Environmental

Laboratory Exercises for

Instrumental Analysis
and Environmental

Chemistry

FRANK M. DUNNIVANT



ENVIRONMENTAL LABORATORY EXERCISES
FOR INSTRUMENTAL ANALYSIS AND
ENVIRONMENTAL CHEMISTRY



ENVIRONMENTAL
LABORATORY EXERCISES
FOR INSTRUMENTAL
ANALYSIS AND
ENVIRONMENTAL
CHEMISTRY

FRANK M. DUNNIVANT
Whitman College

@ WILEY-
INTERSCIENCE

A JOHN WILEY & SONS, INC., PUBLICATION



Copyright © 2004 by John Wiley & Sons, Inc. All rights reserved.

Published by John Wiley & Sons, Inc., Hoboken, New Jersey.
Published simultaneously in Canada.

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any form or by any
means, electronic, mechanical, photocopying, recording, scanning, or otherwise, except as permitted under
Section 107 or 108 of the 1976 United States Copyright Act, without either the prior written permission

of the Publisher, or authorization through payment of the appropriate per-copy fee to the

Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923, 978-750-8400,

fax 978-646-8600, or on the web at www.copyright.com. Requests to the Publisher for permission should

be addressed to the Permissions Department, John Wiley & Sons, Inc., 111 River Street, Hoboken,

NJ 07030, (201) 748-6011, fax (201) 748-6008.

Limit of Liability/Disclaimer of Warranty: While the publisher and author have used their best efforts in
preparing this book, they make no representations or warranties with respect to the accuracy or completeness of
the contents of this book and specifically disclaim any implied warranties of merchantability or fitness for a
particular purpose. No warranty may be created or extended by sales representatives or written sales materials.
The advice and strategies contained herein may not be suitable for your situation. You should consult with a
professional where appropriate. Neither the publisher nor author shall be liable for any loss of profit or any other
commercial damages, including but not limited to special, incidental, consequential, or other damages.

For general information on our other products and services please contact our Customer Care Department within
the U.S. at 877-762-2974, outside the U.S. at 317-572-3993 or fax 317-572-4002.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print, however,
may not be available in electronic format.

Library of Congress Cataloging-in-Publication Data:

Dunnivant, Frank M.
Environmental laboratory exercises for instrumental analysis and environmental
chemistry / Frank M. Dunnivant
p. cm.
Includes index.
ISBN 0-471-48856-9 (cloth)
1. Environmental chemistry—Laboratory manuals. 2. Instrumental
analysis—Laboratory manuals. 1. Title.
TD193 .D86 2004
628-dc22 2003023270

Printed in the United States of America

10987 65 4321



To my parents for nurturing
To my advisors for mentoring
To my students for questioning



CONTENTS

PREFACE xi
ACKNOWLEDGMENTS xiii
TO THE INSTRUCTOR XV

PART 1 PRELIMINARY EXERCISES

1 How to Keep a Legally Defensible Laboratory Notebook 3
2 Statistical Analysis 7
3 Field Sampling Equipment for Environmental Samples 19

PART 2 EXPERIMENTS FOR AIR SAMPLES

4 Determination of Henry’s Law Constants 33
5 Global Warming: Determining If a Gas Is Infrared Active 49

6 Monitoring the Presence of Hydrocarbons in Air around
Gasoline Stations 61

PART 3 EXPERIMENTS FOR WATER SAMPLES

7 Determination of an Ion Balance for a Water Sample 73

8 Measuring the Concentration of Chlorinated Pesticides in
Water Samples 83

vii



viii

9

10

CONTENTS
Determination of Chloride, Bromide, and Fluoride in
Water Samples

Analysis of Nickel Solutions by Ultraviolet—Visible
Spectrometry

PART 4 EXPERIMENTS FOR HAZARDOUS WASTE

11

12
13

14

15

Determination of the Composition of Unleaded Gasoline
Using Gas Chromatography

Precipitation of Metals from Hazardous Waste

Determination of the Nitroaromatics in Synthetic Wastewater
from a Munitions Plant

Determination of a Surrogate Toxic Metal in a Simulated
Hazardous Waste Sample

Reduction of Substituted Nitrobenzenes by Anaerobic
Humic Acid Solutions

PART 5 EXPERIMENTS FOR SEDIMENT AND SOIL SAMPLES

16

17

Soxhlet Extraction and Analysis of a Soil or Sediment
Sample Contaminated with n-Pentadecane

Determination of a Clay—Water Distribution Coefficient
for Copper

PART 6 WET EXPERIMENTS

18

19

20

21
22

Determination of Dissolved Oxygen in Water Using the
Winkler Method

Determination of the Biochemical Oxygen Demand of
Sewage Influent

Determination of Inorganic and Organic Solids in Water Samples:

Mass Balance Exercise
Determination of Alkalinity of Natural Waters

Determination of Hardness in a Water Sample

PART 7 FATE AND TRANSPORT CALCULATIONS

23

pC-pH Diagrams: Equilibrium Diagrams for Weak Acid and
Base Systems

93

101

113
123

143

151

167

179

191

207

217

233
245
257

267



24
25
26
27
28

CONTENTS

Fate and Transport of Pollutants in Rivers and Streams
Fate and Transport of Pollutants in Lake Systems

Fate and Transport of Pollutants in Groundwater Systems
Transport of Pollutants in the Atmosphere

Biochemical Oxygen Demand and the Dissolved Oxygen
Sag Curve in a Stream: Streeter—Phelps Equation

APPENDIX A Periodic Table

INDEX

ix
277
285
293
303
317

327

329

ix



PREFACE

My most vivid memory of my first professional job is the sheer horror and
ineptitude that I felt when I was asked to analyze a hazardous waste sample for an
analyte that had no standard protocol. Such was life in the early days of
environmental monitoring, when chemists trained in the isolated walls of a
laboratory were thrown into the real world of sediment, soil, and industrial
waste samples. Today, chemists tend to be somewhat better prepared, but many
still lack experience in developing procedures for problematic samples. My
answer to this need for applied training is a book of laboratory experiments
aimed at teaching upper-level undergraduate and graduate chemistry students how
to analyze ““dirty” samples. These experiments can be taught under the auspices
of a standard instrumental analysis course or under more progressive courses, such as
environmental chemistry or advanced analytical environmental techniques.

In preparing this book, I have kept in mind a number of chemical and
analytical considerations, some steming from fundamental principles taught in
every chemistry department, others specific to environmental chemistry. First,
chemists planning to work in the environmental field need to be aware of the
uncompromising need for explicit laboratory documentation. Chemistry depart-
ments start this life-long learning exercise in general chemistry, where we tell
students that any classmate should be able to pick up his or her laboratory
notebook and repeat the work. Environmental chemistry takes this training one
step further in that the experiments and their documentation must also be
completed in a manner that is legally defensible. By legally defensible, 1 mean
ready to serve as courtroom evidence, as almost any laboratory monitoring, no
matter how routine, can easily become evidence to prosecute an illegal polluter.
Thus, laboratory notebooks must be maintained in a standardized format (subject
to state or federal authorities and discipline); if they are not, cases may be
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dismissed. The introduction to this manual contains a list of commonly accepted
documentation procedures. They are arranged so that instructors can select which
level of documentation is suitable for their course.

A second feature of this manual is that it is designed to be a complete, stand-
alone summary of a student’s laboratory work. In the student version of the
laboratory manual, each procedure contains background information, safety
precautions, a list of chemicals and solutions needed, some data collection sheets,
and a set of blank pages for the student to compile results and write a summary of
findings. Thus, when each experiment is finished, students have a complete
summary of their work that can be used as a laboratory portfolio during interviews
at graduate schools or with potential employers.

A third theme, presented early in this book, is statistical analysis. Although
many students entering environmental chemistry or instrumental analysis have
briefly studied linear regression and Student’s 7 test, a more rigorous treatment of
these topics is needed in laboratories dealing with instrumentation. As I tell my
students, few if any instrumental techniques yield absolute numbers; all instru-
ments have to be calibrated to some extent, and the most common approach is a
linear least squares regression. One of the first exercises that I conduct in my
classes is to have students build a spreadsheet to perform linear least squares
analysis and Student’s ¢ test. I have found that students understand data analysis
techniques significantly better after this spreadsheet exercise, as opposed simply
to quoting numbers from the regression of a calculator. An electronic copy of these
spreadsheets (which I have students replicate) is included with the instructor’s
edition, and the spreadsheets can be used throughout the semester for a variety of
instruments.

Fourth, the laboratory exercises in this manual are designed to teach environ-
mental chemistry and instrumental analysis simultaneously. The experiments are
organized by sample media into sections of air, water, hazardous waste, sediment/
soil, and wet techniques, and the manual includes a set of pollutant fate and
transport simulation exercises, which are becoming more and more necessary in
environmental chemistry courses. The laboratory experiments emphasize sam-
pling, extraction, and instrumental analysis. Interactive software packages for
pollutant fate and transport simulations, Fate and the pC-pH simulator, are
included with the text.

Compiling the experiments for this manual has been a very educational
experience for me, as I have reflected on which experiments work best in
which setting. This information is given in the notes to the instructor. All of
the experiments have been used in my courses, either environmental chemistry or
instrumental analysis. More important for instructors using this manual, most
experiments have a sample data set of the results expected, which is posted on the
Wiley website. Each year I find these sample results most helpful in trouble-
shooting laboratories and identifying student mistakes.

FrANK M. DUNNIVANT
March 2004
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TO THE INSTRUCTOR

This laboratory manual is designed for use courses in Instrumental Methods of
Analysis and Environmental Chemistry. In fact, students from both of these
courses were involved in the testing of these procedures. The procedures
emphasize solution preparation, experimental setup, use of instrumentation, and
evaluation of results. Given that not everyone is an environmental chemist, I have
put together a list of experiments I use in instrumental analysis that are also used
in environmental experiment. If you are unfamiliar with environmental chemistry
I have included extensive background information on the environmental topic
being studied and most chapters have a complete set of student data for your
review (included in the on-line instructor’s information). Indeed, one advantage of
using this manual is that I have found students to be very interested in learning
from an environmental viewpoint.

For instrumental analysis, of course, I use the experiments that emphasize the
instruments a bit more than the solution preparation. There are certain exceptions
to this statement, for example Chapter 14 (The Determination of a Surrogate
Toxic Metal in a Simulated Hazardous Waste Sample), which stresses matrix
effects and technique specificity (chelation, activity, or concentration). The
following is the general plan I used for the course on Instrumental Methods of
Analysis. It is based on two 3-hour laboratory periods each week.

Chapters 1 and 2 are given as introductory material but I usually have students
build a spreadsheet for the statistics chapter.

UV-Vis spectroscopy Chapter 10

Infrared spectroscopy Chapter 5
Electrodes Chapter 9 or 14

XV
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Atomic absorption or emission Chapters 14 or 7
spectroscopy
Gas chromatography Chapters 6, 8, 11, or 16
High performance liquid Chapter 13
chromatography
Ion chromatography Chapter 7
Mass spectrometry any of the chromatography chapters

For environmental chemistry there are a variety of approaches. First, if you do
not use this manual in a course in Instrumental Methods of Analysis you can
select from all of the experiments. Second, if you use the approach given above
for instrumental methods of analysis, there are still plenty of experiments left for
use in environmental chemistry. I select from the following experiments.

Sampling Chapter 2 (covered in lecture)
Mass balance, weighing and Chapter 20
pipeting skills
DO and BOD Chapters 18 and 19
Global warming Chapter 5
Environmental monitoring Chapters 6, 8, 9, 13, 16, 21, or 22
Hazardous waste treatment Chapter 12
Transformation reactions Chapter 15
Distribution coefficients Chapter 17
Chemical speciation Chapter 23 (covered in lecture)
Pollutant fate and transport Chapters 24 to 28 (covered in lecture)

An alternative is to design your environmental course completely around wet
techniques.

Whichever way you choose to use this manual I hope that you will be satisfied
with our efforts. We have done our best to provide student-tested procedures from
an environmental perspective, detailed procedures for making solutions and
unknown samples, example student data for troubleshooting and to supplement
your students’ experimental data, two user-friendly software packages (The pC-
pH Simulator™ and Fate™). Additionally, after you adopt the manual for use by
your students you will have access to Wiley’s on-line resources for this manual
and you will be sent The GC Tutorial and The HPLC Tutorial. The downloadable
instructor’s manual can be obtained at http://www.wiley.com/wileycda/
wileytitle/productcd-0471488569.html. The latter two software pack-
ages are particularly helpful if students view them prior to attempting the
chromatography experiments.
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HOW TO KEEP A LEGALLY DEFENSIBLE
LABORATORY NOTEBOOK

Proper recording of your laboratory data and upkeep of your laboratory notebook
are essential to conducting good science. As your laboratory instructor will state,
you should record sufficient detail in your notebook that another person of your
skill level should be able to understand your procedures and comments and be
able to reproduce all of your results. In government and industry (the real world),
laboratory notebooks are legal documents. They can be used to apply for and
defend patents, to show compliance or noncompliance with federal and state laws,
and simply as record keeping. In the real world, lab notebooks start off as
completely blank pages. You fill in all of your daily laboratory activities,
including your conclusions. This laboratory manual is more organized than
those used in the real world but will also serve as an example of your laboratory
documentation, which will be an essential part of your future job. Except for a few
cases, data collection sheets have been omitted intentionally because they are not
always present in the real world. You should read the procedures carefully and
understand them before you come to lab and have a data collection sheet ready in
your laboratory notebook when you arrive in lab.

The laboratory notebook is the basis for your laboratory reports. The language
you use in notebooks should be objective, factual, and free of your personal
feelings, characterizations, speculation, or other terminology that is inappropriate.
The notebook is your record of your or your group’s work. Entries made by
anyone other than the person to whom the notebook belongs must be dated and

Environmental Laboratory Exercises for Instrumental Analysis and Environmental Chemistry
By Frank M. Dunnivant
ISBN 0-471-48856-9 Copyright © 2004 John Wiley & Sons, Inc.



4 HOW TO KEEP A LEGALLY DEFENSIBLE LABORATORY NOTEBOOK

signed by the person making the entry. This may seem redundant since you will be
dating and signing every page, but this is the standard policy used in government
and industry.

Although you will quickly outgrow your laboratory notebook after graduation,
you should realize that some laboratory notebooks are permanent records of a
research project; that is, they are stored securely for years. The typical life of a
laboratory notebook ranges from 10 to 25 years. Notebooks are also categorized
by levels of use and include (1) a working laboratory notebook (one that is not yet
complete and is currently being used to record information), (2) an active
laboratory notebook (one that is complete but is needed as a reference to continue
a project: for example, volume two of your notebook), and (3) an inactive
laboratory notebook (one that is complete and no longer needed for quick
reference).

The guidelines that follow have been collected from standard operating
procedures (SOPs) of the U.S. Environmental Protection Agency and the U.S.
Department of Energy as well as from my experience in a number of laboratory
settings. These practices (and even more detailed ones) are also commonly used in
industry. Your instructor will choose which guidelines are appropriate for your
class and advise you to place a checkmark by those selected.

Your laboratory instructor will decide what heading or sections your data
recording should be divided into, but these usually consist of a (1) a purpose
statement, (2) prelaboratory instructions, (3) any modifications to the procedures
assigned, (4) data collection, (5) interpretations, and (6) a brief summary of your
conclusions. Although your laboratory reports will contain detailed interpretations
and conclusions, you should include these in your laboratory notebook to provide
a complete account of the laboratory exercise in your notebook. As you maintain
your notebook, be aware that if you add simple notes, labels, or purpose
statements throughout your data collection, it will make your account of the
laboratory exercise much clearer a week later when you prepare your laboratory
report.

Suggested Guidelines. Check those that apply to your class.

[1 1. Use this notebook for all original data, calculations, notes, and sketches.

[ 2. Write all entries in indelible ink (non-water soluble).

[0 3. The data collection sections are divided into separate experiments, and
within each experiment all laboratory notebook entries should be in chronological
order. Note that in the real world, you will maintain separate notebooks for each
project you are working on. In your future employment, all entries will be made in
chronological order and you will not be allowed to skip from page to page or
leave any blank spaces.

[ 4. Include a date and initials at the bottom of each page.

[1 5. Make minor corrections by placing a single line through the entry and
labeling it with your initials and the date.
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[ 6. Major alterations or changes to previous entries should appear as new
entries, containing the current date and a cross-reference (page number) to the
previous entries. In making your corrections, do not obscure or obliterate previous
or incorrect entries.

[0 7. Do not remove any pages from the laboratory notebook unless you are
specifically advised to do so by your laboratory instructor.

[1 8. If your laboratory manual does not include chart-holder pages, glue or
otherwise securely fasten charts, drawings, and graphs in the area provided for
each experiment.

1 9. Designate each blank unused page or portion of a page equal to or
greater than one-fourth of a page with a diagonal line through the unused portion
to indicate that portion of the page is intentionally being left blank. Along the line
write “‘intentionally left blank,” with your initials, and date it.

[1 10. Reference to a name, catalog number, or instrument number should be

made when nonstandard items are being used or when the laboratory contains
more than one piece of that equipment.






STATISTICAL ANALYSIS

Purpose: One of the first lessons that you need to learn in instrumental analysis is
that few, if any, instruments report direct measurements of concentration or
activity without calibration of the instrument. Even laboratory balances need
periodic calibration. More complicated instruments need even more involved
calibration. Instruments respond to calibration standards in either a linear or an
exponential manner, and exponential responses can easily be converted to a linear
plot by log or natural log transformation. The goals of this first computer exercise
are to create a linear least squares spreadsheet for analyzing calibration data and
to learn to interpret the results of your spreadsheet. The goal of the second
computer exercise is to create a spreadsheet for conducting a Student’s ¢ test for
(1) comparing your results to a known reference standard, and (2) comparing two
groups’ results to each other. Student’s ¢ test helps you evaluate whether the
results are acceptable. The final exercise in this computer laboratory is to review
propagation of uncertainty calculations.

BACKGROUND

Today, most calculators can perform a linear least squares analysis, but the output
from these calculators is limited. The spreadsheet you will create in this exercise
will give error estimates for every parameter you estimate. Error estimates are
very important in telling ““how good” a result is. For example, if your estimate of
the slope of a line is 2.34 and the standard deviation is plus or minus 4.23, the

Environmental Laboratory Exercises for Instrumental Analysis and Environmental Chemistry
By Frank M. Dunnivant
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8 STATISTICAL ANALYSIS

estimate is not very good. In addition, one of the most important parameters we
will estimate with your spreadsheet is the standard deviation for your sample
concentration. With your spreadsheet you will first conduct a linear least squares
analysis for a calibration curve. Then we will use the unknown sample area,
millivolts, or peak height to estimate the unknown sample concentration, and
finally, we will calculate the standard deviation of your concentration estimate.
This is one parameter that calculators do not typically estimate.

Equipment Needed

e Access to a computer lab or laptop computer

e A basic knowledge of spreadsheets

e Two computer disks or a zip disk for storing your work
e A calculator for checking your work

Programming Hints for Using Microsoft Excel

99

1. Formulas (calculations) must start with an “="".

2. The “$” locks a cell address when referencing cells in formulas, allowing
you to lock rows, columns, or both.

3. Mathematical symbols are as you expect, except that “A” represents a
number used as an exponent.

4. Text is normally entered as text, but sometimes you may have to start a line
with a single-quote symbol, ‘.

LINEAR LEAST SQUARES ANALYSIS

The first step in analyzing unknown samples is to have something (millivolts,
peak area, peak height, absorbance, etc.) to reference to the instrument signal
(instruments do not read concentration directly). To relate the signal to concen-
tration, we create a calibration curve (line).

All of our calibration curves will be some form of linear relationship (line) of
the form y = mx + b. We can relate signal to concentration with the equation

S:mc+Sb1

where S is the signal (absorbance, peak area, etc.) response, m the slope of the
straight line, ¢ the concentration of the analyte, and Sy, the instrumental signal
(absorbance, etc.) for the blank. This is the calibration equation for a plot of the
signal S on the y axis and C on the x axis. The signal (S,,) of the detection limit
will be S,, = Su1 + ksp; (Where k = 3). The detection limit (C,,) is an arrangement
of y =mx+ b, where y = §,,, m is the slope, b is the y intercept, and x is the
minimum concentration or detection limit.
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We will usually collect a set of data correlating S to ¢. Examples of § include
(1) light absorbance in spectroscopy, (2) peak height in chromatography, or (3)
peak area in chromatography. We will plot our data set on linear graph paper or
using a spreadsheet and develop an equation for the line connecting the data
points. We define the difference between the point on the line and the measured
data point as the residual (in the x and y directions).

For calculation purposes we use the following equations (S’s are the sum of
squared error or residuals):

52
Sxx = Z(x,-—)—c)z :Z(X?) (2 x)

52
SW:Z()’:'—YV:Z();?)_%
S)cy:Z(xi—x)(yi—y):iny,._%

where x; and y; are individual observations, N is the number of data pairs, and X
and y are the average values of the observations. Six useful quantities can be
computed from these.

1. The slope of the line (m) is m = Sy, /Sx..
2. The y intercept (b) is b =y — mux.
3. The standard deviation of the residuals (sy) is given by

Syy — m*Syy
YEVT N2
4. The standard deviation of the slope is

Sy
SX.X

Sm —

5. The standard deviation of the intercept (sp) is

:\/ > () _S\/ 1
vy - V- (Y20

6. The standard deviation for analytical results obtained with the calibration
curve (s.) is
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where y. is the mean signal value for the unknown sample, L the number of
times the sample is analyzed, N the number of standards in the calibration
curve, and y is the mean signal value of the y calibration observations (from
standards). Thus, the final result will be a value (the analytical result) plus or
minus another value (the standard deviation, s.).

It is important to note what s. refers to—it is the error of your sample
concentration according to the linear least squares analysis. Since the equation for
s. in case 6 does not account for any error or deviation in your sample replicates
(due to either sample preparation error such as pipetting or concentration
variations in your sampling technique), s. does not account for all sources of
error in precision. To account for the latter errors, you need to make a standard
deviation calculation on your sample replicates. The sequence of dilutions and
other factors can be accounted for in a propagation of uncertainty (covered at the
end of the chapter).

Most calculators have an r or r* key and you may know that the closer this
value is to 1.00, the better. This number comes from

Z XiYi
> 0F) 2 07)

r (and r?) is called the coefficient of regression or regression coefficient.

Table 2-1 is the printout of a spreadsheet using the equations described above.
Note that only the numbers in boldface type are entry numbers (entered directly
rather than calculated); all other cells contain equations for calculating the given
parameters. This spreadsheet can be used in all of the exercises in this manual for
analyzing your instrument calibration data. The data in Table 2-1 were obtained
from students measuring magnesium on a flame atomic absorption spectrometer.

STUDENT’S ¢ TEST

After you obtain an average value for a sample, you will want to know if it is
within an acceptable range of the true value, or you may want to compare mean
values obtained from two different techniques. We can do this with a statistical
technique called Student’s t test. To perform this test, we simply rearrange the
equation for the confidence limits to

I—p==+ (2-1)

VN
where X is the mean of your measurements, i the known or true value of the
sample, ¢ the value from the ¢ table, s.d. the standard deviation, and N the number
of replicates that you analyzed.

In the first application of the 7 test, we are basically looking at the acceptable
difference between the measured value and the true value. The overall comparison
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is based on consideration of a ¢ value, the standard deviation, and the number of
observations. The ¢ values are taken from tables such as the those in a quantitative
analysis or instrumental analysis textbook, and you must pick a confidence
interval and the degrees of freedom (this will be N — 1 for this test). If the
experimental (observed) value of x — p is larger than the value of x — p calculated
from the right side of equation (2-1), the presence of bias in the method is
suggested; in other words, the experimental and true values are statistically
different. If, on the other hand, the value calculated by the right side of the
equation is larger, no bias has been demonstrated.

A more useful but difficult procedure can be performed to compare the mean
results from two experiments or techniques. This uses the following equation:

X —X% == £~ 5-d-pootea
niny/(ny + ny) (22)
_silm = 1) + s3(m2 — 1)
Spooled = n o+ —2

where s1 and s; are the respective standard deviations about each mean and n; and
n, are the number of observations in each mean. In this case the degrees of
freedom in the 7 table will be N — 2 (2 because you are using two s> values). As in
the procedure above, if the experimental (observed) value of x; — x; is larger than
the value of x; — x; calculated from equation (2-2), there is a basis for saying that
the two techniques are different. If, on the other hand, the value calculated by the
equation is larger, no basis is present for saying that the two techniques are
different (i.e., the value from the equation gives the tolerance or level of
acceptable error). Also note that if you use the 95% CI, your result will include
95 out of 100 analytical results and that 5 of the 100 will fall outside the range.

Table 2-2 conducts both of the ¢ tests mentioned above and will serve as your
template for creating your own spreadsheet. Again, numbers in boldface type are
the only numbers that you will change when using this spreadsheet. The other
cells contain equations for calculating each parameter estimate.

PROPAGATION OF UNCERTAINTY

The linear least squares analysis provides a way of predicting a concentration
value for an unknown sample and provides error estimates, in the form of standard
deviations, for each estimated parameter. However, the final calculation that you
made in the spreadsheet, s., only incorporates error associated with the linear least
squares regression. An equally important value is the propagation of uncertainty
(POU) resulting from multiple dilutions and weighing events. Tables 2-3 to 2-6
show the tolerances of balances and class A glassware that are used in the POU
analysis. POU equations for each type of mathematical function are shown in
Table 2-7.
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TABLE 2-3. Tolerances for Laboratory Balance Weights

Tolerance (mg) Tolerance (mg)
Denomination Denomination
(2) Class 1 Class 2 (mg) Class 1 Class 2
500 1.2 2.5 500 0.010 0.025
200 0.50 1.0 200 0.010 0.025
100 0.25 0.50 100 0.010 0.025
50 0.12 0.25 50 0.010 0.014
20 0.074 0.10 20 0.010 0.014
10 0.050 0.074 10 0.010 0.014
5 0.034 0.054 5 0.010 0.014
2 0.034 0.054 2 0.010 0.014
1 0.034 0.054 1 0.010 0.014
Source: Harris (1999).
TABLE 2-4. Tolerances of Class A Burets
Buret Volume Smallest Tolerance
(mL) Graduation (mL) (mL)
5 0.01 +0.01
10 0.05 or 0.02 +0.02
25 0.1 +0.03
50 0.1 +0.05
100 0.2 +0.10
Source: Harris (1999).
TABLE 2-5. Tolerances of Class A Volumetric Flasks
Flask Capacity Tolerance Flask Capacity Tolerance
(mL) (mL) (mL) (mL)
1 +0.02 100 +0.08
2 +0.02 200 +0.10
5 +0.02 250 +0.12
10 +0.02 500 +0.20
25 +0.03 1000 +0.30
50 +0.05 2000 +0.50

Source: Harris (1999).

TABLE 2-6. Tolerances of Class A Transfer Pipets (Harris, 1999)

Volume Tolerance Volume Tolerance

(mL) (mL) (mL) (mL)
0.5 +0.006 10 +0.02

1 +0.006 15 +0.03

2 +0.006 20 +0.03

3 +0.01 25 +0.03

4 +0.01 50 +0.05

5 +0.01 100 40.08

Source: Harris (1999).
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TABLE 2-7. Error Propagation in Arithmetic Calculations

Type of Calculation Example Standard Deviation of x
Addition or subtraction xX=p+q-—r .= SZ + 55 4 Sz
Sy s,,2 sqzs,Z

Multiplication or division x=p(q/r) g R I Jr(f)

X p q r
L. Sy Sp

Exponentiation x=p 2oyt
X p

Logarithm x = logyyp L= 0.434%

Antilogarithm X = antilog,op = =2.303s,

Source: Skoog et al. (1998).

The use of these and other tolerances is illustrated in the following example.
We weigh out 10.00 g of sample, extract it into 100 mL of solvent, make a 1: 10
dilution, inject 1.0 pL into a GC, and calculate the concentration.

Raw Value of Error Associated with

Operation Operation Each Operation (as =+s)
Weighing 10.00 g 0.05
Extraction efficiency 0.95 0.02
Extraction volume 100.00 mL 0.02
Dilution 1 10.00 0.01
Injection volume 1.00 x 107°L 0.01 x 1076
Calculation of concentration 1.14 pg/uL 0.05

(from linear least squares analysis)
Concentration of compound in (pg compound/g of sample)

conversion factor (peak Area - b)/m solvent vol. dil. 1

(ug/10°pg)  x (L.14pg/luL) x (100,000 uL) x (10 mL/ImL)

10.00g x
weight

0.95
ext. eff.

0.120 pg/g

We use the standard deviation associated with each measurement to calculate
the propagation of uncertainty (equations are shown in Table 2-7; in this case we
use the example for multiplication but note that some of these may already have
been calculated using addition or exponential error equations):

se [(0.05 2+ 0.01 x 106 2+ 0.01 2+ 0.020 2+ 0.05?

x Y \l14 1.00 x 106 10.00 0.95 10.00
= 1/0.00192 + 0.00010 + 1.0 x 106 +0.00044 + 2.5 x 103

dil. 1 ext. eff.

calc. injection weight



16 STATISTICAL ANALYSIS

Note that by comparing various errors, you can see which step in your
procedure contributes the most error. In this case it is the calculation from the
linear least squares analysis that commonly contributes most error to the standard
deviation of the sample:

i_x — +1/0.00249 = +0.0498

absolute error = X x = (£0.0498) (0.120 pg/g) = +0.00598
x

Thus, the answer you report (with complete error) should be 0.120 pg/g £+ 0.006.
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ASSIGNMENT

1. Your first task is to create two spreadsheets that look identical to the ones in
Tables 2-1 and 2-2. (Your instructor may choose to give you these on a disk
to save time so that you can spend more time developing your analytical
technique in the laboratory.) During the first laboratory period, you will
create a linear least squares analysis sheet. For the second laboratory period
you will create a spreadsheet for conducting a Student’s ¢ test. When you
actually use the spreadsheet for calibrating an instrument, data should only
be entered into cells containing boldface numbers; all other cells should
contain equations that will not be changed (and can be locked to ensure that
these cells do not change).

2. Next, calculate the propagation of uncertainty for the following set of data.
Most quantitative measurements require several steps in a given procedure,
including weighing, dilution, and various quantification approaches. Each of
these processes has an associated error. Suppose that you are a