanol
solution containing 1 mM ammonium acetate. Spectrum is comprised of deprotonated lipid species as [M—H]™ illustrating the free fatty acids
myristic acid at m/z 227.3, palmitic acid at m/z 255.4, oleic acid at m/z 281.4, and stearic acid at m/z 283.4, and an unknown species at m/z 465.5.
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FIGURE 16.17 (a) Single stage mass spectrum in positive ion mode of the synthesized cholesteryl phosphate in an acidic solution containing
Nal (1% acetic acid in 1:1 CHCI3/MeOH). (b) Single stage mass spectrum in negative ion mode of the synthesized cholesteryl phosphate in a 10
mM ammonium hydroxide 1:1 CHCl3/MeOH solution. (c) High resolution mass measurement of the synthesized CP as the lithium adduct
[C57H4704PLi]* at m/z 473.3362 (calculated —2.1 ppm error). (d) High resolution mass measurement of the synthesized CP as the sodium

adduct [Cy;H4704PNa]™ at m/z 489.3103 (calculated —1.4 ppm error).

The unknown species was suspected to be cholesteryl phosphate.
To verify this, the cholesteryl phosphate species was synthesized,
characterized, and compared to the unknown for confirmation
of its identification.

16.8.1 Synthesis of Cholesteryl Phosphate

The first step was to synthesize the cholesteryl phosphate species.
Cholesteryl phosphate (CP) was synthesized following the meth-
odology outlined by Sedaghat et al. [1] and Gotoh et al., [2] where
the major modification consisted of changing the methodology
from a gram scale to a milligram scale. Briefly, 0.67 g of choles-
terol was dissolved in 3.5 ml of dry pyridine. The solution was then
cooled in ice water, and phosphorus oxychloride (0.175 ml dis-
solved in 3.5ml acetone) was added slowly with stirring.
A precipitate was formed immediately and the solution was

allowed to cool for 10 min in the ice water. The precipitate (cho-
lesteryl phosphochloridate) was filtered and washed with 15 ml
cold dry acetone. The solid was dissolved in tetrahydrofuran
(THF) and refluxed for 2 h after adding aqueous NaOH (2.1 equiv-
alent). The resulting CP precipitate was filtered and washed with
dry cold acetone and dried in a VacufugeTM (Eppendorf ). High-
resolution mass measurements (including both the sodium and
lithium adducts) of the synthesized CP and H-NMR results are pre-
sented for verification of its identification in the next two sections.

16.8.2 Single-Stage and High-Resolution Mass
Spectrometry

The synthesized CP was next characterized using high-
resolution mass spectrometry. Figure 16.17a is a single-stage
mass spectrum in positive ion mode acquired on the Q-TOF
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mass spectrometer of the synthesized CP in an acidic solution
containing Nal (1% acetic acid in 1:1 CHCI;/MeOH). The
two major peaks in the spectrum are at m/z 489.4 for CP as
the sodium adduct, and m/z 955.8 for a CP dimer.
Figure 16.17b is a single-stage mass spectrum in negative ion
mode acquired on the Q-TOF mass spectrometer of the synthe-
sized CP in a 10 mM ammonium hydroxide 1:1 CHCl;/MeOH
solution. The major peak in the spectrum is at m/z 465.3 for the
deprotonated form of CP as [C,;H4;04P-H]". Figure 16.17c is
the high-resolution mass measurement of the synthesized CP as
the lithium adduct [Cy;H47O4PLil* at m/z 473.3362 (m/z
472.6725 is the internal standard Nal peak used for the exact
mass measurement). The theoretical mass of CP as the lithium
adduct is m/z 473.3372 equating to a calculated —2.1 ppm error.
Figure 16.12d is the high-resolution mass measurement of the
synthesized CP as the sodium adduct [C,;H4;04PNa]” at m/z
489.3103 (m/z 472.6725 is the internal standard Nal peak used
for the exact mass measurement). The theoretical mass of CP
as the sodium adduct is m/z 489.3110 equating to a calculated
—1.4 ppm error.

16.8.3 Proton Nuclear Magnetic Resonance ("H-NMR)

The next step was to characterize the synthesized CP using
NMR to confirm its synthesis. Single-stage proton ('H-NMR)
spectra were obtained on a Bruker DRX 800 (800 MHz)
NMR spectrometer (Bruker, Bremen, Germany). The spectra
of the synthesized CP were obtained at 800 MHz (shifts in
ppm) with deuterated chloroform (CDCls3) used as solvent.
Figure 16.18 contains the structure of CP with the carbon atoms
numbered and the experimental proton NMR results of the
synthesized CP.

16.8.4 Theoretical NMR Spectroscopy

The NMR proton shifts were calculated using ChemDraw
(Cambridge Soft Corporation, Cambridge, MA). The theoretical
proton shifts for the structure are depicted in Figure 16.19, where
(a) represents the structure of CP with the proton shifts labeled
and (b) is the theoretical NMR spectrum generated by ChemDraw
using the ChemNMR feature. Table 16.5 illustrates a comparison
of the theoretically generated proton NMR shifts versus the
experimentally obtained proton NMR shifts. Good agreement
was observed between the theoretical and the experimental pro-
ton NMR shifts.

16.8.5 Structure Elucidation

Product ion mass spectra were collected of the unknown biomo-
lecule to compare to the product ion spectra of the synthesized
CP. Figure 16.20 is a product ion spectrum of the m/z 473.5
biomolecule, as [M+Li]", in the biological extract collected on
a Q-TOF mass spectrometer in a solution of 1:1 chloroform/
methanol with 10 mM LiCl. The major products produced
and the associated fragmentation pathways are depicted in
Figure 16.21. The m/z 255.3 product ion, [C;;H,;O4PLi]", is
formed through cleavage of the cholesteryl backbone as depicted
in Figure 16.16, [C57H4704P + Li—C¢Hy6]". The m/z 237.2 prod-
uct ion is derived through neutral water loss from the m/z 255.3
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FIGURE 16.18 (a) Structure of cholesteryl phosphate with the
carbon atoms numbered. (b) Experimental proton NMR results of
the synthesized cholesteryl phosphate.

product ion, [C;H,;04PLi-H,0]". The m/z 293.3 and m/z 311.3
product ions, which differ by 18 amu (H,0), are formed in an
analogous manner with their respective structures depicted in
Figure 16.21. The m/z 311.3 product ion, [C;5Hp004PLi]*, is
formed through cleavage of the cholesteryl backbone as
[C7H4704P + Li—C,Hg]*. The m/z 293.3 product ion is derived
through neutral water loss from the m/z 311.3 product ion,
[CsH,004PLi-H,O]*. The m/z 473.4 lipid species has been
identified as the lithium adduct of CP with the ionic formula
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FIGURE 16.19 (a) Structure of cholesteryl phosphate with the proton shifts labeled. (b) Theoretical NMR spectrum of cholesteryl phosphate
generated by ChemDraw using the ChemNMR feature.
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FIGURE 16.20 Product ion spectrum of m/z 473.7 identified as cholesteryl phosphate. Product ion spectrum of synthesized cholesteryl
phosphate as the lithium adduct [C>7H4704P + Li]* at m/z 473.4. The spectrum is identical to the product ion spectrum of the unknown m/
7 473.5 species observed in biological extract.

of [Cy7H4704P +Li]" and a theoretical mass of 473.3372 Da. High-resolution mass measurements of the m/z 489.3 lipid spe-
High-resolution mass measurements of the m/z 473.4 lipid cies in meibum was determined at m/z 489.3099 equating to a
species in meibum was determined at m/z 473.3361 equating mass error of —2.2 ppm.

to a mass error of —2.3 ppm. The m/z 489.3 lipid species has been Figure 16.22 depicts the product ion spectrum of the m/z 465.5
identified as the sodium adduct of CP with the ionic formula species observed in the biological extract obtained using the
of [C,7H4704P + Na]* and a theoretical mass of 489.3110 Da. Q-TOF mass spectrometer with an electrospray ionization source
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FIGURE 16.21 Structure of cholesteryl phosphate and fragmentation pathways from product ion spectrum in Figure 8.29.
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FIGURE 16.22 Q-TOF MS negative ion mode product ion spectrum of the m/z 465.5 species in the biological extract identified as the
deprotonated form of cholesteryl phosphate with the ionic, deprotonated formula [M—H]™ of [Cy;H4;04P-H]".

collected in negative ion mode. In Figure 16.22, there are two
major product ion peaks observed at m/z 127.0 and 97.0. The
m/z 465.5 lipid species has been identified as the deprotonated
form of CP with the ionic formula [M—H]~ of [C,;H4;04P-H]™
and a theoretical mass of 465.3134 Da. High-resolution mass
measurements of the m/z 465.5 lipid species in the biological
extract was determined at m/z 465.3140 equating to a mass error
of 1.3 ppm. The structure of the m/z 465.5 lipid species is
depicted in Figure 16.23 along with proposed fragmentation
pathways that describe the production of the m/z 97.0 and m/z

79.0 product ions. Both the m/z 97.0 and 79.0 product ions
represent the HPO,4 phosphate portion of the headgroup. This
same H,PO, phosphate product ion at m/z 97.0 is also observed
in the product ion spectra of the phosphorylated lipid standards
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate  (16:0-18:1 PA
or POPA, spectrum not shown), and 1-palmitoyl-2-oleoyl-
sn-glycero-3-[phospho-rac-(1-glycerol)] (16:0-18:1 PG or
POPG, spectrum not shown). The product ion spectrum of the
synthesized CP is identical to the m/z 465.5 species in the biolog-
ical extract and confirms its identification as CP.
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FIGURE 16.23 Structure of the m/z 465.5 lipid species and fragmentation pathways.

CHAPTER KEY CONCEPTS

The NMR process is a nuclear interaction brought about
in the presence of a strong magnetic field.

The most common nuclei that are used in NMR studies
are lH, 13C, 19F, and >'P.

Each of the nuclei have a spin quantum number of Y2, and
each nuclei have two spin states /=+1/2 and I=-1/2.
The physical property of the spinning nucleus is
described by the magnetic moment yu that is orientated
along the axis of spin and is proportional to the angular
momentum p. The magnetic moment is expressed as
1 =yp, where y is a proportionality constant called the
magnetogyric ratio (radian-T~' s™").

Not all nuclei have a magnetic moment, only those with
an odd sum of protons and neutrons.

When an organic compound containing hydrogen nuclei
are placed into a magnetic field, the magnetic moments
(m) of each nuclei will align either with the magnetic
field (low energy state, where m=+1/2) or against
the external magnetic field (high energy state, where
m=-1/2).
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16.12

16.13

There is a direct relationship between the frequency of
the transition and the magnetic field strength.

Older NMR spectrometers are generally called CW
NMR spectrometers due to the use of a steady, nonchan-
ging magnetic field.

These were often equipped with permanent magnets
that have field strengths of 0.7T (30 MHz proton),
1.4 T (60 MHz proton), and 2.1 T (90 MHz proton).

Permanent magnets are very sensitive to heat and also
require extensive shielding. Both sensitivity and resolu-
tion increase with increasing field strength, thus stronger
magnets than these are desirable.

The NMR sample probe is also an important component
of the NMR instrumentation.

The sample is spinning anywhere from 30 to 60 revolu-
tions per second. The spinning is achieved using an
air-driven turbine. Spinning the sample helps to greatly
reduce the effects of inhomogeneity in the magnetic
field, the cell walls, and the sample.

Pulsed field FT-NMR is an NMR measurement that
differs from CW NMR, where instead of scanning a fre-
quency wave range all frequencies (spectral lines) are
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simultaneously excited for a brief pulse period
(z, 1-100 ps), then the pulse is repeated a number
of times.

The magnets used in current FT-NMR instrumentation
are superconducting magnets with field strengths that
range from 7 T (300 MHz proton), 14 T (600 MHz pro-
ton), to 21 T (900 MHz proton).

Superconducting magnets produce their magnetic field
from a superconducting solenoid made of either coiled
niobium and tin wire or niobium and titanium wire that
is supercooled.

The solenoid coil is bathed in liquid helium that keeps the
solenoid at 4 K. The liquid helium bath is surrounded by
a liquid nitrogen bath.

Advantages include much simpler configurations requir-
ing a smaller size, greater stability over extended intervals,
low maintenance and operation cost, and extensively
stronger field strengths.

During the time interval T between RF pulses, the excited
nuclei will undergo relaxation where a signal is emitted.
This is a time domain radio frequency signal called the
free induction decay (FID) signal and is the signal col-
lected from the FT-NMR analysis.

There are two processes observed in NMR that are used
in obtaining structural information of a compound called
chemical shift and spin—spin splitting (coupling).

Each proton has a magnetic field induced by its electrons
as they circulate around the nuclei that tends to shield the
proton from the external magnetic field of the NMR
instrument.

The local magnetic field around the nucleus will
oppose the external field thus decreasing the magnitude
of the field affecting the nucleus during the NMR
experiment.
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The magnitude of the shielding that is taking place
depends directly on the electron density directly
around the proton. The greater the electronegativity
of the protons environment the less shielding will
take place.

To give a type of universal magnitude to the shielding
effect, a difference in the chemical shift, expressed as
ppm, from a reference standard is used. A typical refer-
ence standard is tetramethylsilane (TMS, (CH3)),Si) that
contains 12 protons that are identical in their environ-
ment with a large degree of shielding taking place from
the central electropositive silicon atom.

In general, for most NMR instrumentation the chemical
shift for protons is from 1 to 13 ppm.

Another type of nuclear interaction that is manifested
onto the NMR spectrum is the splitting of the
NMR peaks.

There is a small interaction or coupling between the pro-
tons on one group and the protons that are adjacent.

The rule for splitting is the number of adjacent equivalent
nucleus (n) plus one (n + 1) equals the number of spectral
peaks. The number of spectral peaks (n + 1) is referred to
as the multiplicity.

The distance between the peaks in Hertz (Hz) are called
coupling constants (J) and are the same for the interacting
nuclei.

CHAPTER PROBLEMS

The following proton NMR spectrum is that of a simple
compound where only one peak is observed at 7.4 ppm
(Fig. 16.24). The peak at 0.0 ppm is for hydrogen in the

9.0 85 80 75 7.0 6.5 6.0 55 50 45 4.0 35 3.0 25 20 1.5 1.0 0.5 0.0
(ppm)

FIGURE 16.24

Unknown NMR spectrum.
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FIGURE 16.25 Unknown NMR spectrum.

TMS. Using the assignments in Figure 7, identify what is REFERENCES
most likely the compound?
1. Sedaghat, S.; Désaubry, L.; Streiff, S.; Ribeiro, N.; Michels, B.;

16.2 The following NMR spectrum is that of phenol. Iden- Nakatani, Y.; Ourisson, G. Chem. Biodiver. 2004, 1, 124-128.
tify the protons responsible for the spectral peaks. 5 Gowoh, M.; Ribeiro, N.; Michels, B.; Elhabiri, M.; Albrecht-
Explain the multiple peaks observed around 7 ppm Gary, A. M.; Yamashita, J.; Hato, M.; Ouisson, G.; Nakatani, Y. Chem.

(Fig. 16.25). Biodiver. 2006, 3, 198-209.
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ATOMIC ABSORPTION SPECTROSCOPY (AAS)

17.1  Introduction

17.2  Atomic Absorption and Emission Process
17.3  Atomic Absorption and Emission Source
17.4  Source Gases and Flames

17.5  Block Diagram of AAS Instrumentation

17.1 INTRODUCTION

Analysis of metals in the analytical laboratory is a very useful
technique that is used in multiple disciplines, including food test-
ing and safety analyses, environmental analyses, water analysis,
toy safety (lead in toys), additives in lubricating oils and greases
(Ca, Na, Ba, Li, Zn, Mg), petrochemical products, animal feeds
(Cu, Cr, Mn, Fe, Zn), and contract labs to name a few. Some
examples include calcium analysis in animal feeds, metal profile
of grains, metal content of soils for heavy metal contamination
(e.g., mercury, lead, and cadmium), lead content in toys, metals
and elements used in some pesticides, herbicides, and fumigants
such as arsenic and phosphorus. The sample prep approaches to
isolate and analyze the metals are almost as numerous as the ele-
ments themselves. The clinical laboratory also does metal analy-
sis of blood samples for Fe, Na, Mg, Ca, Li, and K. Often, sample
prep is optimized for a certain matrix such as grains, soil, waste
water, and so on. There are general approaches that may be used
to first attempt to isolate the metals from a sample.

17.2 ATOMIC ABSORPTION AND
EMISSION PROCESS

The process of atomic absorption involves the absorption of radi-
ant energy at specific wavelengths by the elements in a gase-
ous state.

Absorption = —log(I;/Ip). (17.1)

The process of atomic emission involves the release of radiant
energy at specific wavelengths by the elements in a gaseous state.

17.6  The Light Source

17.7  Interferences in AAS

17.8  Electrothermal Atomization—Graphite Furnace
17.9  Instrumentation

17.10 Flame Atomic Absorption Analytical Methods

Emission = —log(y/1). (17.2)
The absorption follows the Beer-Lambert law where the
amount of incident radiant energy is directly proportional to
the concentration of the absorbing element. The Beer—Lambert
law is expressed as
L=1o(107), (17.3)
where [, is the intensity of the source radiation available for
absorption by the element, /; is the transmitted energy after
absorption, a is the absorptivity of the element, b is the path
length, and c is the concentration of the element.

The absorption of the radiant energy is not a nuclear process,
but involves the valence electrons where the absorbed radiant
energy elevates an electron to the next higher orbital energy level.
Each element will absorb at a wavelength that is particular to that
element, and then release the energy at a wavelength that is also
specific to that element. These two processes, atomic absorption
and atomic emission, are utilized for elemental analysis.

Figure 17.1(a) depicts the absorption and emission processes.
With the absorption of radiant energy, an electron is elevated
from the ground state to an excited state. The energy is then
emitted and the electron returns to the ground state. The figure
in 17.1(b) depicts the possible levels of absorption and emission
as an example.

Figure 17.2(a) is a continuous spectrum of white light where
smooth transition is seen from wavelength to wavelength.
Figure 17.2(b) depicts a spectrum where absorption is observed.
There are sharp black lines where discrete wavelengths of energy
have been absorbed by an element. An emission spectrum is
shown in Figure 17.2(c) where sharp colored bands are seen

Analytical Chemistry: A Chemist and Laboratory Technician’s Toolkit, First Edition. Bryan M. Ham and Aihui MaHam.
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FIGURE 17.1 (a) The absorption and emission process. (b) The
possible levels of absorption and emission as an example.
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FIGURE 17.2 Spectra representing (a) a continuous spectrum, (b)
atomic absorption spectrum, and (c) atomic emission spectrum.

against a black background representing discrete energy released
from the excited electrons as they fall back down to their original
energy orbital levels. The bands are very sharp as compared to
molecular absorption bands. The element spectral bands are
around 0.003 nm while molecular bands are 225 nm. If solvent
or matrix is present in the flame, the bands can overlap resulting
in interference. Each element has its own spectrum, for example
sodium has a unique band at 589 nm. Both of these processes,
atomic absorption and emission, are used to measure metals
and some nonmetals usually in solution.

17.3 ATOMIC ABSORPTION AND
EMISSION SOURCE

In most cases, samples that have been prepared for the analysis
of metals are in solution. To do the analysis, a source is needed
to transfer the analytes in solution to an essentially gaseous
state while also removing the solvent. Transferring the metals
in solution into a gaseous state with the solvent removed will
allow the metal atoms to pass through a beam of radiant energy.
While passing through the beam, the metals of interest will
absorb energy thus allowing their measurement. Figure 17.3
depicts the basic makeup of an atomic absorption spectroscopy
sample introduction system and source. The important steps are
to introduce the sample in a liquid state into the source. This
can be done by positive suction from the nebulizer gases, or
with a peristaltic pump. The liquid will pass through a nebulizer
that transforms the sample solution into a mist. The mist is then
carried into the flame where the solvent is removed and the
metals are converted into a gaseous state. Only about 10%—
15% of the sample solution is converted to the finest mist spray
droplet size making it to the flame. Most of the sample con-
denses out into large droplets and flow out the drain.
Figure 17.4 shows an actual source and burner for an atomic
absorption instrument. In current instruments, the sources are
often interchangeable. This allows removing one source and
installing another allowing different source approaches to
analyzing samples.

17.4 SOURCE GASES AND FLAMES

The two main gas mixtures used for the source flames include air—
acetylene and nitrous oxide—acetylene. The air—acetylene is used for
elements that are not prone to refractory conditions. Refractory con-
ditions exist where the element exists as an oxide that is not con-
verted to the gaseous element in the flame. A hotter flame is
required to reduce the element to the nonionized state. Table 17.1
lists the fuel, oxidant, and temperatures of some flame mixtures
used. Figure 17.5 depicts a flame for a burner source.

17.5 BLOCK DIAGRAM OF AAS
INSTRUMENTATION

At this point, let us look at a block diagram of the major compo-
nents of atomic absorption and emission spectrometry instrumen-
tation. Figure 17.6 depicts a simple block diagram of the atomic
absorption spectrometer (AAS) instrument. As we have already
covered, the sample is introduced into the flame through a source,
or as listed in Figure 17.6 the atomizer. The sample is transported
and nebulized in the atomizer chamber. The aerosol spray of fine
droplets produced is mixed with the gases and then passed into
the flame where desolvation and vaporization take place. The
atoms are now in a gaseous state shown as a cloud above the
atomizer. The radiation source is located to the left. We will look
more closely at the radiation source in the next section. The wave-
length being used will be selected using a monochromator. This
is followed by signal detection, amplification, and finally, signal
processing with a PC.
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FIGURE 17.3 Basic make up of a source and burner for an atomic absorption spectroscopy instrument.
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FIGURE 17.4 Example of a flame coming out of an atomic absorption spectroscopy instrument source.

TABLE 17.1 Temperature of Atomic Absorption Flames. 17.6 THE LIGHT SOURCE
Fuel i T ° . .

e Oxidant emperature (C) The hollow cathode lamp is the most common light source used
Natural gas Air 1700-1900 in AAAs. An example of a hollow cathode lamp is depicted in
Hydrogen Air 2000-2100 Figure 17.7. The lamp consists of a cathode that is either made
Acetylene Air 21002400 of the metal of interest or supports a small layer of that metal.
Hydrof;’en gxygen ;5 f) 8‘%88 There is a tungsten anode in parallel with the cathode, both sealed
IZZ‘::;?C f:s Ogizg 38 s 0_3 150 in a glass tube that is filled at 1-5 torr of either neon or argon.
Acetylene Nitrous oxide 2600-2800 A potential is applied across the cathode and anode that acceler-

ates ionized gas atoms toward the cathode. The gaseous atoms
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(a)

FIGURE 17.5 (a) Example of an air-acetylene flame for a source.
(b) Example of a nitrpus-oxide flame.

Focusing lenses

Radiation
source

will strike the metal on the cathode and sputter (knock off and
release) metal atoms into the gas cloud. The sputtered metal
atoms will collide with the rare gas atoms causing excitation of
valence electrons to higher energy orbitals. When the electrons
relax back to their ground state, a quantum of energy will be
released as emission of light.

The reactions that are taking place in the hollow cathode lamp
include: (i) the ionization of the rare gas neon or argon, (ii) the
sputtering of the cathode metal atoms, (iii) the excitation of the
sputtered metal atoms, and (iv) the emission of light. These hol-
low cathode lamp reactions are depicted in Figure 17.8. The light

Hollow
cathode

/

Glass enclosure

Voltage
source ~[ Buffer gas

—|'+ (neon, argon)

Base of lamp Anode

FIGURE 17.7 A hollow cathode lamp light source.

(DAr + ¢ — Art + 2¢”  ionization of rare gas

(2) M(s) + Ar" — M(g) + Ar sputtering of cathode atoms
(3)M(g) + Ar" ——> M*(g) + Ar excitation of metal atoms
4)M(g) + Ar" —— M(g) + hv emission of light

FIGURE 17.8 Reactions taking place in the hollow cathode lamp
including (1) the ionization of the rare gas neon or argon, (2) the

sputtering of the cathode metal atoms, (3) the excitation of the
sputtered metal atoms, and (4) the emission of light.

Wavelength Detector
selector
Signal Amplifier
processor

FIGURE 17.6 Block diagram of the major components that make up an atomic absorption spectrometry instrument.



that is emitted is the same as that absorbed by the same element.
In other words, the hollow cathode lamp used to measure sodium
in a sample will have sodium as the metal for the cathode.
Manufacturers offer both single-element lamps and multielement
lamps. Multielement lamps can save some effort by the analyst
having to measure many elements. Using all single-element
lamps requires changing the lamp every time a new element
is to be measured. Many AAS instruments have lamp turrets
that can hold four to five lamps and can be rotated to each dif-
ferent lamp.

17.7 INTERFERENCES IN AAS

There are two types of interferences that are encountered in atomic
absorption spectroscopy: chemical interferences (including ioniza-
tion) and spectral interferences. When stable or refractory com-
pounds are formed, chemical interference takes place. When
refractory compounds form, they are not completely atomized in
the flame. The temperature of the flame may be too low. An exam-
ple is the analysis of calcium in the presence of phosphate where
the stable compound calcium phosphate is formed and does not
decompose in an air—acetylene flame (2100-2400 °C).

3Ca’* +2P0;~ — Ca;(POy),.

The solution is to use the hotter nitrous oxide—acetylene flame
(2600-2800 °C), which breaks down the refractory compound
and releases the calcium as gaseous atoms. Other approaches
are to add a chelating agent, such as EDTA:

Cas(POy), + 3EDTA — 3Ca(EDTA) + 2P0}~

or the addition of a release agent, such as lanthanum chloride:

Ca3(POy), +2LaCl3 — 3CaCl, + 2LaPOy.

(b)
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ITonization interference takes place when the element of inter-
est ionizes in the flame. The ionized form will have a different
spectrum than that of the neutral gaseous atom. This is espe-
cially a problem with the alkali metal which has the lowest ion-
ization energies. This is usually removed by adding an element
that is more easily ionized than the elements of interest. The
added element will ionize in the flame and there will be an
excess of electrons in the flame suppressing the ionization of
the other elements present. An example is the addition of
1000 ppm cesium chloride (CsCl) when analyzing potassium
(K) or sodium (Na).

17.8 ELECTROTHERMAL ATOMIZATION—
GRAPHITE FURNACE

Another approach to elemental analysis is electrothermal atomi-
zation using graphite furnaces. In this approach, a small sample
volume (3-5 pl) is deposited onto a platform in the center of a
small graphite tube. The tube is then electrically heated, which
in turn atomizes the sample. The lamp is aligned to pass through
the center of the tube for the atomic absorption. Figure 17.9(a)
depicts examples of graphite tubes used in the graphite furnace.
Note the hole in the middle of the tube. This is where the sample
is introduced. Figure 17.9(b) depicts a graphite tube with a plat-
form for sample addition. Figure 17.10 shows a graphite furnace
sample introduction source where a robotic arm with a sample
tube will insert the tube in the middle of the graphite tube and
deposit the sample. Once the sample is introduced into the graph-
ite tube there are three stages that the graphite tube goes through.
First, the temperature of the tube is slightly elevated for the sam-
ple drying stage at 125 °C for 20s. Second, the temperature is
increased for ashing of the organic matter present. For sodium
(Na), the ashing temperature is 900 °C for 60 s. Molecular species
have broad absorption bands and will interfere with the narrow

Graphite tube

Platform

FIGURE 17.9 (a) Examples of graphite tubes used in the graphite furnace including a hole for sample introduction. (b) Illustration of the sample

platform that is inside of the graphite tube.



300 ATOMIC ABSORPTION SPECTROSCOPY (AAS)

FIGURE 17.10 Graphite furnace sample introduction system. The
robotic arm holds a sample introduction tube that is inserted in the
middle hole of the graphite tube where the sample is introduced.

= ]

FIGURE 17.11 PerkinElmer PinAAcle™ 900 version atomic
absorption spectrometer. (Reprinted with permission from
PerkinElmer).

absorption bands of the elements being measured. Ashing will
help ensure they are removed and will not interfere. Third, the
temperature is raised further for vaporization of the analyte
sodium atoms at 1500 °C for 10s.

17.9 INSTRUMENTATION

The following are some current examples of AAAs offered in
the market. Figure 17.11 is the PerkinElmer PinAAcle 900™
version AAA. Some of the models allow changing the source
from a flame source as depicted in Figure 17.12(a) of the

FIGURE 17.12 (a) Flame source used in the AAnalystTM 800
version atomic absorption spectrometer. (b) Graphite furnace
source used in the PinAAcle™ 900 version atomic absorption
spectrometer. (Reprinted with permission from PerkinElmer).

AAnalyst™ 800 version AAA, to a graphite furnace source
as depicted in Figure 17.12(b) of the PerkinElmer PinAAcle
900™. Figure 17.13 shows the PinAAcle™ 900 lamp com-
partment that holds the hollow cathode lamps for metals anal-
ysis. Figure 17.14 depicts the Agilent 280Z AAS. The
compartment on the right holds an eight lamp turret.
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FIGURE 17.13 The PinAAcle™ 900 lamp compartment that holds the hollow cathode lamps for metals analysis. (Reprinted with permission
from PerkinElmer).

FIGURE 17.14 The Agilent 280Z atomic absorption spectrometer (AAS). (© Agilent Technologies, Inc. 2014, Reproduced with Permission,
Courtesy of Agilent Technologies, Inc.)

17.10 FLAME ATOMIC ABSORPTION the comprehensive analysis of metals and some nonmetals.
ANALYTICAL METHODS The listing includes sample and standard preparations, discus-

sions on ionization, and the instrument apparatus including para-
An excellent reference is the Agilent Flame Atomic Absorp- meters. As an example, an excerpt of silver (Ag) from the Agilent

tion Spectrometry Analytical Methods (manual part number Flame Atomic Absorption Spectrometry Analytical Methods is
8510000900) which is a listing of conditions and methods for depicted in Figure 17.15.
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[ ]
°
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00 @ Qo 2. Standard conditions
([ ® o
° () °
[ ] [ ]
°
[ ]
Ag (Silver) Flame emission
AW.107.9 Wavelength 328.1 nm
Slit width 0.1 nm
Preparation of standard solutions Fuel acetylene
Recommended standard materials Support Nitrous oxide
Silver metal strip or wire 99.99% Interferences
Silver nitrate (AgNOa) 99.99%

No chemical interferences have been

. . observed in air-acetylene flames
Solution technique

Dissolve 1.000 g of silver in 20 ml of 1:1 Calibration graph
nitric acid and dilute quantitatively to 1 liter 1.00 ‘ ‘ ‘ ‘
to give 1000 pg/ml Ag. i i i i
080 Fommme A =
Recommended instrument parameters » 0.60 - i— —————— i— —————— i ——————— } ———————
< w0l BN N SR N
Atomic absorption ’ ! ! ! !
: . . 020 e LT bomme S R
Working conditions (Fixed) ; ! ! !
| | | |
Lamp current 4 mA 9.00 3.0 45 6.0 75
ag_fcb.bmp ' o ' ’
Fuel acetylene Concentration (mg/1)
Support air
Flame stoichiometry oxidizing

Working conditions (variable)

Wavelength  Slit width ~ Optimum working

(nm) (nm) range (pg/ml)
328.1 0.5 0.02-10
338.3 0.5 0.06-20

FIGURE 17.15 An excerpt of silver (Ag) parameters from the Agilent Flame Atomic Absorption Spectrometry Analytical Methods (manual
part number 8510000900). (© Agilent Technologies, Inc. 2014, Reproduced with Permission, Courtesy of Agilent Technologies, Inc.)
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18.1 Introduction

18.2 Elements in Periodic Table
18.3 The Plasma Torch

18.4 Sample Types

18.5 Sample Introduction

18.6 ICP-OES Instrumentation

18.1 INTRODUCTION

The next atomic spectroscopy technique we will look at is optical
atomic emission spectroscopy from6 excited atoms in inductively
coupled plasma. This technique is known as inductively coupled
plasma optical emission spectroscopy (ICP-OES). ICP-OES has
a number of advantages over the flame atomic absorption spec-
troscopy covered in the previous chapter including the ability to
measure 75 elements of the periodic table, this in comparison to
approximately 62 elements analyzed by AAS. With ICP-OES,
there are a substantial more amount of elements that can also
be analyzed simultaneously, instead of one-by-one as with
AAS. Also, since ICP-OES is an emission-based atomic meas-
urement, there is no need for all of the lamps that are required
with atomic absorption spectroscopy.

18.2 ELEMENTS IN PERIODIC TABLE

Another advancement with ICP-OES is the extension of elements
that can be measured as compared with AAS (75 elements vs 62).
The ICP-OES methodology can also be more sensitive, espe-
cially for some of the more difficult elements. Figure 18.1 depicts
periodic tables that are associated with each technique. The peri-
odic table in Figure 18.1(a) is for the elements that can be meas-
ured by AAS. Also included are the types of flame used for the
element, and some alternative techniques such as the hydride
vapor generator (HVG) or a mercury vapor unit (MVU). The
elements analyzed by these techniques include arsenic (As),
selenium (Se), and antimony (Sb), as well as mercury (Hg).
Figure 18.1(b) has a periodic table with detection limits for use

18.6.1 Radially Viewed System

18.6.2 Axially Viewed System

18.6.3 Ergonomic Sample Introduction System
18.6.4 Innovative Optical Design

18.6.5 Advanced CID Camera Technology

18.7 ICP-OES Environmental Application Example

with ICP-OES. Note the inclusion as compared with Figure 18.1
(a) of carbon (C), nitrogen (N), sulfur (S), chlorine (CI), bromine
(Br), and iodine (I).

Table 18.1 lists some elements that are analyzed with ICP-
OES, including sensitivities (listed as pg/l, or ppb) according
to whether the ICP source is arranged axial or radial. In the next
section, we will look at the plasma sources including axial and
radial.

18.3 THE PLASMA TORCH

The plasma is an electrical conducting gaseous mixture that has a
large amount of cations and electrons. Argon is typically used for
the plasma gas where it is argon ions and electrons that make up
the conductive gas. The argon flows through a radio frequency
induction coil that has produced a strong fluctuating magnetic
field. The argon ions are initiated through a spark. The produced
argon ions will revolve around in a circular path within the induc-
tion coil magnetic field. Resistance to the motion by the argon
ions produces ohmic heating into what is known as the argon
plasma torch. The argon plasma torch that is produced in the
radio frequency field is a high-temperature torch reaching tem-
peratures as high as 10,000 K. Figure 18.2 depicts an argon
plasma torch source that is in the radial position. Liquid samples
are atomized into the torch where desolvation takes place liberat-
ing gaseous metal atoms. Within the plasma torch, collisional
excitation takes place to excite the metal atoms and ions to higher
excited states. The elevated electrons then relax emitting distinct
wavelengths of energy. Figure 18.3 depicts an actual argon
plasma torch.

Analytical Chemistry: A Chemist and Laboratory Technician’s Toolkit, First Edition. Bryan M. Ham and Aihui MaHam.
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FIGURE 18.1 (a) Elements that can be measured by AAS. Also included are the types of flame used for the element, and some alternative
techniques such as the hydride vapor generator (HVG) or a mercury vapor unit (MVU). The elements analyzed by these techniques include
arsenic (As), selenium (Se), and antimony (Sb), as well as mercury (Hg). (b) Periodic table with detection limits for use with ICP-OES. Notice
the inclusion of carbon (C), nitrogen (N), sulfur (S), chlorine (Cl), bromine (Br), and iodine (I).

To compare the axial torch position to the radial torch posi-
tion, Figure 18.4 depicts these orientations with a couple of dif-
ferent views.

184 SAMPLE TYPES

The methodology of ICP-OES is applied to numerous samples
and matrices in a variety of analytical laboratories. Some general

types of samples include agricultural and food, biological and
clinical, geological, environmental and water.

18.5 SAMPLE INTRODUCTION

The sample is introduced into the argon plasma torch through a
cyclonic spray chamber and nebulizer/atomizer. A peristaltic
pump is used to move the sample from the sample vial into the
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TABLE 18.1 Sensitivities of Some Elements with Plasma Torch Radial or Axial®.

Element Wavelength (nm) Radial (pg/l) Axial (pg/l) Element Wavelength (nm) Radial (pg/l) Axial (pg/l)
Ag 328.068 1 0.3 Mg 279.553 0.04 0.01
Al 167.019 0.9 0.1 Mn 257.61 0.08 0.03
As 188.98 5 1 Mo 202.032 1.5 0.5
Au 242.794 2.5 1 Na 589.592 2 0.15
B 249.772 0.6 0.1 Ni 231.604 1.4 0.3
Ba 455.403 0.15 0.03 P 177.434 5 1.5
Be 313.042 0.04 0.01 Pb 220.353 5 0.8
Bi 223.061 6 2 S 181.972 9 3
Ca 396.847 0.06 0.01 Sb 206.834 5 2
Cd 214.439 0.6 0.05 Se 196.026 6 2
Ce 418.659 7 2 Si 251.611 2.5 1
Co 238.892 1 0.2 Sn 189.925 7 1
Cr 267.716 0.9 0.15 Sr 407.771 0.05 0.01
Cu 327.395 1 0.3 Ti 334.941 0.25 0.1
Fe 238.204 0.8 0.1 Tl 190.794 6 1.5
Hg 184.887 2 0.8 \% 292.401 0.7 0.2
K 766.491 4 0.3 Zn 213.857 0.5 0.2
Li 670.783 1 0.06 Zr 343.823 0.9 0.3

2 © Agilent Technologies, Inc. 2014, Reproduced with Permission, Courtesy of Agilent Technologies, Inc.
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FIGURE 18.2 Argon plasma torch source illustrating the radial position.

spray chamber. Figure 18.5 depicts a peristaltic pump. The tubing
that draws the sample runs through the pump. Rollers in the pump
turn in a circle and roll across the tubing causing a steady flow of
the sample through the tubing. Peristaltic pumps, due to the rotat-
ing rollers, roll across the sample tubing causing the flow almost
pulseless. The sample flows into the spray chamber through a
nebulizer. The nebulizer produces an aerosol spray of fine dro-
plets into the spray chamber. The spray chamber acts to select
the finest mist of droplets to further flow into the plasma torch.
The spray chamber contains a drain at the bottom to allow the
unused spray to condense and flow out of the spray chamber.
Figure 18.6(a) and (b) depicts a nebulizer and a spray chamber,
respectively. The sample fluid flows from the peristaltic pump

through the nebulizer that is coupled with the spray chamber.
Figure 18.7 shows a picture of the nebulizer coupled with the
spray chamber.

18.6 ICP-OES INSTRUMENTATION

There is numerous ICP-OES instrumentation that is available
from various vendors. All of these instruments are doing the same
analysis based off of the argon plasma torch, but differ in their
configurations and associated software. Figure 18.8 depicts the
Agilent 5100 ICP-OES. The instrument comes in two orienta-
tions for the plasma torch.
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FIGURE 18.3 Argon plasma torch.

(b)

FIGURE 18.4 Axial (a) and radial (b) views of the plasma torch. (Reprinted with permission from Shimadzu).

18.6.1 Radially Viewed System

Vertically oriented, radially viewed plasma is ideal for the most
difficult applications, including the analysis of oils and organic
solvents, geological/metal digests, and high TDS solutions, for

example, brines. Includes full PC control of plasma viewing
height from O to 20 mm and horizontal adjustment of +3 mm
to optimize sensitivity and minimize interferences. Viewing
height may be adjusted under PC control for each emission line
of interest.
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FIGURE 18.5 A peristaltic pump used to move sample from the sample vial into the spray chamber.

(b)

FIGURE 18.6 (a) ICP nebulizer. (b) Spray chamber.
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FIGURE 18.7 Picture of the coupling of the nebulizer with the spray chamber.

FIGURE 18.8 The Agilent 5100 ICP-OES instrument. (© Agilent Technologies, Inc. 2014, Reproduced with Permission, Courtesy of Agilent
Technologies, Inc.)

18.6.2 Axially Viewed System system features a unique cooled cone interface (CCI) to prevent the
Horizontally oriented, axially viewed plasma is ideal for high- cooler plasma tail from being viewed by the optics. This reduces
sensitivity analyses. Provides a 3- to 12-fold improvement in detec- interferences, improves the system’s tolerance to high dissolved
tion limits compared to radial viewing. The axially viewed plasma solids, and extends the linear dynamic range compared to



conventional axial systems. The CCl is a superior plasma interface
with lower running costs compared to shear gas systems. Includes
full X, Y adjustment of plasma viewing position under PC control.

A second ICP-OES instrument illustrated is the Thermo Sci-
entific iCAP 6000 Series ICP Emissions Spectrometer, shown in
Figure 18.9. Some highlights of the instrument are listed below.
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18.6.3 Ergonomic Sample Introduction System

An open architecture sample introduction system enables easy
access to the peristaltic pump, nebulizer, and spray chamber
and torch configuration in the iCAP 6000 Series. A unique drain
sensor is integrated within the sample introduction system to
ensure the plasma is extinguished safely and the liquid flow is

FIGURE 18.9 Thermo iCAP 6000 Series ICP Emissions Spectrometer. (Used with permission from Thermo Fisher Scientific, the

copyright owner.)
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controlled in the event of a blockage or leak. The self-aligning
enhanced matrix tolerance torch employs an integral orientation
lock to establish reliable plasma gas connections automatically
and is optimized to operate with almost 20% lower argon usage
than typical ICPs. A screw-threaded center tube enables rapid dis-
assembly from the torch body without removing the torch from
the torch box and facilitates fast and efficient maintenance with-
out switching off the plasma.

18.6.4 Innovative Optical Design

The elegant fore-optic and polychromator design employs only
four moving optical components to enable exceptional analytical
stability and sensitivity across the entire wavelength range. Com-
pact echelle-based spectrometer design with unique all-spherical
mirror configuration achieves exceptional analytical resolution
over the entire area of the detector chip. The polychromator fea-
tures a highly efficient gas distribution system to purge air from
the optical tank and plasma interface, ensuring maximum UV
wavelength transmission while reducing purge gas costs.

18.6.5 Advanced CID Camera Technology

The fourth-generation charge injection device (CID) comple-
ments the optical design and enables access to over 50,000 ana-
lytical wavelengths. Inherently nonblooming nondestructive
readout capability delivers increased signal to background ratios
to achieve exceptional sensitivity and analyte detection limits,
while enabling wide dynamic range. Powerful simultaneous data
acquisition capability enables the display of a two-dimensional
CID image of the entire spectrum for “live” or postrun processing
and fast, efficient generation of qualitative and semiquantitative
data for any element.

18.7 ICP-OES ENVIRONMENTAL APPLICATION
EXAMPLE

We will now look at a complete method including setup, results,
and validation for an ICP-OES application for environmental
samples. The following is an application note from Agilent Tech-
nologies (Fig. 18.10).
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ICP-OES ENVIRONMENTAL APPLICATION EXAMPLE

A Complete Method for
Environmental Samples by
Simultaneous Axially Viewed ICP-

OES following US EPA Guidelines

Application Note

Inductively Coupled Plasma-Optical Emission Spectrometers

Introduction

With the growing demand for elemental analysis of environmental samples and the
financial pressures being applied to the modern laboratory, development of a univer-
sal method for a wide range of sample types is needed. The Agilent Vista ICP-0ES,
with simultaneous measurement of the entire elemental spectrum facilitates such
universal methods.

The Vista instrument has a number of distinct advantages over similar ICP-OES sys-
tems. Firstly, the VistaChip is the only single Charge Coupled Device (CCD) that
allows full coverage of the spectrum from 165-785nm, with a pixel processing speed
of 1 MHz and exceptional anti-blooming properties. These features allow both trace
level analytes and major analytes to be determined in the same measurement.
Secondly, the RF robustness of the Vista ICP-OES permits the analysis of difficult
samples, up to 5% total dissolved solids, using an axially viewed plasma. Finally, the
Cooled Cone Interface (CCl) of the axially viewed Vista eliminates the cooler tail of
the plasma, reducing Easily lonizable Element (EIE) interferences and maximizing
linear dynamic range. The CCI consists of a cooled nickel cone with a large orifice at
its tip, positioned to view the optimum region of the axial plasma.

The greatest challenge in creating one method for all analytes is achieving the
dynamic range coverage from low parts-per-billion for the toxic elements to high
parts-per-million for the Group | and Il elements. With the Vista this is further facili-
tated by software features such as MultiCal, which allows multiple wavelengths to
be used simultaneously for the same element to provide complete coverage of the
linear dynamic range. MultiCal allows the user to assign the valid linear dynamic
range to each wavelength used.

The user enters the allowable minimum and maximum concentration for each wave-
length so that the software can then automatically assign sample results to the
appropriate wavelengths. The software preferences can then be set to only display
concentrations that fall within this valid range. By combining multiple wavelengths

Agilent Technologies
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FIGURE 18.10 Agilent Application Note ICPES-29. (© Agilent Technologies, Inc. 2014, Reproduced with Permission, Courtesy of Agilent

Technologies, Inc.)
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in this way, the Vista manages the full dynamic range capabili-
ties of the VistaChip from sub ppb levels to low percentage
levels. Anather software capability, Adaptive Integration, auto-
matically assigns the integration time for each wavelength in
real time, to achieve the optimum signal to noise ratio. For
example, a high level signal for a matrix element such as Na,
might be assigned multiple, shorter integration times, ensuring
that this signal is within range and also improving precision
statistics through the multiple readings. Simultaneously, a low
level analyte of interest such as Pb, might be assigned the full
integration time requested by the user, thereby ensuring opti-
mum signal to noise ratio and detection limits. With Adaptive
Integration these two measurement sequences can be con-
ducted simultaneously, whereas conventional systems have to
sequence these different integration times with the resultant
longer analysis times.

As a result the Vista simultaneous ICP-0ES is able to mea-
sure all required elements in a single environmental analysis
using axial viewing. Alternative techniques such as dual
viewed plasmas, require the samples to be analyzed first with
axial viewing and then with radial viewing to accommodate
the linear dynamic range of the target elements.

The use of the dual viewed plasma will therefore significantly
lengthen the analysis time. Direct analysis using the Vista
provides a significant saving, in analysis time and running
costs particularly argon consumption.

In this work, the steps to develop a universal method for the
analysis of waters and wastewaters are reviewed. As a mea-
sure of success, the US EPA guidelines for data quality con-
trol for these sample types have been used. The primary guid-
ing documents for this analysis type from the US EPA are CLP
ILMO 4.0 [1] and ILM05.0 [2] and Methods 200.7 [3] and
6010B [4]. These protocols describe strict rules for establish-
ing calibration validity, linear dynamic range and management
of interferences, thus ensuring data quality. It should be noted
that these protocols are ‘living documents’ which undergo a
process of continual development. For example, ILM04.0 is
currently undergoing revision to ILM05.0 [2].

In this work, terminology from the ILM04.0 and ILM05.0 docu-
mentation is used, however a table of analysis sequence is
offered which translates the protocols into the language of
the different source documents. The method developed here
has been applied to typical water and waste water samples.

FIGURE 18.10

The data Quality Control Protocols (QCP) provided as standard
with the Vista software have been used in this work to meet
the US EPA data validation guidelines. The Vista QCP package
consists of a series of automated tests designed around
these guidelines however these are adaptable to any other
protocol by the use of a simple programmable language and
user definable tests. The QCP software allows the user to
specify the corrective action that will occur on a QCP solution
test failure with options such as Recalibrate and Repeat With
Samples, Flag and Continue and Stop. With the addition of
the Varian autosampler and diluter which provides on-line
over range dilution, the Vista ICP requires minimal supervi-
sion during the analysis, resulting in further resource savings.

Instrument Set up

An Agilent Vista simultaneous |CP spectrometer with an axi-
ally viewed plasma was used for this analysis. The instrument
was fitted with the mass flow controller option on the nebu-
lizer gas and with the 3 channel peristaltic pump option. The
operating conditions for the instrument were obtained by fol-
lowing the criteria documented in the SOW (Statement of
Works) for Methods 200.7, 60108 and ILM 04.0 and 05.0.
Parameters were then optimised to obtain the best perfor-
mance from the ICP-OES system.

The final instrument operating conditions are given in Table 1.
Particular attention was paid to the Method Detection Limits
(MDL) in the final acceptance of the operating conditions. All
test solutions and calibrants were from Inorganic Ventures
(Lakewood, NJ, USA) using their US EPA 200.7 kit.

Table 1. Instrument Operating Conditions

Pawer 1.40 kW

Plasma gas flow 150 L/min

Auxiliary gas flow 0.75 L/min

Nebuliser type SeaSpray Glass C ic (Glass Exy
Melbourne Australia).

Nebuliser gas flow 0.75 L/min

Pump speed 15 pm

Sample tubing White/White

Internal standard tubing Orange/White

Sample delay 40 sec

Rinse time 40 sec between each sample

Replicate time 30 sec

Stabilisation time 10 sec

Replicates 2

Background correction Left and right off peak

Autosampler Agilent SPS-55

(Continued)



An ionization buffer consisting of up to 1% CsCl, (Merck,
Germany) with 10 mg/L yttrium (EM Science Gibbstown, NJ,
USA) as internal standard and 0.1% Triton X100 (LabChem,
Auburn, Australia), was connected to the sample flow via a
post-pump T-piece (1/16" diameter, Cole Palmer, lllinois, USA
part number 6365-77). The CsCl, ionization buffer is used to
suppress the ionization effects of EIE, resulting in improved
calibration linearity. This approach has been approved by the
US EPA in one region of the USA [5], and so it is expected
that written approval in other regions for this approach should
be reasonably obtained. The yttrium is added as internal stan-
dard and the addition of the Triton X100 provides improved
spraychamber wetting [6] for optimum precision.

Results - Method Detection Limits (MDL)
and Linear Dynamic Range (LDR)

Having optimized the instrument conditions the MDL's were
measured in accordance with USEPA documentation for a
range of replicate read times. The definitions of Instrument
Detection Limits (IDL) versus Method Detection Limits (MDL)
and indeed Contract Required Detection Limit (CRDL) in the
EPA literature are often confused.

In some documents the IDL is taken to mean an instrument
detection limit achieved under manufacturer's recommended
conditions in a dilute acid matrix. In this work the definition of
Instrument Detection Limit (IDL) was taken from Exhibit E-10
of the ILM 04.0 Statement of Work [1].

To paraphrase this definition “the IDL shall be determined as
3xStandard Deviation of seven consecutive measurements of
a standard solution at a concentration of 3-5 x the manufac-
turer’s suggested IDL on three non-consecutive days”. In
other documentation this technique is described as an MDL
[4] -this is probably a more appropriate designation in distin-
guishing between the ultimate IDL obtainable at any time and
the more representative MDL obtained over several days. The
results of determination of the |DLs by the ILM0.40/05.0
method are shown in the Table 2. These detection limits were
obtained by averaging a pool of results from four separate
Vista instruments around the world [8]. Due to the inherent
uncertainty in detection limit measurements the results have
then been rounded to only one significant figure. The IDLs
obtained in this way must meet the levels specified in Exhibit
C of the ILM04.0/05.0 Exhibit C is the table of Contract
Required Detection Limits (CRDL). Table 2 shows that the
CRDLs are met with a replicate read time of 30 sec.

ICP-OES ENVIRONMENTAL APPLICATION EXAMPLE

Table 2.

CRDL CRDL

Im Iim IDL DL

040(1] 05.0 [2] 60sec J0sec
Element {ug/L) (ug/L) (ng/L) (ng/L)
Ag 328.068 10 5 0.5 07
Al 236.705 200 200 10 12
Al 308.215 200 200 1 1
As 188.980 10 § 2 3
Ba 233.527 200 20 0.2 1
Ba 585.367 200 20 0.5 3
Be 234.861 5 1 0.1 02
Be 240473 5 1 1 2
Be 313.042 5 1 0.2 05
Ca 370.602 5000 5000 200 300
Ca 315.887 5000 5000 1 Z
Cd 226502 5 2 02 03
Co 228.615 50 5 0.3 0.6
Co 238.892 50 5 1 2
Cr 267.716 10 5 0.2 05
Cu 327.395 25 5 0.6 1
Fe 259.940 100 100 0.5 1
Fe 258.588 100 100 1 2
K 404721 5000 5000 1000 2000
K 766.491 5000 5000 2 Z
Mg 383.829 5000 5000 5 10
Mn 257.610 15 10 0.2 05
Mn 261.020 15 10 3 5
Na 330.237 5000 5000 70 300
Na 589.592 5000 5000 1 2
Ni 231.604 40 20 1 1
Pb 220.353 3 3 2 2
Sb 206.834 60 5 2 4
Se 196.026 5 H 3 4
Ti 190.794 10 5 2 3
V292401 50 10 0.5 1
Zn 206.20 20 10 05 06
* |DLs cal d over 3 non. days [1.8] and rounded to one significant
figure

FIGURE 18.10 (Continued)
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Linear Range Analysis (LRA)

According to ILM04.0/05.0, a linear range verification check
standard must be analyzed and reported quarterly for each
analyte. The concentrations of the analytes in the LRA stan-
dard define the upper limit of the ICP linear range beyond
which results cannot be reported without dilution. The ana-
lytes in the LRA standard must be recovered to within £ 5% of
their true values. It is in the interest of every laboratory there-
fore to formulate an LRA standard with acceptable recoveries
at the highest possible concentrations for each element. In
most cases, high concentrations are generally only expected
for the major elements such as Fe, K, Ca, Na, Mg and possibly
Al. Table 3 shows the results of the LRA obtained during this
work. It should be noted that silver is particularly prone to pre-
cipitation from solution at high concentrations. The US EPA
recommends adding an excess of hydrochloric acid to avoid
this precipitation and limiting the maximum concentration of
Ag to 2 mg/L in solution [1]. In this work it was found that Ag
calibrations became curved at concentrations of 5 mg/L or
higher, and so the Ag calibration range was restricted to

2 mg/L to obtain good linearity.

Using the Vista’s MultiCal feature a second wavelength was
added for the elements Fe, K, Na, Ca and Al as shown in Table 3.

During the analysis Vista automatically assigns sample
results to the wavelength that has the appropriate user
defined linear dynamic range (LDR). In the same way, the
automatic data QCP tests and actions are only applied to
those wavelengths for which the results fall within the speci-
fied LDR. For example, referring to Table 3, an iron result of 70
ppm would be automatically measured and QC-assessed
against the 258.258 nm wavelength, not the 259.940 nm
wavelength.

The LRA re