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Gathered here are three types of resources: additional readings from the analytical literature
that extend and supplement topics covered in the textbook; suggested experiments, mostly
from the Journal of Chemical Education and The Chemical Educator, that provide practical
examples of concepts in the textbook; and electronic resources that help illustrate concepts
from the textbook. Although primarily intended for the use of instructors, these resources also
benefit students who wish to pursue a topic at more depth. Materials are organized by chapter
with the exception of the last heading, which catalogs active learning materials developed by

and made available through the Analytical Sciences Digital Library.
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Chapter 1

The role of analytical chemistry within the broader discipline of chemistry has been discussed by many promi-

nent analytical chemists; several notable examples are listed here.

Baiulescu, G. E.; Patroescu, C; Chalmers, R. A. Education and Teaching in Analytical Chemistry, Ellis
Horwood: Chichester, 1982.

de Haseth, J. “What is Analytical Chemistry?,” Spectroscopy 1990, 5, 19-21.
Heiftje, G. M. “The Two Sides of Analytical Chemistry,” Anal. Chem. 1985, 57, 256A-267A.
Heiftje, G. M. “But is it analytical chemistry?,” Am. Lab. 1993, October, 53-61.

Kissinger, P. T. “Analytical Chemistry—What is It? Why Teach I2?,> Trends Anal. Chem. 1992, 11,
57-57.

Laitinen, H. A.; Ewing, G. (eds.) A History of Analytical Chemistry, The Division of Analytical Chem-
istry of the American Chemical Society: Washington, D. C., 1972.

Laitinen, H. A. “Analytical Chemistry in a Changing World,” Anal. Chem. 1980, 52, 605A-609A.
Laitinen, H. A. “History of Analytical Chemistry in the U. S. A.)” Talanta, 1989, 36, 1-9.
McLafferty, E W. “Analytical Chemistry: Historic and Modern,” Acc. Chem. Res. 1990, 23, 63—64.

Mottola, H. A. “The Interdisciplinary and Multidisciplinary Nature of Contemporary Analytical
Chemistry and its Core Components,” Anal. Chim. Acta 1991, 242, 1-3.

Noble, D. “From Wet Chemistry to Instrumental Analysis: A Perspective on Analytical Sciences,” Anal.
Chem. 1994, 66, 251A-263A.

Tyson, ]. Analysis: What Analytical Chemists Do, Royal Society of Chemistry: Cambridge, England
1988.

For additional discussion of clinical assays based on paper-based microfluidic devices, see the following pa-

pers.

Ellerbee, A. K.; Phillips, S. T; Siegel, A. C.; Mirica, K. A.; Martinez, A. W.; Striehl, P; Jain, N.; Prent-
iss, M.; Whitesides, G. M. “Quantifying Colorimetric Assays in Paper-Based Microfluidic Devices by
Measuring the Transmission of Light Through Paper,” Anal. Chem. 2009, 81, 8447-8452.

Martinez, A. W.; Phillips, S. T.; Whitesides, G. M. “Diagnostics for the Developing World: Microflu-
idic Paper-Based Analytical Devices,” Anal. Chem. 2010, 82, 3—10.

This textbook provides one introduction to the discipline of analytical chemistry. There are other textbooks for

introductory courses in analytical chemistry and you may find it useful to consult them when you encounter
a difficult concept; often a fresh perspective will help crystallize your understanding. The textbooks listed here

are excellent resources.

Enke, C. The Art and Science of Chemical Analysis, Wiley: New York.
Christian, G. D.; Dasgupta, B, K.; Schug; K. A. Analytical Chemistry, Wiley: New York.
Harris, D. Quantitative Chemical Analysis, W. H. Freeman and Company: New York.

Kellner, R.; Mermet, ]J.-M.; Otto, M.; Valcircel, M.; Widmer, H. M. Analytical Chemistry, Wiley-
VCH: Weinheim, Germany.
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* Rubinson, J. E; Rubinson, K. A. Contemporary Chemical Analysis, Prentice Hall: Upper Saddle River,
NJ.
e Skoog, D. A;; West, D. M.; Holler, E. J. Fundamentals of Analytical Chemistry, Saunders: Philadel-
phia.
To explore the practice of modern analytical chemistry there is no better resource than the primary literature.

The following journals publish broadly in the area of analytical chemistry.
¢ Analytical and Bioanalytical Chemistry

e Analytical Chemistry
e Analytical Chimica Acta

e Analyst
e Talanta



http://link.springer.com/journal/volumesAndIssues/216
http://pubs.acs.org/journals/ancham/index.html
http://www.sciencedirect.com/science/journal/00032670
http://www.rsc.org/publishing/journals/an/
http://www.sciencedirect.com/science/journal/00399140
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Chapter 2

The following two web sites contain useful information about the SI system of units.

e http://www.bipm.org/en/home/ — The home page for the Bureau International des Poids and Mea-
sures.

*  http://physics.nist.gov/cuu/Units/index.html — The National Institute of Standards and Technology’s
introduction to SI units.

For a chemist’s perspective on the SI units for mass and amount, consult the following papers.

e Davis, R. S. “What is a Kilogram in the Revised International System of Units (SI)?”, /. Chem. Educ.
2015, 92, 1604-1609.

*  Freeman, R. D. “SI for Chemists: Persistent Problems, Solid Solutions,” /. Chem. Educ. 2003, 80,
16-20.

e Gorin, G. “Mole, Mole per Liter, and Molar: A Primer on SI and Related Units for Chemistry Stu-
dents,” /. Chem. Educ. 2003, 80, 103—104.

Discussions regarding possible changes in the SI base units are reviewed in this article.

e Chao, L. S.; Schlamminger, S.; Newell, D. B.; Pratt, J. R.; Seifert, E; Zhang, X.; Sineriz, M. L.;
Haddad, D. “A LEGO Watt Balance: An Apparatus to Determine a Mass Based on the New SI,”
arXiv:1412.1699 [physics.ins-det].

*  Fraundorf, P. “A Multiple of 12 for Avogadro,” arXiv:1201.5537 [physics.gen-ph].
* Kemsley, ]. “Rethinking the Mole and Kilogram,” C&E News, August 25, 2014, p. 25.

The following are useful resources for maintaining a laboratory notebook and for preparing laboratory reports.

e Coghill, A. M.; Garson, L. M. (eds) 7The ACS Style Guide: Effective Communication of Scientific Informa-
tion, 3rd Edition, American Chemical Society: Washington, D. C.; 2006.

e Kanare, H. M. Writing the Laboratory Notebook, American Chemical Society: Washington, D. C,;
1985.

The following texts provide instructions for using spreadsheets in analytical chemistry.

e de Levie, R. How to Use Excel” in Analytical Chemistry and in General Scientific Data Analysis, Cam-
bridge University Press: Cambridge, UK, 2001.

* Diamond, D.; Hanratty, V. C. A., Spreadsheet Applications in Chemistry, Wiley-Interscience: New York,
1997.

» Feiser, H. Concepts and Calculations in Analytical Chemistry: A Spreadsheet Approach, CRC Press: Boca
Raton, FL, 1992.

The following classic textbook emphasizes the application of intuitive thinking to the solving of problems.

* Harte, J. Consider a Spherical Cow: A Course in Environmental Problem Solving, University Science
Books: Sausalito, CA, 1988.


http://www.bipm.org/en/home/
http://physics.nist.gov/cuu/Units/index.html
http://arxiv.org/abs/1412.1699
http://arxiv.org/abs/1201.5537v3
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Chapter3

The International Union of Pure and Applied Chemistry (IUPAC) maintains a web-based compendium of
analytical terminology. You can find it at the following web site.

*  http://old.iupac.org/publications/analytical compendium/

The following papers provide alternative schemes for classifying analytical methods.

* Booksh, K. S.; Kowalski, B. R. “Theory of Analytical Chemistry,” Anal. Chem. 1994, 66, 782A~
791A.

e Phillips, ]. B. “Classification of Analytical Methods,” Anal. Chem. 1981, 53, 1463A—1470A.

e Valcdrcel, M.; Luque de Castro, M. D. “A Hierarchical Approach to Analytical Chemistry,” Trends Anal.
Chem. 1995, 14, 242-250.

e Valcdrcel, M.; Simonet, B. M. “Types of Analytical Information and Their Mutual Relationships,”
Trends Anal. Chem. 1995, 14, 490-495.

Further details on criteria for evaluating analytical methods are found in the following series of papers.

*  Wilson, A. L. “The Performance-Characteristics of Analytical Methods”, Part I-7alanta, 1970, 17,
21-29; Part II- Talanta, 1970, 17, 31—44; Part 111- Talanta, 1973, 20, 725—732; Part IV-Talanta, 1974,
21,1109-1121.

For a point/counterpoint debate on the meaning of sensitivity consult the following two papers and two letters
of response.

* Ekins, R.; Edwards, P. “On the Meaning of ‘Sensitivity’,” Clin. Chem. 1997, 43, 1824-1831.

* Ekins, R.; Edwards, P. “On the Meaning of ‘Sensitivity:” A Rejoinder,” Clin. Chem. 1998, 44, 1773~
1776.

e Pardue, H. L. “The Inseparable Triangle: Analytical Sensitivity, Measurement Uncertainty, and Quan-
titative Resolution,” Clin. Chem. 1997, 43, 1831-1837.

e Pardue, H. L. “Reply to ‘On the Meaning of ‘Sensitivity:” A Rejoinder’,” Clin. Chem. 1998, 44, 1776~
1778.

Several texts provide analytical procedures for specific analytes in well-defined matrices.

* Basset, ]J.; Denney, R. C.; Jeffery, G. H.; Mendham, ]. Vogels Textbook of Quantitative Inorganic Analysis,
4th Edition; Longman: London, 1981.

»  Csuros, M. Environmental Sampling and Analysis for Technicians, Lewis: Boca Raton, 1994.
» Keith, L. H. (ed) Compilation of EPAs Sampling and Analysis Methods, Lewis: Boca Raton, 1996

* Rump, H. H.; Krist, H. Laboratory Methods for the Examination of Water, Wastewater and Soil, VCH
Publishers: NY, 1988.

o Standard Methods for the Analysis of Waters and Wastewaters, 21st Edition, American Public Health As-
sociation: Washington, D. C.; 2005.

For a review of the importance of analytical methodology in today’s regulatory environment, consult the fol-
lowing text.

e Miller, J. M.; Crowther, J. B. (eds) Analytical Chemistry in a GMP Environment, John Wiley & Sons:
New York, 2000.
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Chapter 4

The following experiments provide useful introductions to the statistical analysis of data in the analytical

chemistry laboratory.

Bularzik, J. “The Penny Experiment Revisited: An Illustration of Significant Figures, Accuracy, Preci-
sion, and Data Analysis,” /. Chem. Educ. 2007, 84, 1456-1458.

Columbia, M. R. “The Statistics of Coffee: 1. Evaluation of Trace Metals for Establishing a Coffee’s
Country of Origin Based on a Means Comparison,” Chem. Educator 2007, 12, 260-262.

Cunningham, C. C.; Brown, G. R.; St Pierre, L. E. “Evaluation of Experimental Data,” /. Chem. Educ.

Edminston, P. L.; Williams, T. R. “An Analytical Laboratory Experiment in Error Analysis: Repeated
Determination of Glucose Using Commercial Glucometers,” /. Chem. Educ. 2000, 77, 377-379.

Gordus, A. A. “Statistical Evaluation of Class Data for Two Buret Readings,” /. Chem. Educ. 1987, 64,
376-377.

Harvey, D. T. “Statistical Evaluation of Acid/Base Indicators,” /. Chem. Educ. 1991, 68, 329-331.

Hibbert, D. B. “Teaching modern data analysis with The Royal Austrian Chemical Institute’s titration
competition,” Aust. J. Ed. Chem. 2006, 66, 5-11.

Johll, M. E.; Poister, D.; Ferguson, ]. “Statistical Comparison of Multiple Methods for the Determina-
tion of Dissolved Oxygen Levels in Natural Water,” Chem. Educator 2002, 7, 146-148.

Jordon, A. D. “Which Method is Most Precise; Which is Most Accurate?,” /. Chem. Educ. 2007, 84,
1459-1460.

Olsen, R. J. “Using Pooled Data and Data Visualization To Introduce Statistical Concepts in the Gen-
eral Chemistry Laboratory,” /. Chem. Educ. 2008, 85, 544-545.

O’Reilley, J. E. “The Length of a Pestle,” /. Chem. Educ. 1986, 63, 894-896.

Overway, K. “Population versus Sampling Statistics: A Spreadsheet Exercise,” /. Chem. Educ. 2008 85,
749.

Paselk, R. A. “An Experiment for Introducing Statistics to Students of Analytical and Clinical Chem-
istry,” J. Chem. Educ. 1985, 62, 536.

Puignou, L.; Llauradé, M. “An Experimental Introduction to Interlaboratory Exercises in Analytical

Chemistry,” /. Chem. Educ. 2005, 82, 1079-1081.

Quintar, S. E.; Santagata, J. P; Villegas, O. I; Cortinez, V. A. “Detection of Method Effects on Quality
of Analytical Data,” /. Chem. Educ. 2003, 80, 326-329.

Richardson, T. H. “Reproducible Bad Data for Instruction in Statistical Methods,” /. Chem. Educ.
1991, 68, 310-311.

Salzsieder, J. C. “Statistical Analysis Experiment for Freshman Chemistry Lab,” /. Chem. Educ. 1995,
72, 623.

Samide, M. J. “Statistical Comparison of Data in the Analytical Laboratory,” /. Chem. Educ. 2004, 81,
1641-1643.

Sheeran, D. “Copper Content in Synthetic Copper Carbonate: A Statistical Comparison of Experi-
mental and Expected Results,” /. Chem. Educ. 1998, 75, 453—456.
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Spencer, R. D. “The Dependence of Strength in Plastics upon Polymer Chain Length and Chain Ori-
entation,” /. Chem. Educ. 1984, 61, 555-563.

Stolzberg, R. J. “Do New Pennies Lose Their Shells? Hypothesis Testing in the Sophomore Analytical
Chemistry Laboratory,” J. Chem. Educ. 1998, 75, 1453—-1455.

Stone, C. A.; Mumaw, L. D. “Practical Experiments in Statistics,” /. Chem. Educ. 1995, 72, 518—
524.

Thomasson, K.; Lofthus-Merschman, S.; Humbert, M.; Kulevsky, N. “Applying Statistics in the Under-
graduate Chemistry Laboratory: Experiments with Food Dyes,” /. Chem. Educ. 1998, 75, 231-233.

Vitha, M. E; Carr, P. W. “A Laboratory Exercise in Statistical Analysis of Data,” /. Chem. Educ. 1997,
74, 998—1000.

A more comprehensive discussion of the analysis of data, which includes all topics considered in this chapter
as well as additional material, are found in many textbook on statistics or data analysis; several such texts are
listed here.

Anderson, R. L. Practical Statistics for Analytical Chemists, Van Nostrand Reinhold: New York; 1987.
Graham, R. C. Data Analysis for the Chemical Sciences, VCH Publishers: New York; 1993.
Mark, H.; Workman, J. Statistics in Spectroscopy, Academic Press: Boston; 1991.

Mason, R. L.; Gunst, R. E; Hess, ]. L. Statistical Design and Analysis of Experiments; Wiley: New York,
1989.

Massart, D. L.; Vandeginste, B. G. M.; Buydens, L. M. C.; De Jong, S.; Lewi, D. J.; Smeyers-Verbeke,
J. Handbook of Chemometrics and Qualimetrics, Elsevier: Amsterdam, 1997.

Miller, J. C.; Miller, J. N. Statistics for Analytical Chemistry, Ellis Horwood PTR Prentice-Hall: New
York; 3rd Edition, 1993.

NIST/ISEMATECH e-Handbook of Statistical Methods, http://www.itl.nist.gov/div898/handbook/,
2006.

Sharaf, M. H.; lllman, D. L.; Kowalski, B. R. Chemometrics, Wiley-Interscience: New York; 1986.

The importance of defining statistical terms is covered in the following papers.

Analytical Methods Committee “Terminology—the key to understanding analytical science. Part 1:
Accuracy, precision and uncertainty,” AMC Technical Brief No. 13, Sept. 2003.

Goedart, M. J.; Verdonk, A. H. “The Development of Statistical Concepts in a Design-Oriented Labo-
ratory Course in Scientific Measuring,” /. Chem. Educ. 1991, 68, 1005-1009.

Sdnchez, J. M. “Teaching Basic Applied Statistics in University Chemistry Courses: Students’ Miscon-
ceptions,” Chem. Educator 2006, 11, 1-4.

Thompson, M. “Towards a unified model of errors in analytical measurements,” Analyst 2000, 125,
2020-2025.

Treptow, R. S. “Precision and Accuracy in Measurements,” J. Chem. Educ. 1998, 75, 992-995.

The detection of outliers, particularly when working with a small number of samples, is discussed in the fol-
lowing papers.

Analytical Methods Committee “Robust Statistics—How Not To Reject Outliers Part 1. Basic Con-
cepts,” Analyst 1989, 114, 1693—-1697.
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Analytical Methods Committee “Robust Statistics—How Not to Reject Outliers Part 2. Inter-labora-
tory Trials,” Analyst 1989, 114, 1699-1702.

Analytical Methods Committee “Rogues and Suspects: How to Tackle Outliers,” AMCTB 39, 20009.

Analytical Methods Committee “Robust statistics: a method of coping with outliers,” AMCTB 6,
2001.

Analytical Methods Committee “Using the Grubbs and Cochran tests to identify outliers,” Anal. Meth-
ods, 2015, 7, 7948-7950.

Efstathiou, C. “Stochastic Calculation of Critical Q-Test Values for the Detection of Outliers in Mea-
surements,” J. Chem. Educ. 1992, 69, 773-736.

Efstathiou, C. “Estimation of type 1 error probability from experimental Dixon’s Q parameter on test-
ing for outliers within small data sets,” Zalanta 2006, 69, 1068-1071.

Kelly, P. C. “Outlier Detection in Collaborative Studies,” Anal. Chem. 1990, 73, 58—64.
Mitschele, J. “Small Sample Statistics,” /. Chem. Educ. 1991, 68, 470-473.

The following papers provide additional information on error and uncertainty, including the propagation of
uncertainty.

Analytical Methods Committee “Optimizing your uncertainty—a case study,” AMCTB 32, 2008.
Analytical Methods Committee “Dark Uncertainty,” AMCTB 53, 2012.
Analytical Methods Committee “What causes most errors in chemical analysis?” AMCTB 56, 2013.

Andraos, J. “On the Propagation of Statistical Errors for a Function of Several Variables,” /. Chem.
Educ. 1996, 73, 150-154.

Donato, H.; Metz, C. “A Direct Method for the Propagation of Error Using a Personal Computer
Spreadsheet Program,” /. Chem. Educ. 1988, 65, 867-868.

Gordon, R.; Pickering, M.; Bisson, D. “Uncertainty Analysis by the “Worst Case’ Method,” /. Chem.
Educ. 1984, 61, 780-781.
Guare, C. J. “Error, Precision and Uncertainty,” /. Chem. Educ. 1991, 68, 649-652.

Guedens, W. J.; Yperman, J.; Mullens, J.; Van Poucke, L. C.; Pauwels, E. J. “Statistical Analysis of Er-
rors: A Practical Approach for an Undergraduate Chemistry Lab Part 1. The Concept,” J. Chem. Educ.
1993, 70, 776779

Guedens, W. J.; Yperman, J.; Mullens, J.; Van Poucke, L. C.; Pauwels, E. J. “Statistical Analysis of Er-
rors: A Practical Approach for an Undergraduate Chemistry Lab Part 2. Some Worked Examples,” /.
Chem. Educ. 1993, 70, 838—841.

Heydorn, K. “Detecting Errors in Micro and Trace Analysis by Using Statistics,” Anal. Chim. Acta
1993, 283, 494-499.

Hund, E.; Massart, D. L.; Smeyers-Verbeke, J. “Operational definitions of uncertainty,” Trends Anal.
Chem. 2001, 20, 394—4006.

Kragten, J. “Calculating Standard Deviations and Confidence Intervals with a Universally Applicable
Spreadsheet Technique,” Analyst 1994, 119, 2161-2165.

Taylor, B. N.; Kuyatt, C. E. “Guidelines for Evaluating and Expressing the Uncertainty of NIST Mea-
surement Results,” NIST Technical Note 1297, 1994.
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Van Bramer, S. E. “A Brief Introduction to the Gaussian Distribution, Sample Statistics, and the Stu-
dent’s t Statistic,” /. Chem. Educ. 2007, 84, 1231.

Yates, P. C. “A Simple Method for Illustrating Uncertainty Analysis,” J. Chem. Educ. 2001, 78,770-771.

Consult the following resources for a further discussion of detection limits.

Boumans, P W. J. M. “Detection Limits and Spectral Interferences in Atomic Emission Spectrometry,”

Anal. Chem. 1984, 66, 459A—4G7A.

Currie, L. A. “Limits for Qualitative Detection and Quantitative Determination: Application to Ra-

diochemistry,” Anal. Chem. 1968, 40, 586-593.

Currie, L. A. (ed.) Detection in Analytical Chemistry: Importance, Theory and Practice, American Chemi-
cal Society: Washington, D. C., 1988.

Ferrus, R.; Egea, M. R. “Limit of discrimination, limit of detection and sensitivity in analytical sys-

tems,” Anal. Chim. Acta 1994, 287, 119—145.

Fonollosa, J.; Vergara, A; Huerta, R.; Marco, S. “Estimation of the limit of detection using information
theory measures,” Anal. Chim. Acta 2014, 810, 1-9.

Glaser, J. A.; Foerst, D. L.; McKee, G. D.; Quave, S. A.; Budde, W. L. “Trace analyses for wastewaters,”
Environ. Sci. Technol. 1981, 15, 1426—1435.

Kimbrough, D. E.; Wakakuwa, J. “Quality Control Level: An Introduction to Detection Levels,” En-
viron. Sci. Technol. 1994, 28, 338—-345.

The following articles provide thoughts on the limitations of statistical analysis based on significance testing.

Analytical Methods Committee “Significance, importance, and power,” AMCTB 38, 20009.
Analytical Methods Committee “An introduction to non-parametric statistics,” AMCTB 57, 2013.

Berger, J. O.; Berry, D. A. “Statistical Analysis and the Illusion of Objectivity,” Am. Sci. 1988, 76,
159-165.

Kryzwinski, M. “Importance of being uncertain,” Nat. Methods 2013, 10, 809-810.
Kryzwinski, M. “Significance, P values, and t-tests,” Naz. Methods 2013, 10, 1041-1042.
Kryzwinski, M. “Power and sample size,” Nat. Methods 2013, 10, 1139-1140.

Leek, J. T.; Peng, R. D. “What is the question?,” Science 2015, 347, 1314-1315.

The following resources provide additional information on using Excel, including reports of errors in its han-
dling of some statistical procedures.

McCollough, B. D.; Wilson, B. “On the accuracy of statistical procedures in Microsoft Excel 2000 and
Excel XP” Comput. Statist. Data Anal. 2002, 40, 713-721.

Morgon, S. L.; Deming, S. N. “Guide to Microsoft Excel for calculations, statistics, and plotting data,”
(http://www.chem.sc.edu/faculty/morgan/resources/Excel/Excel Guide Morgan.pdf).

Kelling, K. B.; Pavur, R. J. “A Comparative Study of the Reliability of Nine Statistical Software Pack-
ages,” Comput. Statist. Data Anal. 2007, 51, 3811-3831.

To learn more about using R, consult the following resources.

Chambers, J. M. Software for Data Analysis: Programming with R, Springer: New York, 2008.

Maindonald, J.; Braun, J. Data Analysis and Graphics Using R, Cambridge University Press: Cambridge,
UK, 2003.
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» Sarkar, D. Lattice: Multivariate Data Visualization With R, Springer: New York, 2008.
The following papers provide insight into visualizing data.

* Analytical Methods Committee “Representing data distributions with kernel density estimates,” AMC
Technical Brief, March 2006.

* Frigge, M.; Hoaglin, D. C.; Iglewicz, B. “Some Implementations of the Boxplot,” 7he American Stat-
istician 1989, 43, 50-54.
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Although there are many experiments in the literature that incorporate external standards, the method of stan-
dard additions, or internal standards, the issue of choosing a method standardization is not the experiment’s
focus. One experiment designed to consider the issue of selecting a method of standardization is given here.

e Harvey, D. T. “External Standards or Standard Additions? Selecting and Validating a Method of Stan-
dardization,” /. Chem. Educ. 2002, 79, 613-615.

In addition to the texts listed as suggested readings in Chapter 4, the following text provide additional details
on linear regression.

e Draper, N. R.; Smith, H. Applied Regression Analysis, 2nd. ed.; Wiley: New York, 1981.

The following articles providing more details about linear regression.
* Analytical Methods Committee “Is my calibration linear?” AMC Technical Brief, December 2005.

* Analytical Methods Committee “Robust regression: an introduction, “AMCTB 50, 2012.

* Badertscher, M.; Pretsch, E. “Bad results from good data,” Trends Anal. Chem. 2006, 25, 1131-1138.

*  Boqué, R; Rius, E X.; Massart, D. L. “Straight Line Calibration: Something More Than Slopes, Inter-
cepts, and Correlation Coefhicients,” /. Chem. Educ. 1993, 70, 230-232.

* Danzer, K; Currie, L. A. “Guidelines for Calibration in Analytical Chemistry. Part 1. Fundamentals
and Single Component Calibration,” Pure Appl. Chem. 1998, 70, 993-1014.

* Henderson, G. “Lecture Graphic Aids for Least-Squares Analysis,” /. Chem. Educ. 1988, 65, 1001—
1003.

* Logan, S. R. “How to Determine the Best Straight Line,” /. Chem. Educ. 1995, 72, 896-898.

e Mashkina, E.; Oldman, K. B. “Linear Regressions to Which the Standard Formulas do not Apply,”
ChemTexts, 2015, 1, 1-11.

e Miller, J. N. “Basic Statistical Methods for Analytical Chemistry. Part 2. Calibration and Regression
Methods,” Analyst 1991, 116, 3—14.

* Raposo, E “Evaluation of analytical calibration based on least-squares linear regression for instrumental
techniques: A tutorial review,” Trends Anal. Chem. 2016, 77, 167-185.

e Renman, L., Jagner, D. “Asymmetric Distribution of Results in Calibration Curve and Standard Ad-
dition Evaluations,” Anal. Chim. Acta 1997, 357, 157-166.

* Rodriguez, L. C.; Gamiz-Gracia; Almansa-Lopez, E. M.; Bosque-Sendra, ]J. M. “Calibration in chemi-
cal measurement processes. II. A methodological approach,” Trends Anal. Chem. 2001, 20, 620-636.

Useful papers providing additional details on the method of standard additions are gathered here.

e Bader, M. “A Systematic Approach to Standard Addition Methods in Instrumental Analysis,” /. Chem.
Educ. 1980, 57, 703—706.

* Brown, R.]J. C.; Roberts, M. R.; Milton, M. J. T. “Systematic error arising form ‘Sequential’ Standard
Addition Calibrations. 2. Determination of Analyte Mass Fraction in Blank Solutions,” Anal. Chim.
Acta 2009, 648, 153-156.

* Brown, R.]J. C.; Roberts, M. R.; Milton, M. J. T. “Systematic error arising form ‘Sequential’ Standard
Addition Calibrations: Quantification and correction,” Anal. Chim. Acta 2007, 587, 158—163.

*  Bruce, G. R;; Gill, P. S. “Estimates of Precision in a Standard Additions Analysis,” /. Chem. Educ. 1999,
76, 805—-807.
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e Kelly, W. R.; MacDonald, B. S.; Guthrie “Gravimetric Approach to the Standard Addition Method in
Instrumental Analysis. 1.” Anal. Chem. 2008, 80, 6154-6158.

*  Meija, ].; Pagliano, E.; Mester, Z. “Coordinate Swapping in Standard Addition Graphs for Analytical
Chemistry: A Simplified Path for Uncertainty Calculation in Linear and Nonlinear Plots,” Anal. Chem.
2014, 86, 8563—8567.
e Nimura, Y.; Carr, M. R. “Reduction of the Relative Error in the Standard Additions Method,” Analyst
1990, 7175, 1589-1595.
Approaches that combine a standard addition with an internal standard are described in the following paper.
* Jones, W. B.; Donati, G. L.; Calloway, C. P; Jones, B. T. “Standard Dilution Analysis,” Anal. Chem.
2015, 87, 2321-2327.
The following papers discusses the importance of weighting experimental data when use linear regression.
* Analytical Methods Committee “Why are we weighting?” AMC Technical Brief, June 2007.
* Karolczak, M. “To Weight or Not to Weight? An Analyst’s Dilemma,” Current Separations 1995, 13,
98-104.

Algorithms for performing a linear regression with errors in both Xand Yare discussed in the following papers.
Also included here are papers that address the difficulty of using linear regression to compare two analytical
methods.

e Irvin, J. A;; Quickenden, T. L. “Linear Least Squares Treatment When There are Errors in Both x and
v, J. Chem. Educ. 1983, 60, 711-712.

* Kalantar, A. H. “Kerrich’s Method for y = ox Data When Both y and x Are Uncertain,” /. Chem. Educ.
1991, 68, 368-370.

* Macdonald, J. R.; Thompson, W. J. “Least-Squares Fitting When Both Variables Contain Errors: Pit-
falls and Possibilities,” Am. J. Phys. 1992, 60, 66-73.

e  Martin, R. E “General Deming Regression for Estimating Systematic Bias and Its Confidence Interval

in Method-Comparison Studies,” Clin. Chem. 2000, 46, 100—104.

e Ogren, P J.; Norton, J. R. “Applying a Simple Linear Least-Squares Algorithm to Data with Uncertain-
ties in Both Variables,” /. Chem. Educ. 1992, 69, A130-A131.

* Ripley, B. D.; Thompson, M. “Regression Techniques for the Detection of Analytical Bias,” Analyst
1987, 112, 377-383.

» Tellinghuisen, J. “Least Squares in Calibration: Dealing with Uncertainty in x,” Analyst, 2010, 135,
1961-1969.
Outliers present a problem for a linear regression analysis. The following papers discuss the use of robust linear
regression techniques.
* Glaister, P “Robust Linear Regression Using Thiel’s Method,” /. Chem. Educ. 2005, 82, 1472—1473.
* Glasser, L. “Dealing with Outliers: Robust, Resistant Regression,” /. Chem. Educ. 2007, 84, 533—
534.

e Ortiz, M. C; Sarabia, L. A.; Herrero, A. “Robust regression techniques. A useful alternative for the
detection of outlier data in chemical analysis,” 7alanta 2006, 70, 499-512.
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The following papers discusses some of the problems with using linear regression to analyze data that has been
mathematically transformed into a linear form, as well as alternative methods of evaluating curvilinear data.

* Chong, D. P “On the Use of Least Squares to Fit Data in Linear Form,” /. Chem. Educ. 1994, 71,
489-490.

* Hinshaw, J. V. “Nonlinear Calibration,” LCGC 2002, 20, 350-355.

e Lieb, S. G. “Simplex Method of Nonlinear Least-Squares - A Logical Complementary Method to Lin-
ear Least-Squares Analysis of Data,” J. Chem. Educ. 1997, 74, 1008-1011.

e Zielinski, T. J.; Allendoerfer, R. D. “Least Squares Fitting of Nonlinear Data in the Undergraduate
Laboratory,” /. Chem. Educ. 1997, 74, 1001-1007.

More information on multivariate and multiple regression can be found in the following papers.

* Danzer, K.; Otto, M.; Currie, L. A. “Guidelines for Calibration in Analytical Chemistry. Part 2. Mul-
tispecies Calibration,” Pure Appl. Chem. 2004, 76, 1215-1225.

* Escandar, G. M.; Faber, N. M.; Goicoechea, H. C.; de la Pena, A. M.; Olivieri, A.; Poppi, R. J. “Sec-
ond- and third-order multivariate calibration: data, algorithms and applications,” Trends Anal. Chem.

2007, 26, 752-765.

*  Kowalski, B. R.; Seasholtz, M. B. “Recent Developments in Multivariate Calibration,” /. Chemometrics
1991, 5, 129-145.

e Lang, P M.; Kalivas, ]. H. “A Global Perspective on Multivariate Calibration Methods,” /. Chemomet-
rics 1993, 7, 153—-164.

* Madden, S. P; Wilson, W.; Dong, A.; Geiger, L.; Mecklin, C. J. “Multiple Linear Regression Using a
Graphing Calculator,” J. Chem. Educ. 2004, 81, 903-907.

* Olivieri, A. C.; Faber, N. M.;; Ferré, J.; Boqué, R.; Kalivas, J. H.; Mark, H. “Uncertainty Estimation
and Figures of Merit for Multivariate Calibration,” Pure Appl. Chem. 2006, 78, 633—661.

An additional discussion on method blanks, including the use of the total Youden blank, is found in the fol-
lowing papers.

e Cardone, M. J. “Detection and Determination of Error in Analytical Methodology. Part II. Correc-
tion for Corrigible Systematic Error in the Course of Real Sample Analysis,” /. Assoc. Off. Anal. Chem.
1983, 66, 1283—-1294.

* Cardone, M. J. “Detection and Determination of Error in Analytical Methodology. Part IIB. Direct
Calculational Technique for Making Corrigible Systematic Error Corrections,” /. Assoc. Off. Anal.
Chem. 1985, 68, 199-202.

* Ferrus, R;; Torrades, E. “Bias-Free Adjustment of Analytical Methods to Laboratory Samples in Routine
Analytical Procedures,” Anal. Chem. 1988, 60, 1281-1285.

e Vitha, M. E; Carr, P W.; Mabbott, G. A. “Appropriate Use of Blanks, Standards, and Controls in
Chemical Measurements,” /. Chem. Educ. 2005, 82, 901-902.

There are a variety of computational packages for completing linear regression analyses. These papers provide
details on there use in a variety of contexts.

e Espinosa-Mansilla, A.; de la Pefia, A. M.; Gonzélez-Gémez, D. “Using Univariate Linear Regression
Calibration Software in the MATLAB Environment. Application to Chemistry Laboratory Practices,”
Chem. Educator 2005, 10, 1-9.
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Harris, D. C. “Nonlinear Least-Squares Curve Fitting with Microsoft Excel Solver,” J. Chem. Educ.
1998, 75, 119-121.

Kim, M. S.; Bukart, M.; Kim, M. H. “A Method Visual Interactive Regression,” /. Chem. Educ. 2006,
83, 1884.

Machuca-Herrera, J. G. “Nonlinear Curve Fitting with Spreadsheets,” /. Chem. Educ. 1997, 74, 448—
449,

Smith, E. T; Belogay, E. A.; Ho6im “Linear Regression and Error Analysis for Calibration Curves and
Standard Additions: An Excel Spreadsheet Exercise for Undergraduates,” Chem. Educator 2010, 15,
100-102.

Smith, E. T; Belogay, E. A.; H6im “Using Multiple Linear Regression to Analyze Mixtures: An Excel
Spreadsheet Exercise for Undergraduates,” Chem. Educator 2010, 15, 103-107.

Young, S. H.; Wierzbicki, A. “Mathcad in the Chemistry Curriculum. Linear Least-Squares Regres-
sion,” /. Chem. Educ. 2000, 77, 669.

Young, S. H.; Wierzbicki, A. “Mathcad in the Chemistry Curriculum. Non-Linear Least-Squares Re-
gression,” /. Chem. Educ. 2000, 77, 669.
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Chapter 6

The following experiments involve the experimental determination of equilibrium constants, the characteriza-
tion of buffers, and, in some cases, demonstrations of the importance of activity effects.

e “The Effect of Ionic Strength on an Equilibrium Constant (A Class Study)” in Chemical Principles in
Practice, ]. A. Bell, Ed., Addison-Wesley: Reading, MA, 1967.

* “Equilibrium Constants for Calcium lodate Solubility and lodic Acid Dissociation” in Chemical Prin-
ciples in Practice, . A. Bell, Ed., Addison-Wesley: Reading, MA, 1967.

*  “The Solubility of Silver Acetate” in Chemical Principles in Practice, ]. A. Bell, Ed., Addison-Wesley:
Reading, MA, 1967.

e Cobb, C. L;; Love, G. A. “Iron(IlI) Thiocyanate Revisited: A Physical Chemistry Equilibrium Lab

Incorporating lonic Strength Effects,” J. Chem. Educ. 1998, 75, 90-92.
e Green, D. B.; Rechtsteiner, G.; Honodel, A. “Determination of the Thermodynamic Solubility Prod-
uct, Ksp, of Pbl, Assuming Nonideal Behavior,” /. Chem. Educ. 1996, 73, 789-792.
* Russo, S. O.; Hanania, I. H. “Buffer Capacity,” J. Chem. Educ. 1987, 64, 817-819.

e Stolzberg, R. J. “Discovering a Change in Equilibrium Constant with Change in Ionic Strength,” /.
Chem. Educ. 1999, 76, 640-641.

*  Wiley, J. D. “The Effect of Ionic Strength on the Solubility of an Electrolyte,” /. Chem. Educ. 2004,
81, 1644—1646.

A nice discussion of Berthollet’s discovery of the reversibility of reactions is found in
* Roots-Bernstein, R.S. Discovering, Harvard University Press: Cambridge, MA, 1989.

The following texts provide additional coverage of equilibrium chemistry.
e Butler, J. N. lonic Equilibria: A Mathematical Approach; Addison-Wesley: Reading, MA, 1964.
* Buder, ]. N. Solubility and pH Calculations; Addison-Wesley: Reading, MA, 1973.

e Fernando, Q.; Ryan, M. D. Caleulations in Analytical Chemistry, Harcourt Brace Jovanovich: New
York, 1982.

Freiser, H.; Fernando, Q. lonic Equilibria in Analytical Chemistry, Wiley: New York, 1963.

»  Freiser, H. Concepts and Calculations in Analytical Chemistry, CRC Press: Boca Raton, 1992.

*  Gordus, A. A. Schaum’s Outline of Analytical Chemistry; McGraw-Hill: New York, 1985.

* Ramette, R. W. Chemical Equilibrium and Analysis, Addison-Wesley: Reading, MA, 1981.
The following papers discuss a variety of general aspects of equilibrium chemistry.

e Cepria, G.; Salvatella, L. “General Procedure for the Easy Calculation of pH in an Introductory Course
of General or Analytical Chemistry,” /. Chem. Educ. 2014, 91, 524-530.

*  Gordus, A. A. “Chemical Equilibrium I. The Thermodynamic Equilibrium Concept,” /. Chem. Educ.
1991, 68, 138-140.

*  Gordus, A. A. “Chemical Equilibrium II. Deriving an Exact Equilibrium Equation,” /. Chem. Educ.
1991, 68, 215-217.

* Gordus, A. A. “Chemical Equilibrium III. A Few Math Tricks,” /. Chem. Educ. 1991, 68, 291-293.
*  Gordus, A. A. “Chemical Equilibrium IV. Weak Acids and Bases,” /. Chem. Educ. 1991, 68, 397-399.
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Gordus, A. A. “Chemical Equilibrium VI. Buffer Solutions,” /. Chem. Educ. 1991, 68, 656—658.
Gordus, A. A. “Chemical Equilibrium VII. Precipitates, /. Chem. Educ. 1991, 68, 927-930.

Reijenga, J.; Van Hoof, A.; van Loon, A.; Teunissen, B. “Development of Methods for the Determina-
tion of pKa Values,” Analytical Chemistry Insights, 2013, 8, 53-71.

Thomson, B. M.; Kessick, M. A. “On the Preparation of Buffer Solutions,” /. Chem. Educ. 1981, 58,
743-746.

Weltin, E. “Are the Equilibrium Concentrations for a Chemical Reaction Always Uniquely Determined
by the Initial Concentrations?” J. Chem. Educ. 1990, 67, 548.

Weltin, E. “Are the Equilibrium Compositions Uniquely Determined by the Initial Compositions?
Properties of the Gibbs Free Energy Function,” J. Chem. Educ. 1995, 72, 508-511.

Collected here are a papers that discuss a variety of approaches to solving equilibrium problems.

Ault, A. “Do pH in Your Head,” /. Chem. Educ. 1999, 76, 936-938.

Chaston, S. “Calculating Complex Equilibrium Concentrations by a Next Guess Factor Method,” /.
Chem. Educ. 1993, 70, 622—624.

Donato, H. “Graphing Calculator Strategies for Solving Chemical Equilibrium Problems,” J. Chem.
Educ. 1999, 76, 632-634.

Glaser, R. E. Delarosa, M. A.; Salau, A. O.; Chicone, C. “Dynamical Approach to Multiequilibria
Problems for Mixtures of Acids and Their Conjugate Bases,” J. Chem. Educ. 2014, 91, 1009-1016.

Olivieri, A. C. “Solution of Acid-Base Equilibria by Successive Approximations,” /. Chem. Educ. 1990,
67, 229-231.

Weltin, E. “A Numerical Method to Calculate Equilibrium Concentrations for Single-Equation Sys-
tems,” /. Chem. Educ. 1991, 68, 486—487.

Weltin, E. “Calculating Equilibrium Concentrations,” /. Chem. Educ. 1992, 69, 393-396.

Weltin, E. “Calculating Equilibrium Concentrations for Stepwise Binding of Ligands and Polyprotic
Acid-Base Systems,” J. Chem. Educ. 1993, 70, 568-571.

Weltin, E. “Equilibrium Calculations are Easier Than You Think - But You do Have to Think!” /. Chem.
Educ. 1993, 70, 571-573.

Weltin, E. “Calculating Equilibrium Concentrations by Iteration: Recycle Your Approximations,” J.
Chem. Educ. 1995, 72, 36-38.

Additional historical background on the development of the Henderson-Hasselbalch equation is provided by
the following papers.

de Levie, R. “The Henderson Approximation and the Mass Action Law of Guldberg and Waage,” Chem.
Educator 2002, 7, 132—135.

de Levie, R. “The Henderson-Hasselbalch Equation: Its History and Limitations,” /. Chem. Educ.
2003, 80, 146.

A simulation is a useful tool for helping students gain an intuitive understanding of a topic. Gathered here are

some simulations for teaching equilibrium chemistry.

Edmonson, L. J.; Lewis, D. L. “Equilibrium Principles: A Game for Students,” /. Chem. Educ. 1999,
76, 502.
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Huddle, P. A.; White, M. W.; Rogers, E. “Simulations for Teaching Chemical Equilibrium,” /. Chem.
Educ. 2000, 77, 920-926.

The following papers provide additional resources on ionic strength, activity, and the effect of ionic strength
and activity on equilibrium reactions and pH.

Clark, R. W.; Bonicamp, J. M. “The Ksp-Solubility Conundrum,” J. Chem. Educ. 1998, 75, 1182~
1185.

de Levie, R. “On Teaching Ionic Activity Effects: What, When, and Where?” /. Chem. Educ. 2005,
82, 878-884.

McCarty, C. G.; Vitz, E. “pH Paradoxes: Demonstrating That It Is Not True That pH =-log[H"],/.
Chem. Educ. 2006, 83, 752-757.

Ramshaw, J. D. “Fugacity and Activity in a Nutshell,” /. Chem. Educ. 1995, 72, 601-603.

Sastre de Vicente, M. E. “The Concept of lonic Strength Eighty Years After Its Introduction,” /. Chem.
Educ. 2004, 81, 750-753.

Solomon, T. “The Definition and Unit of lonic Strength,” /. Chem. Educ. 2001, 78, 1691-1692.

For a contrarian’s view of equilibrium chemistry, please see the following papers.

Hawkes, S. J. “Buffer Calculations Deceive and Obscure,” Chem. Educator, 1996, 1, 1-8.

Hawkes, S. J. “What Should We Teach Beginners About Solubility and Solubility Products?” J. Chem.
Educ. 1998, 75, 1179-1181.

Hawkes, S. J. “Complexation Calculations are Worse Than Useless,” /. Chem. Educ. 1999, 76, 1099—
1100.

Hawkes, S. J. “Easy Deviation of pH = (pK; + pK,,)/2 Using Autoprotolysis of HA™: Doubtful Value
of the Supposedly More Rigorous Equation,” /. Chem. Educ. 2000, 77, 1183—1184. See, also, an ex-
change of letters between J. J. Roberts and S. J. Hawkes, /. Chem. Educ. 2002, 79, 161-162.
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Chapter 7

The following set of experiments and class exercises introduce students to the importance of sampling on the

quality of analytical results.

Bauer, C. E “Sampling Error Lecture Demonstration,” /. Chem. Educ. 1985, 62, 253.

Canaes, L. S.; Brancalion, M. L;; Rossi, A. V.; Rath, S. “Using Candy Samples to Learn About Sampling
Techniques and Statistical Evaluation of Data,” /. Chem. Educ. 2008, 85, 1083-1088.

Clement, R. E. “Environmental Sampling for Trace Analysis,” Anal. Chem. 1992, 64, 1076A-
1081A.

Dunn, J. G.; Phillips, D. N.; van Bronswijk, W. “An Exercise to Illustrate the Importance of Sample
Preparation in Chemical Analysis,” /. Chem. Educ. 1997, 74, 1188-1191.

Fillman, K. L.; Palkendo, J. A. “Collection, Extraction, and Analysis of Lead in Atmospheric Particles,”
J. Chem. Edu. 2014, 91, 590-592.

Fritz, M. D. “A Demonstration of Sample Segregation,” /. Chem. Educ. 2005, 82, 255-256.

Guy, R. D.; Ramaley, L.; Wentzell, P. D. “An Experiment in the Sampling of Solids for Chemical
Analysis”, J. Chem. Educ. 1998, 75, 1028-1033.

Hartman, J. R. “An In-Class Experiment to Illustrate the Importance of Sampling Techniques and
Statistical Analysis of Data to Quantitative Analysis Students,” /. Chem. Educ. 2000, 77, 1017-1018.

Harvey, D. T. “Two Experiments Illustrating the Importance of Sampling in a Quantitative Chemical
Analysis,” J. Chem. Educ. 2002, 79, 360-363.

Herrington, B. L. “A Demonstration of the Necessity for Care in Sampling,” /. Chem. Educ. 1937, 14,
544.

Kratochvil, B.; Reid, R. S.; Harris, W. E. “Sampling Error in a Particulate Mixture”, /. Chem. Educ.

Ross, M. R. “A Classroom Exercise in Sampling Technique,” /. Chem. Educ. 2000, 77, 1015-1016.
Settle, F A.; Pleva, M. “The Weakest Link Exercise,” Anal. Chem. 1999, 71, 538A—540A.

Vitt, J. E.; Engstrom, R. C. “Effect of Sample Size on Sampling Error,” /. Chem. Educ. 1999, 76,
99-100.

The following experiments describe homemade sampling devices for collecting samples in the field.

Delumyea, R. D.; McCleary, D. L. “A Device to Collect Sediment Cores,” /. Chem. Educ. 1993, 70,
172-173.

Rockwell, D. M.; Hansen, T. “Sampling and Analyzing Air Pollution,” J. Chem. Educ. 1994, 71,
318-322.

Saxena, S., Upadhyay, R.; Upadhyay, P. “A Simple and Low-Cost Air Sampler,” J. Chem. Educ. 1996,
Shooter, D. “Nitrogen Dioxide and Its Determination in the Atmosphere,” /. Chem. Educ. 1993, 70,
A133-A140.
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The following experiments introduce students to methods for extracting analytes from their matrix.

*  “Extract-Clean™ SPE Sample Preparation Guide Volume 17, Bulletin No. 83, Alltech Associates, Inc.
Deerfield, IL.

e Freeman, R. G.; McCurdy, D. L. “Using Microwave Sample Decomposition in Undergraduate Analyti-
cal Chemistry,” J. Chem. Educ. 1998, 75, 1033-1032.

e Snow, N. H.; Dunn, M.; Patel, S. “Determination of Crude Fat in Food Products by Supercritical Fluid
Extraction and Gravimetric Analysis,” /. Chem. Educ. 1997, 74, 1108—1111.

* Yang, M. J.; Orton, M. L.; Pawliszyn, J. “Quantitative Determination of Caffeine in Beverages Using
a Combined SPME-GC/MS Method,” /. Chem. Educ. 1997, 74, 1130-1132.

The following paper provides a general introduction to the terminology used in describing sampling.

e “Terminology—The key to understanding analytical science. Part 2: Sampling and sample prepara-

tion,” AMCTRB 19, 2005.
*  Majors, R. E. “Nomenclature for Sampling in Analytical Chemistry” LC*GC 1992, 10, 500-5006.
Further information on the statistics of sampling is covered in the following papers and textbooks.

* Analytical Methods Committee “What is uncertainty from sampling, and why is it important?”
AMCTB 16A, 2004.

* Analytical Methods Committee “Analytical and sampling strategy, fitness for purpose, and computer
games,” AMCTB 20, 2005.

* Analytical Methods Committee “Measurement uncertainty arising from sampling: the new Eurachem

Guide,” AMCTB No. 31, 2008.

* Analytical Methods Committee “The importance, for regulation, of uncertainty from sampling,”

AMCTB 42, 2009.

* Analytical Methods Committee “Estimating sampling uncertainty—how many duplicate samples are

needed?” AMCTB 58, 2014.
* Analytical Methods Committee “Random samples,” AMCTB 60, 2014.
* Analytical Methods Committee “Sampling theory and sampling uncertainty,” AMCTB 71, 2015.
o Sampling for Analytical Purpose, Gy, P. ed., Wiley: NY, 1998.
* Baiulescu, G. E.; Dumitrescu, P; Zuaravescu, P. G. Sampling, Ellis Horwood: NY, 1991.

* Cohen, R. D. “How the Size of a Random Sample Affects How Accurately It Represents a Population,”
J. Chem. Educ. 1992, 74, 1130-1132.

* Efstathiou, C. E. “On the sampling variance of ultra-dilute solutions,” Z7alanta 2000, 52, 711-715.

e Esbensen, K. H.; Wagner, C. “Theory of sampling (TOS) versus measurement uncertainty (MU)-A
call for integration,” TRAC-Trend. Anal. Chem. 2014, 57, 93-106.

e Gerlach, R. W.; Dobb, D. E.; Raab, G. A.; Nocerino, J. M. J. Chemom. 2002, 16, 321-328.
* Gy, P M. Sampling of Particulate Materials: Theory and Practice; Elsevier: Amsterdam, 1979.

* Gy, D M. Sampling of Heterogeneous and Dynamic Materials: Theories of Heterogeneity, Sampling and
Homogenizing; Elsevier: Amsterdam, 1992.
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Harrington, B.; Nickerson, B.; Guo, M. X.; Barber, M.; Giamalva, D.; Lee, C.; Scrivens, G. “Sample
Preparation Composite and Replicate Strategy for Assay of Solid Oral Drug Products,” Anal. Chem.
2014, 86, 11930-11936.

Kratochvil, B.; Taylor, J. K. “Sampling for Chemical Analysis,” Anal. Chem. 1981, 53, 924A-938A.

Kratochvil, B.; Goewie, C. E.; Taylor, J. K. “Sampling Theory for Environmental Analysis,” Trends
Anal. Chem. 1986, 5, 253-256.

Meyer, V. R. LCGC 2002, 20, 106-112.

Rohlf, E J.; Akgakaya, H. R.; Ferraro, S. P. “Optimizing Composite Sampling Protocols,” Environ. Sci.
Technol. 1996, 30, 2899-2905.

Smith, R.; James, G. V. The Sampling of Bulk Materials; Royal Society of Chemistry: London, 1981.

The process of collecting a sample presents a variety of difficulties, particularly with respect to the analyte’s

integrity. The following papers provide representative examples of sampling problems.

Barcelé, D.; Hennion, M. C. “Sampling of Polar Pesticides from Water Matrices,” Anal. Chim. Acta
1997) 338) 3_18.

Batley, G. E.; Gardner, D. “Sampling and Storage of Natural Waters for Trace Metal Analysis,” War.
Res. 1977, 11, 745-756.

Benoit, G.; Hunter, K. S.; Rozan, T. E “Sources of Trace Metal Contamination Artifacts during Col-
lection, Handling, and Analysis of Freshwaters,” Anal. Chem. 1997, 69, 1006-1011

Brittain, H. G. “Particle-Size Distribution II: The Problem of Sampling Powdered Solids,” Pharm.
Technol. July 2002, 67-73.

Ramsey, M. H. “Measurement Uncertainty Arising from Sampling: Implications for the Objectives of
Geoanalysis,” Analyst, 1997, 122, 1255-1260.

Seiler, T-B; Schulze, T.; Hollert, H. “The risk of altering soil and sediment samples upon extract prepa-
ration for analytical and bio-analytical investigations—a review,” Anal. Bioanal. Chem. 2008, 390,

1975-1985.

The following texts and articles provide additional information on methods for separating analytes and inter-

ferents.

“Guide to Solid Phase Extraction,” Bulletin 910, Sigma-Aldrich, 1998.

“Solid Phase Microextraction: Theory and Optimization of Conditions,” Bulletin 923, Sigma-Aldrich,
1998.

Microwave-Enhanced Chemistry: Fundamentals, Sample Preparation, and Applications, Kingston, H. M..;
Haswell, S. J., eds.; American Chemical Society: Washington, D.C., 1997.

Anderson, R. Sample Pretreatment and Separation, Wiley: Chichester, 1987.

Bettiol, C.; Stievano, L.; Bertelle, M.; Delfino, E; Argese, E. “Evaluation of microwave-assisted acid ex-
traction procedures for the determination of metal content and potential bioavailability in sediments,”
Appl. Geochem. 2008, 23, 1140-1151.

Compton, T. R. Direct Preconcentration Techniques, Oxford Science Publications: Oxford, 1993.

Compton, T. R. Complex-Formation Preconcentration Techniques, Oxford Science Publications: Oxford,

1993.
Hinshaw, J. V. “Solid-Phase Microextraction,” LC*GC Europe 2003, December, 2—5.
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Karger, B. L.; Snyder, L. R.; Harvath, C. An Introduction to Separation Science, Wiley-Interscience:
N.Y,; 1973.

Majors, R. E.; Raynie, D. E. “Sample Preparation and Solid-Phase Extraction”, LC*GC 1997, 15,
1106-1117.

Luque de Castro, M. D.; Priego-Capote, E; S4anchez-Avila, N. “Is dialysis alive as a membrane-based
separation technique?” Trends Anal. Chem. 2008, 27, 315-326.

Mary, P; Studer, V.; Tabeling, P. “Microfluidic Droplet-Based Liquid-Liquid Extraction,” Anal. Chem.
2008, 80, 2680-2687.

Miller, ]. M. Separation Methods in Chemical Analysis, Wiley-Interscience: N. Y.; 1975.

Morrison, G. H.; Freiser, H. Solvent Extraction in Analytical Chemistry, John Wiley and Sons: N. Y,;
1957.

Pawliszyn, ]. Solid-Phase Microextraction: Theory and Practice, Wiley: NY, 1997.
Pawliszyn, J. “Sample Preparation: Quo Vadis?” Anal. Chem. 2003, 75, 2543-2558.

Suleek, Z.; Povondra, P. Methods of Decomposition in Inorganic Analysis; CRC Press: Boca Raton, FL,
1989.

Theis, A. L.; Waldack, A. J.; Hansen, S. M.; Jeannot, M. A. “Headspace Solvent Microextraction,”
Anal. Chem. 2001, 73, 5651-5654.

Thurman, E. M.; Mills, M. S. Solid-Phase Extraction: Principles and Practice, Wiley: NYY, 1998.
Zhang, Z.; Yang, M.; Pawliszyn, J. “Solid-Phase Microextraction,” Anal. Chem. 1994, 66, 844A—853A.
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Chapter 8

The following set of experiments introduce students to the applications of gravimetry.

* Burrows, H. D.; Ellis, H. A.; Odilora, C. A. “The Dehydrochlorination of PVC,” J. Chem. Educ. 1995,
72, 448-450.

e Carmosini, N.; Ghoreshy, S. Koether, M. C. “The Gravimetric Analysis of Nickel Using a Microwave
Oven,” J. Chem. Educ. 1997, 74, 986-987.

e Harris, T. M. “Revitalizing the Gravimetric Determination in Quantitative Analysis Laboratory,” /.

Chem. Educ. 1995, 72, 355-356.

e Henrickson, C. H.; Robinson, P. R. “Gravimetric Determination of Calcium as CaC,04°H,0,” /.
Chem. Educ. 1979, 56, 341-342.

e Shaver, L. A. “Determination of Phosphates by the Gravimetric Quimociac Technique,” /. Chem. Educ.
2008, 85, 1097-1098.

e Snow, N. H.; Dunn, M.; Patel, S. “Determination of Crude Fat in Food Products by Supercritical Fluid
Extraction and Gravimetric Analysis,” /. Chem. Educ. 1997, 74, 1108-1111.

e Thompson, R. Q.; Ghadiali, M. “Microwave Drying of Precipitates for Gravimetric Analysis,” J. Chem.
Educ. 1993, 70, 170-171.

*  Wynne, A. M. “The Thermal Decomposition of Urea,” /. Chem. Educ. 1987, 64, 180-182.
The following resources provide a general history of gravimetry.

e A History of Analytical Chemistry; Laitinen, H. A.; Ewing, G. W., Eds.; The Division of Analytical
Chemistry of the American Chemical Society: Washington, D. C., 1977, pp. 10-24.

*  Beck, C. M. “Classical Analysis: A Look at the Past, Present, and Future,” Anal. Chem. 1991, 63,
993A—1003A; Anal. Chem. 1994, 66, 224A—239A

Consult the following texts for additional examples of inorganic and organic gravimetric methods include the
following texts.

e Bassett, J.; Denney, R. C.; Jeftery, G. H.; Mendham, J. Vogels Textbook of Quantitative Inorganic Analy-
sis, Longman: London, 4th Ed., 1981.

* Erdey, L. Gravimetric Analysis, Pergamon: Oxford, 1965.
* Steymark, A. Quantitative Organic Microanalysis, The Blakiston Co.: NY, 1951.

*  Wendlandt, W. W. Thermal Methods of Analysis, 2nd Ed. Wiley: NY. 1986.

For a review of isotope dilution mass spectrometry see the following article.

* Fassett, ]. D.; Paulsen, P. J. “Isotope Dilution Mass Spectrometry for Accurate Elemental Analysis,”
Anal. Chem. 1989, 61, 643A—649A.
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Chapter 9

The following set of experiments introduce students to the applications of titrimetry. Experiments are grouped
into four categories based on the type of reaction (acid-base, complexation, redox, and precipitation). Ad-
ditional experiments emphasizing potentiometric electrodes are found in Chapter 11.

Acid-base titrimetry

Boiani, J. A. “The Gran Plot Analysis of an Acid Mixture,” /. Chem. Educ. 1986, 63, 724-726.

Castillo, C. A.; Jaramillo, A. “An Alternative Procedure for Titration Curves of a Mixture of Acids of
Different Strengths,” /. Chem. Educ. 1989, 66, 341.

Clark, R. W.; White, G. D.; Bonicamp, J. M.; Watts, E. D. “From Titration Data to Buffer Capaci-
ties: A Computer Experiment for the Chemistry Lab or Lecture,” /. Chem. Educ. 1995, 72, 746-750.

Clay, J. T.; Walters, E. A.; Brabson, G. D. “A Dibasic Acid Titration for the Physical Chemistry Labora-
tory” J. Chem. Educ. 1995, 72, 665-667.

Crossno, S. K; Kalbus, L. H.; Kalbus, G. E. “Determinations of Carbon Dioxide by Titration,” /. Chem.
Educ. 1996, 73, 175-176.

Flowers, P. A. “Potentiometric Measurement of Transition Ranges and Titration Errors for Acid/Base

Indicators,” /. Chem. Educ. 1997, 74, 846-847.
Fuchsam, W. H.; Garg, Sandhya “Acid Content of Beverages,” /. Chem. Educ. 1990, 67, 6768

Graham. R.C.; DePew, S. “Determination of Ammonia in Household Cleaners,” /. Chem. Educ. 1983,
60, 765-766.

Kalbus, L. H.; Petrucci, R. H.; Forman, J. E.; Kalbus, G. E. “Titration of Chromate-Dichromate Mix-
tures,” J. Chem. Educ. 1991, 68, 677-678.

Kooser, A. S.; Jenkins, J. L.; Welch, L. E. “Acid-Base Indicators: A New Look at an Old Topic,” /.
Chem. Educ. 2001, 78, 1504—15006.

Kraft, A. “The Determination of the pK, of Multiprotic, Weak Acids by Analyzing Potentiometric
Acid—Base Titration Data with Difference Plots,” /. Chem. Educ. 2003, 80, 554—-559.

Murphy, J. “Determination of Phosphoric Acid in Cola Beverages,” /. Chem. Educ. 1983, 60, 420-421.
Nyasulu, E; Barlag, R.; Macklin, J. Chem. Educator 2008, 13, 289-294.

Ophardt, C. E. “Acid Rain Analysis by Standard Addition Titration,” /. Chem. Educ. 1985, 62, 257—
258.

Partanen, J. L; Kirki, M. H. “Determination of the Thermodynamic Dissociation Constant of a Weak
Acid by Potentiometric Acid-Base Titration,” /. Chem. Educ. 1994, 71, A120-A122.

Thompson, R. Q. “Identification of Weak Acids and Bases by Titration with Primary Standards,” /.
Chem. Educ. 1988, 65, 179-180.

Tucker, S. A.; Amszi, V. L.; Acree, Jr. W. E. “Studying Acid-Base Equilibria in Two-Phase Solvent Me-
dia,” /. Chem. Educ. 1993, 70, 80-82.

Tucker, S. A.; Acree, Jr., W. E. “A Student-Designed Analytical Laboratory Method,” /. Chem. Educ.
1994, 71, 71-74.

Werner, J. A.; Werner, T. C. “Multifunctional Base Unknowns in the Introductory Analytical Chem-
istry Lab,” J. Chem. Educ. 1991, 68, 600-601.
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Complexation Titrimetry

e Ceretti, H.; Hughes, E. A.; Zalts, A. “The Softening of Hard Water and Complexometric Titrations,”
J. Chem. Educ. 1999, 76, 1420-1421.

e Fulton, R.; Ross, M.; Schroeder, K. “Spectrophotometric Titration of a Mixture of Calcium and Mag-
nesium,” /. Chem. Educ. 1986, 63, 721-723.

*  Novick, S. G. “Complexometric Titration of Zinc,” J. Chem. Educ. 1997, 74, 1463.

*  Olsen, K. G.; Ulicny, L. J. “Reduction of Calcium Concentrations by the Brita Water Filtration System:
A Practical Experiment in Titrimetry and Atomic Absorption Spectroscopy,” J. Chem. Educ. 2001, 78,
941.

e Smith, R. L.; Popham, R. E. “The Quantitative Resolution of a Mixture of Group II Metal lons by
Thermometric Titration with EDTA,” /. Chem. Educ. 1983, 60, 1076-1077.

*  Yappert, M. C.; DuPré, D. B. “Complexometric Titrations: Competition of Complexing Agents in the
Determination of Water Hardness with EDTA,” /. Chem. Educ. 1997, 74, 1422—-1423.

Redox Titrimetry
*  Guenther, W. B. “Supertitrations: High-Precision Methods,” /. Chem. Educ. 1988, 65, 1097-1098.
* Haddad, P. “Vitamin C Content of Commercial Orange Juices,” /. Chem. Educ. 1977, 54, 192-193.

e Harris, D. C; Hills, M. E.; Hewston, T. A. “Preparation, lodometric Analysis and Classroom Demon-
stration of Superconductivity in YBa,CuzOyg ,,” /. Chem. Educ. 1987, 64, 847-850.

e Lau, O.-W; Luk, S.-E; Cheng, N. L. N.; Woo, H.-O. “Determination of Free Lime in Clinker and
Cement by lodometry,” /. Chem. Educ. 2001, 78, 1671-1673.

*  Michalowski, T.; Asuero, A. G.; Ponikvar-Svet, M.; Michalowska-Kaczmarczyk, A. M.; Wybraniec, S.
“Some Examples of Redox Back Titrations,” Chem. Educator 2014, 19, 217-222.

* DPhinyocheep, P; Tang, I. M. “Determination of the Hole Concentration (Copper Valency) in the High
Tc Superconductors,” J. Chem. Educ. 1994, 71, A115-A118.

*  Dowell, J. R;; Tucker, S. A.; Acree, Jr., W. E.; Sees, J. A.; Hall, L. M. “A Student-Designed Potentiomet-
ric Titration: Quantitative Determination of Iron(II) by Caro’s Acid Titration,” /. Chem. Educ. 1996,
73, 984-986.
Precipitation Titrimetry

*  Ueno, K.; Kina, K. “Colloid Titration - A Rapid Method for the Determination of Charged Colloid,”
J. Chem . Educ. 1985, 62, 627—-629.

For a general history of titrimetry, see the following sources.

» A History of Analytical Chemistry; Laitinen, H. A.; Ewing, G. W., Eds.; The Division of Analytical
Chemistry of the American Chemical Society: Washington, D. C., 1977, pp. 52-93.

e Kolthoff, I. M. “Analytical Chemistry in the USA in the First Quarter of This Century,” Anal. Chem.
1994, 66, 241A-249A.

The use of weight instead of volume as a signal for titrimetry is reviewed in the following paper.
* Kratochvil, B.; Maitra, C. “Weight Titrations: Past and Present,” Am. Lab. 1983, January, 22-29.

A more thorough discussion of non-aqueous titrations, with numerous practical examples, is provided in the
following text.
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 Fritz, ]. S. Acid-Base Titrations in Nonaqueous Solvents; Allyn and Bacon, Boston; 1973.

The sources listed below provides more details on the how potentiometric titration data may be used to calculate
equilibrium constants.

* Babi¢, S;; Horvat, A. J. M.; Pavlovi¢, D. M.; Kastelan-Macan, M. “Determination of pKa values of
active pharmaceutical ingredients,” Trends Anal. Chem. 2007, 26, 1043—1061.

* Meloun, M.; Havel, J.; Hogfeldt, E. Computation of Solution Equilibria, Ellis Horwood Limited:
Chichester, England; 1988.

The following provides additional information about Gran plots.
*  Michalowski, T.; Kupiec, K.; Rymanowski, M. Anal. Chim. Acta 2008, 606, 172-183.
* Schwartz, L. M. “Advances in Acid-Base Gran Plot Methodology,” /. Chem. Educ. 1987, 64, 947-950.
e Schwartz, L. M. “Uncertainty of a Titration Equivalence Point,” /. Chem. Educ. 1992, 69, 879-883.

The following provide additional information about calculating or sketching titration curves.

* Barnum, D. “Predicting Acid—Base Titration Curves without Calculations,” /. Chem. Educ. 1999, 76,
938-942.

* de Levie, R. “A simple expression for the redox titration curve,” J. Electroanal. Chem. 1992, 323,
347-355.

*  Gonzilex-Gémez, D.; Rogriguez, D. A.; Cafada-Cafada, E; Jeong, J. S. “A Comprehensive Applica-
tion to Assist in Acid—Base Titration Self-Learning: An Approach for High School and Undergraduate
Students,” /. Chem. Educ. 2015, 92, 855-863.

e King, D. W. “A General Approach for Calculating Speciation and Posing Capacity of Redox Systems
with Multiple Oxidation States: Application to Redox Titrations and the Generation of pe—pH,” /.
Chem. Educ. 2002, 79, 1135—1140.

e Smith, G. C.; Hossain, M. M; MacCarthy, P. “3-D Surface Visualization of pH Titration Topos:
Equivalence Cliffs, Dilution Ramps, and Buffer Plateaus,” /. Chem. Educ. 2014, 91, 225-231.

For a complete discussion of the application of complexation titrimetry see the texts and articles listed below.
 Pribil, R. Applied Complexometry, Pergamon Press: Oxford, 1982.

e Reilly, C. N.; Schmid, R. W. “Principles of End Point Detection in Chelometric Titrations Using Metal-
lochromic Indicators: Characterization of End Point Sharpness,” Anal. Chem. 1959, 31, 887-897.

* Ringbom, A. Complexation in Analytical Chemistry, John Wiley and Sons, Inc.: New York, 1963.
*  Schwarzenbach, G. Complexometric Titrations, Methuen & Co. Ltd: London, 1957.
A good source for additional examples of the application of all forms of titrimetry is

o Vogels Textbook of Quantitative Inorganic Analysis, Longman: London, 4th Ed., 1981.
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Chapter 10

The following set of experiments introduce students to the applications of spectroscopy. Experiments are

grouped into five categories: UV/Vis spectroscopy, IR spectroscopy, atomic absorption and atomic emission,

fluorescence and phosphorescence, and signal averaging.

UV/Vis Spectroscopy

Abney, J. R.; Scalettar, B. A. “Saving Your Students” Skin. Undergraduate Experiments That Probe UV
Protection by Sunscreens and Sunglasses,” /. Chem. Educ. 1998, 75, 757-760.

Ainscough, E. W.; Brodie, A. M. “The Determination of Vanillin in Vanilla Extract,” /. Chem. Educ.
1990, 67, 1070-1071.

Allen, H. C.; Brauers, T.; Finlayson-Pitts, B. J. “Illustrating Deviations in the Beer-Lambert Law in an

Instrumental Analysis Laboratory: Measuring Atmospheric Pollutants by Differential Optical Absorp-
tion Spectrometry,” J. Chem. Educ. 1997, 74, 1459—1462.

Blanco, M.; Iturriaga, H.; Maspoch, S.; Tarin, P. “A Simple Method for Spectrophotometric Determi-
nation of Two-Components with Overlapped Spectra,” /. Chem. Educ. 1989, 66, 178-180.

Bonicamp, J. M.; Martin, K. L.; McBride, G. R.; Clark, R. W. “Beer’s Law is Not a Straight Line:
Amplification of Errors by Transformation,” Chem. Educator 1999, 4, 81-88.

Bruneau, E.; Lavabre, D.; Levy, G.; Micheau, J. C. “Quantitative Analysis of Continuous-Variation
Plots with a Comparison of Several Methods,” /. Chem. Educ. 1992, 69, 833-837.

Cappas, C.; Hoffman, N.; Jones, J.; Young, S. “Determination of Concentrations of Species Whose
Absorption Bands Overlap Extensively,” /. Chem. Educ. 1991, 68, 300-303.

Crisp, P. T.; Eckert, J. M.; Gibson, N. A. “The Determination of Anionic Surfactants in Natural and
Waste Waters,” /. Chem. Educ. 1983, 60, 236-238.

Dilbeck, C. W.; Ganske, J. A. “Detection of NOx in Automobile Exhaust: An Applied Experiment
in Atmospheric/Environmental Chemistry for the General Chemistry Laboratory,” Chem. Educator
2008, 13, 1-5.

Dominguez, A., Ferndndez, A.; Gonzilez, N.; Iglesias, E.; Montenegro, L. “Determination of Critical
Micelle Concentration of Some Surfactants by Three Techniques,” /. Chem. Educ. 1997, 74, 1227—
1231.

Gilbert, D. D. “Determining Optimum Spectral Bandwidth,” /. Chem. Educ. 1991, 68, A278-
A281.

Han, J.; Story, T.; Han, G. “A Spectrophotometric Method for Quantitative Determination of Bromine
Using Tris(2-carboxyethyl)phophine,” /. Chem. Educ. 1999, 76, 976-977.

Higginbotham, C.; Pike, C. E; Rice, J, K. “Spectroscopy in Sol-Gel Matricies,” /. Chem. Educ. 1998,
75, 461-464.

Hill, Z. D.; MacCarthy, P. “Novel Approach to Job’s Method,” /. Chem. Educ. 1986, 63, 162-167.

Ibafiez, G. A.; Olivieri, A. C.; Escandar, G. M. “Determination of Equilibrium Constants of Metal
Complexes from Spectrophotometric Measurements,” /. Chem. Educ. 1999, 76, 1277-1281.

Long, J. R.; Drago, R. S. “The Rigorous Evaluation of Spectrophotometric Data to Obtain an Equi-
librium Constant,” /. Chem. Educ. 1982, 59, 1037-1039.
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Lozano-Calero; D.; Martin-Palomeque, P. “Determination of Phosphorous in Cola Drinks,” /. Chem.
Educ. 1996, 73, 1173-1174.

Maloney, K. M.; Quiazon, E. M.; Indralingam, R. “Measurement of Iron in Egg Yolk: An Instrumental
Analysis Measurement Using Biochemical Principles,” /. Chem. Educ. 2008, 85, 399-400.

Mascotti, D. P; Waner, M. J. “Complementary Spectroscopic Assays for Investigation Protein-Ligand
Binding Activity: A Project for the Advanced Chemistry Laboratory,” /. Chem. Educ. 2010, 87, 735—
738.

McClain, R. L. “Construction of a Photometer as an Instructional Tool for Electronics and Instrumen-

tation,” J. Chem. Educ. 2014, 91, 747-750.

McDevitt, V. L.; Rodriquez, A.; Williams, K. R. “Analysis of Soft Drinks: UV Spectrophotometry,
Liquid Chromatography, and Capillary Electrophoresis,” /. Chem. Educ. 1998, 75, 625-629.

Mehra, M. C.; Rioux, J. “An Analytical Chemistry Experiment in Simultaneous Spectrophotometric
Determination of Fe(IIl) and Cu(Il) with Hexacyanoruthenate(Il) Reagent,” /. Chem. Educ. 1982,
59, 688-689.

Mitchell-Koch, J. T;; Reid, K. R.; Meyerhoff, M. E. “Salicylate Detection by Complexation with
Iron(I1I) and Optical Absorbance Spectroscopy,” J. Chem. Educ. 2008, 85, 1658-1659.

Msimanga, H. Z.; Wiese, J. “Determination of Acetaminophen in Analgesics by the Standard Addition
Method: A Quantitative Analytical Chemistry Laboratory,” Chem. Educator 2005, 10, 1-7.

Orstan, A.; Wojcik, J. E. “Spectroscopic Determination of Protein-Ligand Binding Constants,” /. Chenn.
Educ. 1987, 64, 814-816.

Pandey, S.; Powell, J. R.; McHale, M. E. R.; Acree Jr., W. E. “Quantitative Determination of Cr(III)
and Co(II) Using a Spectroscopic H-Point Standard Addition,” /. Chem. Educ. 1997, 74, 848—850.

Parody-Morreale, A.; Cdmara-Artigas, A.; Sinchez-Ruiz, J. M. “Spectrophotometric Determination
of the Binding Constants of Succinate and Chloride to Glutamic Oxalacetic Transaminase,” /. Chem.
Educ. 1990, 67, 988-990.

Ravelo-Perez, L. M.; Herndndez-Borges, ].; Rodriguez-Delgado, M. A.; Borges-Miquel, T. “Spectro-
photometric Analysis of Lycopene in Tomatoes and Watermelons: A Practical Class,” Chem. Educator
2008, 73, 1-3.

Russell, D. D.; Potts, J.; Russell, R. M.; Olson, C.; Schimpf, M. “Spectroscopic and Potentiometric
Investigation of a Diprotic Acid: An Experimental Approach to Understanding Alpha Functions,”
Chem. Educator 1999, 4, 68—72.

Smith, E. T.; Matachek, J. R. “A Colorful Investigation of a Diprotic Acid: A General Chemistry Labo-
ratory Exercise,” Chem. Educator 2002, 7, 359363

Tello-Solis, S. R. “Thermal Unfolding of Lysozyme Studied by UV Difference Spectroscopy,” Chem.
Educator 2008, 13, 16-18.

Tucker, S.; Robinson, R.; Keane, C.; Boff, M.; Zenko, M.; Batish, S.; Street, Jr., K. W. “Colorimetric
Determination of pH,” /. Chem. Educ. 1989, 66, 769-771.

Vitt, J. E. “Troubleshooting 101: An Instrumental Analysis Experiment,” /. Chem. Educ. 2008, 85,
1660-1662.

Williams, K. R.; Cole, S. R.; Boyette, S. E.; Schulman, S. G. “The Use of Dristan Nasal Spray as the Un-
known for Simultaneous Spectrophotometric Analysis of a Mixture,” J. Chem. Educ. 1990, 67, 535.
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Walmsley, E “Aggregation in Dyes: A Spectrophotometric Study,” /. Chem. Educ. 1992, 69, 583.

Wells, T. A. “Construction of a Simple Myoglobin-Based Optical Biosensor,” Chem. Educator 2007,
12, 1-3.

Yarnelle, M. K.; West, K. J. “Modification of an Ultraviolet Spectrophotometric Determination of the
Active Ingredients in APC Tablets,” /. Chem. Educ. 1989, 66, 601-602.

IR Spectroscopy

Dragon, S.; Fitch, A. “Infrared Spectroscopy Determination of Lead Binding to Ethylenediaminetet-
raacetic Acid,” /. Chem. Educ. 1998, 75, 1018—-1021.

Frohlich, H. “Using Infrared Spectroscopy Measurements to Study Intermolecular Hydrogen Bond-
ing,” J. Chem. Educ. 1993, 70, A3-AG.

Garizi, N.; Macias, A.; Furch, T.; Fan, R.; Wagenknecht, P; Singmaster, K. A. “Cigarette Smoke Analy-
sis Using an Inexpensive Gas-Phase IR Cell,” J. Chem. Educ. 2001, 78, 1665-1666.

Indralingam, R.; Nepomuceno, A. I. “The Use of Disposable IR Cards for Quantitative Analysis Using
an Internal Standard,” /. Chem. Educ. 2001, 78, 958-960.

Mathias, L. J.; Hankins, M. G.; Bertolucci, C. M.; Grubb, T. L.; Muthiah, J. “Quantitative Analysis
by FTIR: Thin Films of Copolymers of Ethylene and Vinyl Acetate,” /. Chem. Educ. 1992, 69, A217-
A219.

Schuttlefield, J. D.; Grassian, V. H. “ATR-FTIR Spectroscopy in the Undergraduate Chemistry Labo-
ratory. Part I: Fundamentals and Examples,” /. Chem. Educ. 2008, 85, 279-281.

Schuttlefield, J. D.; Larsen, S. C.; Grassian, V. H. “ATR-FTIR Spectroscopy in the Undergraduate
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J. Chem. Educ. 2008, 85, 282-284.

Seasholtz, M. B.; Pence, L. E.; Moe Jr., O. A. “Determination of Carbon Monoxide in Automobile
Exhaust by FTIR Spectroscopy,” J. Chem. Educ. 1988, 65, 820-823.

Atomic Absorption and Atomic Emission Spectroscopy

Amarasiriwardena, D. “Teaching analytical atomic spectroscopy advances in an environmental chem-
istry class using a project-based laboratory approach: investigation of lead and arsenic distributions in
a lead arsenate contaminated apple orchard,” Anal. Bioanal. Chem. 2007, 388, 307-314.

Bazzi, A.; Bazzi, ].; Deng, Y.” Ayyash, M. “Flame Atomic Absorption Spectroscopic Determination of
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Educator 2014, 19, 283-286.

Buffen, B. P. “Removal of Heavy Metals from Water: An Environmentally Significant Atomic Absorp-
tion Spectrometry Experiment,” /. Chem. Educ. 1999, 76, 1678-1679.

Dockery, C. R.; Blew, M. ].; Goode, S. R. “Visualizing the Solute Vaporization Interference in Flame
Atomic Absorption Spectroscopy,” J. Chem. Educ. 2008, 85, 854—858.

Donas, M. K.; Whissel, G.; Dumas, A.; Golden, K. “Analyzing Lead Content in Ancient Bronze Coins
by Flame Atomic Absorption Spectroscopy,” /. Chem. Educ. 2009, 86, 343-346.

Finch, L. E.; Hillyer, M. M.; Leopold, M. C. “Quantitative Analysis of Heavy Metals in Children’s
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Health,” /. Chem. Educ. 2015, 92, 849-854.
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Courses,” . Chem. Educ. 2000, 77, 1321-1323.

Kristian, K. E.; Friedbauer, S.; Kabashi, D.; Ferencz, K. M.; Barajas, J. C.; O’Brien, K. “A Simplified
Digestion Protocol for the Analysis of Hg in Fish by Cold Vapor Atomic Absorption Spectroscopy,” /.
Chem. Educ. 2015, 92, 698-702.
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Blitz, J. P; Klarup, D. G. “Signal-to-Noise Ratio, Signal Processing, and Spectral Information in the
Instrumental Analysis Laboratory,” /. Chem. Educ. 2002, 79, 1358—1360.

Stolzberg, R. J. “Introduction to Signals and Noise in an Instrumental Method Course,” /. Chem. Educ.
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Beer’s Law
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Altermose, 1. R. “Evolution of Instrumentation for UV-Visible Spectrophotometry: Part 1,” /. Chem.
Educ. 1986, 63, A216-A223.
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Fourier Transforms
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Glasser, L. “Fourier Transforms for Chemists: Part I. Introduction to the Fourier Transform,” /. Chem.

Educ. 1987, 64, A228—A233.

Glasser, L. “Fourier Transforms for Chemists: Part II. Fourier Transforms in Chemistry and Spectros-

copy,” J. Chem. Educ. 1987, 64, A260-A266.

Glasser, L. “Fourier Transforms for Chemists: Part II1. Fourier Transforms in Data Treatment,” /. Chem.

Educ. 1987, 64, A306—-A313.

Graft, D. K. “Fourier and Hadamard: Transforms in Spectroscopy,” /. Chem. Educ. 1995, 72, 304—
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1987, 64, A269-A271.

Perkins, W. E. “Fourier Transform Infrared Spectroscopy: Part II1. Applications,” /. Chem. Educ. 1987,
64, A296-A305.

Strong III, E. C. “How the Fourier Transform Infrared Spectrophotometer Works,” /. Chem. Educ.
1979, 56, 681-684.

IR Spectroscopy.

Optical Spectroscopy: Sampling Techniques Manual, Harrick Scientific Corporation: Ossining, N. Y.,
1987.

Leyden, D. E.; Shreedhara Murthy, R. S. “Surface-Selective Sampling Techniques in Fourier Transform
Infrared Spectroscopy,” Spectroscopy 1987, 2(2), 28-36.
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Sampling,” Spectroscopy 1993, 8(7), 40-47.
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Techniques,” Spectroscopy 1993, 8(8), 39—44.
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1994, 9, 14-21.

Greenfield, S. “Invention of the Annular Inductively Coupled Plasma as a Spectroscopic Source,” /.

Chem. Educ. 2000, 77, 584—591.
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Spectrom. 1989, 4, 117-122.

Jarrell, R. E “A Brief History of Atomic Emission Spectrochemical Analysis, 1666—-1950,” J. Chem.
Educ. 2000, 77, 573-576

Koirtyohann, S. R. “A History of Atomic Absorption Spectrometry From an Academic Perspective,”
Anal. Chem. 1991, 63, 1024A-1031A.

L'Vov, B. V. “Graphite Furnace Atomic Absorption Spectrometry,” Anal. Chem. 1991, 63, 924A—
931A.
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16-21.
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Walsh, A. “The Development of Atomic Absorption Methods of Elemental Analysis 1952-1962,” Anal.
Chem. 1991, 63, 933A-941A.

Welz, B. Atomic Absorption Spectroscopy, VCH: Deerfield Beach, FL, 1985.

Luminescence Spectroscopy

Guilbault, G. G. Practical Fluorescence, Decker: New York, 1990.
Schenk, G. “Historical Overview of Fluorescence Analysis to 1980,” Spectroscopy 1997, 12, 47-56.

Vo-Dinh, T. Room-Temperature Phosphorimetry for Chemical Analysis, Wiley-Interscience: New York,
1984.
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Applications

Trace Analysis and Spectroscopic Methods for Molecules, Christian, G. D.; Callis, ]J. B. Eds., Wiley-
Interscience: New York, 1986.

Vandecasteele, C.; Block, C. B. Modern Methods for Trace Element Determination, Wiley: Chichester,
England, 1994.

Skoog, D. A.; Holler, E J.; Nieman, T. A. Principles of Instrumental Analysis, Saunders: Philadelphia,
1998.
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Gathered here are resources and experiments for analyzing multicomponent samples using mathematical tech-

niques not covered in this textbook.

Aberasturi, E; Jimenez, A. L; Jimenez, E; Arias, J. J. “UV-Visible First-Derivative Spectrophotometry
Applied to an Analysis of a Vitamin Mixture,” /. Chem. Educ. 2001, 78, 793-795.
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Brown, C. W.; Obremski, R. J. “Multicomponent Quantitative Analysis,” Appl. Spectrosc. Rev. 1984,
20, 373-418.

Charles, M. J.; Martin, N. W.; Msimanga, H. Z. “Simultaneous Determination of Aspirin, Salicylam-
ide, and Caffeine in Pain Relievers by Target Factor Analysis,” /. Chem. Educ. 1997, 74, 1114-1117.

Dado, G.; Rosenthal, . “Simultaneous Determination of Cobalt, Copper, and Nickel by Multivariate
Linear Regression,” /. Chem. Educ. 1990, 67, 797-800.

DiTusa, M. R.; Schilt, A. A. “Selection of Wavelengths for Optimum Precision in Simultaneous Spec-
trophotometric Determinations,” /. Chem. Educ. 1985, 62, 541-542.

Gémez, D. G.; de la Pefia, A. M.; Mansilla, A. E.; Olivieri, A. C. “Spectrophotometric Analysis of
Mixtures by Classical Least-Squares Calibration: An Advanced Experiment Introducing MATLAB,”
Chem. Educator 2003, 8, 187-191.

Harvey, D. T.; Bowman, A. “Factor Analysis of Multicomponent Samples,” /. Chem. Educ. 1990, 67,
470-472.

Lucio-Gutierrez, J. R.; Salazar-Cavazos, M. L.; de Torres, N. W. “Chemometrics in the Teaching Lab.
Quantification of a Ternary Mixture of Common Pharmaceuticals by First- and Second-Derivative IR
Spectroscopy,” Chem. Educator 2004, 9, 234-238.

Padney, S.; McHale, M. E. R.; Coym, K. S.; Acree Jr., W. E. “Bilinear Regression Analysis as a Means
to Reduce Matrix Effects in Simultaneous Spectrophotometric Determination of Cr(III) and Co(II),
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Chapter 11

The following set of experiments introduce students to the applications of electrochemistry. Experiments are

grouped into four categories: general electrochemistry, preparation of electrodes, potentiometry, coulometry,

and voltammetry and amperometry.

General Electrochemistry

Chatmontree, A.; Chairam, S.; Supasorn, S.; Amatatongchai, M.; Jarujamrus, P; Tamuang, S.; Som-
sook E. “Student Fabriaction and Use of Simple, Low-Cost, Paper-Based Galvanic Cells to Investigate
Electrochemistry,” /. Chem. Educ. 2015, 92, 1044—1048.

Mills, K. V.; Herrick, R. S.; Guilmette, L. W.; Nestor, L. P; Shafer, H.; Ditzler, M. A. “Introducing Un-
dergraduate Students to Electrochemistry: A Two-Week Discovery Chemistry Experiment,” /. Chem.
Educ. 2008, 85, 1116-119.

Preparation of Electrodes

Christopoulos, T. K.; Diamandis, E. P. “Use of a Sintered Glass Crucible for Easy Construction of
Liquid-Membrane Ion-Selective Electrodes,” /. Chem. Educ. 1988, 65, 648.

Fricke, G. H.; Kuntz, M. J. “Inexpensive Solid-State Ion-Selective Electrodes for Student Use,” /. Chem.
Educ. 1977, 54, 517-520.

Inamdar, S. N.; Bhat, M. A.; Haram, S. K. “Construction of Ag/AgCl Reference Electrode form Used
Felt-Tipped Pen Barrel for Undergraduate Laboratory,” /. Chem. Educ. 2009, 86, 355-356.

Lloyd, B. W.; O’Brien, E L.; Wilson, W. D. “Student Preparation and Analysis of Chloride and Cal-
cium Ion Selective Electrodes,” /. Chem. Educ. 1976, 53, 328-330.

Mifflin, T. E.; Andriano, K. M.; Robbins, W. B. “Determination of Penicillin Using an Immobilized
Enzyme Electrode,” J. Chem. Educ. 1984, 61, 638-639.

Palanivel, A.; Riyazuddin, P. “Fabrication of an Inexpensive lon-Selective Electrode,” /. Chem. Educ.
1984, 61, 290.

Ramaley, L; Wedge, P. J.; Crain, S. M. “Inexpensive Instrumental Analysis: Part 1. Ion-Selective Elec-
trodes,” /. Chem. Educ. 1994, 71, 164—167.

Selig, W. S. “Potentiometric Titrations Using Pencil and Graphite Sensors,” /. Chem. Educ. 1984, 61,
80-81.

Potentiometry

Chan, W. H; Wong, M. S.; Yip, C. W. “lon-Selective Electrode in Organic Analysis: A Salicylate Elec-
trode,” /. Chem. Educ. 1986, 63, 915-916.

Harris, T. M. “Potentiometric Measurement in a Freshwater Aquarium,” /. Chem. Educ. 1993, 70,
340-341.

Kauffman, C. A.; Muza, A. L.; Porambo, M. W.; Marsh, A. L. “Use of a Commercial Silver-Silver Chlo-
ride Electrode for the Measurement of Cell Potentials to Determine Mean Ionic Activity Coefficients,”
Chem. Educator 2010, 15, 178-180.

Martinez-Fabregas, E.; Alegret, S. “A Practical Approach to Chemical Sensors through Potentiometric

Transducers: Determination of Urea in Serum by Means of a Biosensor,” J. Chem. Educ. 1994, 71,
AG7-A70.
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Moresco, H.; Sansén, P; Seoane, G. “Simple Potentiometric Determination of Reducing Sugars,” /.

Chem. Educ. 2008, 85, 1091-1093.

Radic, N.; Komijenovic, J. “Potentiometric Determination of an Overall Formation Constant Using

an lon-Selective Membrane Electrode,” /. Chem. Educ. 1993, 70, 509-511.

Riyazuddin, P; Devika, D. “Potentiometric Acid—Base Titrations with Activated Graphite Electrodes,”
J. Chem. Educ. 1997, 74, 1198—1199.

Coulometry

Bertotti, M.; Vaz, J. M.; Telles, R. “Ascorbic Acid Determination in Natural Orange Juice,” /. Chem.
Educ. 1995, 72, 445-447.

Kalbus, G. E.; Lieu, V. T. “Dietary Fat and Health: An Experiment on the Determination of lodine
Number of Fats and Oils by Coulometric Titration,” /. Chem. Educ. 1991, 68, 64-65.

Lotz, A. “A Variety of Electrochemical Methods in a Coulometric Titration Experiment,” J. Chem.
Educ. 1998, 75, 775-777.

Swim, ].; Earps, E.; Reed, L. M.; Paul, D. “Constant-Current Coulometric Titration of Hydrochloric
Acid,” J. Chem. Educ. 1996, 73, 679-683.

Voltammetry and Amperometry

Blanco-Lépez, M. C.; Lobo-Castanén, M. J.; Miranda-Ordieres, A. J. “Homemade Bienzymatic-Am-
perometric Biosensor for Beverages Analysis,” /. Chem. Educ. 2007, 84, 677—-680.

Garcia-Armada, P; Losada, J.; de Vicente-Pérez, S. “Cation Analysis Scheme by Differential Pulse
Polarography,” J. Chem. Educ. 1996, 73, 544-547.

Herrera-Melidn, ]J. A.; Dofa-Rodriguez, J. M.; Herndndez-Brito, J.; Pérez-Penia, J. “Voltammetric De-
termination of Ni and Co in Water Samples,” /. Chem. Educ. 1997, 74, 1444-1445.

King, D.; Friend, J.; Kariuki, J. “Measuring Vitamin C Content of Commercial Orange Juice Using a
Pencil Lead Electrode,” /. Chem. Educ. 2010, 87, 507-509.

Marin, D.; Mendicuti, E “Polarographic Determination of Composition and Thermodynamic Stabil-
ity Constant of a Complex Metal lon,” /. Chem. Educ. 1988, 65, 916-918.

Messersmith, S. J. “Cyclic Voltammetry Simulations with DigiSim Software: An Upper-Level Under-
graduate Experiment,” /. Chem. Educ. 2014, 91, 1498-1500.

Sadik, O. A.; Brenda, S.; Joasil, P; Lord, J. “Electropolymerized Conducting Polymers as Glucose Sen-
sors,” J. Chem. Educ. 1999, 76, 967-970.

Sittampalam, G.; Wilson, G. S. “Amperometric Determination of Glucose at Parts Per Million Levels

with Immobilized Glucose Oxidase,” /. Chem. Educ. 1982, 59, 70-73.

Town, J. L.; MacLaren, E; Dewald, H. D. “Rotating Disk Voltammetry Experiment,” /. Chem. Educ.
1991, 68, 352-354.

Wang, J. “Sensitive Electroanalysis Using Solid Electrodes,” /. Chem. Educ. 1982, 59, 691-692.
Wang, J. “Anodic Stripping Voltammetry,” /. Chem. Educ. 1983, 60, 1074-1075.

Wang, J.; Macca, C. “Use of Blood-Glucose Test Strips for Introducing Enzyme Electrodes and Modern
Biosensors,” /. Chem. Educ. 1996, 73, 797-800.
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Wang, Q.; Geiger, A.; Frias, R; Golden, T. D. “An Introduction to Electrochemistry for Undergradu-
ates: Detection of Vitamin C (Ascorbic Acid) by Inexpensive Electrode Sensors,” Chem. Educator 2000,
5) 58_60.

The following general references providing a broad introduction to electrochemistry.

Adams, R. N. Electrochemistry at Solid Surfaces, Marcel Dekker: New York, 1969.
Bard, A. ].; Faulkner, L. R. Electrochemical Methods, Wiley: New York, 1980.

Faulkner, L. R. “Electrochemical Characterization of Chemical Systems” in Kuwana, T. E., ed. Physical
Methods in Modern Chemical Analysis, Vol. 3, Academic Press: New York, 1983, pp. 137-248.

Kissinger, P. T.; Heineman, W. R. Laboratory Techniques in Electroanalytical Chemistry, Marcel Dekker:
New York, 1984.

Lingane, J. J. Electroanalytical Chemistry, 2nd Ed., Interscience: New York, 1958.

Sawyer, D. T.; Roberts, J. L., Jr. Experimental Electrochemistry for Chemists, Wiley-Interscience: New
York, 1974.

Vassos, B. H.; Ewing, G. W. Electroanalytical Chemistry, Wiley-Interscience: New York, 1983.

These short articles provide a good introduction to important principles of electrochemistry.

Faulkner, L. R. “Understanding Electrochemistry: Some Distinctive Concepts,” /. Chem. Educ. 1983,
60, 262-264.

Huddle, P. A.; White, M. D.; Rogers, E “Using a Teaching Model to Correct Known Misconceptions
in Electrochemistry,” /. Chem. Educ. 2000, 77, 104-110.

Maloy, J. T. “Factors Affecting the Shape of Current-Potential Curves,” /. Chem. Educ. 1983, 60,
285-289.

Miles, D. T. “Run-D.M.C.: A Mnemonic Aid for Explaining Mass Transfer in Electrochemical Sys-
tems,” J. Chem. Educ. 2013, 90, 1649-1653.

Thompson, R. Q.; Craig, N. C. “Unified Electroanalytical Chemistry: Application of the Concept of
Equilibrium,” /. Chem. Educ. 2001, 78, 928-934.

Zoski, C. G. “Charging Current Discrimination in Analytical Voltammetry,” /. Chem. Educ. 1986,
63, 910-914.

Additional information on potentiometry and ion-selective electrodes can be found in the following sources.

Bakker, E.; Diamond, D.; Lewenstam, A.; Pretsch, E. “Tons Sensors: Current Limits and New Trends,”
Anal. Chim. Acta 1999, 393, 11-18.

Bates, R. G. Determination of pH: Theory and Practice, 2nd ed., Wiley: New York, 1973.
Bobacka, J.; Ivaska, A.; Lewenstam, A. “Potentiometric lon Sensors,” Chem. Rev. 2008, 108, 329-351.

Buck, R. P. “Potentiometry: pH Measurements and Ion Selective Electrodes” in Weissberger, A., ed.
Physical Methods of Organic Chemistry, Vol. 1, Part IIA, Wiley: New York, 1971, pp. 61-162.

Cammann, K. Working With lon-Selective Electrodes, Springer-Verlag: Berlin, 1977.
Evans, A. Potentiometry and Ion-Selective Electrodes, Wiley: New York, 1987.
Frant, M. S. “Where Did lon Selective Electrodes Come From?” J. Chem. Educ. 1997, 74, 159—-166.

Light, T. S. “Industrial Use and Application of Ion-Selective Electrodes,” J. Chem. Educ. 1997, 74,
171-177.
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e Rechnitz, G. A. “Ton and Bio-Selective Membrane Electrodes,” /. Chem. Educ. 1983, 60, 282-284.

* Ruzicka, J. “The Seventies—Golden Age for Ion-Selective Electrodes,” /. Chem. Educ. 1997, 74, 167—
170.

*  Young, C. C. “Evolution of Blood Chemistry Analyzers Based on Ion Selective Electrodes,” /. Chem.

The following sources provide additional information on electrochemical biosensors.

e Alvarez-Icasa, M.; Bilitewski, U. “Mass Production of Biosensors,” Anal. Chem. 1993, 65, 525A—
533A.

e Meyerhoff, M. E.; Fu, B.; Bakker, E. Yun, J-H; Yang, V. C. “Polyion-Sensititve Membrane Electrodes
for Biomedical Analysis,” Anal. Chem. 1996, 68, 168A—175A.

* Nicolini, C.; Adami, M; Antolini, E; Beltram, E; Sartore, M.; Vakula, S. “Biosensors: A Step to Bio-
electronics,” Phys. World, May 1992, 30-34.

* Rogers, K. R;; Williams. L. R. “Biosensors for Environmental Monitoring: A Regulatory Perspective,”
Trends Anal. Chem. 1995, 14, 289-294.

e Schultz, J. S. “Biosensors,” Sci. Am. August 1991, 64-69.

e Thompson, M.; Krull, U. “Biosensors and the Transduction of Molecular Recognition,” Anal. Chem.
1991, 63, 393A-405A.

*  Vadgama, P. “Designing Biosensors,” Chem. Brit. 1992, 28, 249-252.
A good source covering the clinical application of electrochemistry is listed below.

o Wang, J. Electroanalytical Techniques in Clinical Chemistry and Laboratory Medicine, VCH: New York,
1998.

Coulometry is covered in the following texts.

* Rechnitz, G. A. Controlled-Potential Analysis, Macmillan: New York, 1963.

e Milner, G. W. C.; Philips, G. Coulometry in Analytical Chemistry, Pergamon: New York, 1967.
For a description of electrogravimetry, see the following resource.

* Tanaka, N. “Electrodeposition”, in Kolthoff, I. M.; Elving, L. J., eds. Treatise on Analytical Chemistry,
Part I: Theory and Practice, Vol. 4, Interscience: New York, 1963.

The following sources provide additional information on polarography and pulse polarography.

* Flato, J. B. “The Renaissance in Polarographic and Voltammetric Analysis,” Anal. Chem. 1972, 44(11),
75A—87A.

» Kolthoff, I. M.; Lingane, ]. ]. Polarography, Interscience: New York, 1952.

* Osteryoung, J. “Pulse Voltammetry,” /. Chem. Educ. 1983, 60, 296-298.
Additional Information on stripping voltammetry is available in the following text.

»  Wang, J. Stripping Analysis, VCH Publishers: Deerfield Beach, FL, 1985.
The following papers discuss the numerical simulation of voltammetry.

e Bozzini, B. “A Simple Numerical Procedure for the Simulation of “Lifelike” Linear-Sweep Voltammo-
grams,” /. Chem. Educ. 2000, 77, 100-103.
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Howard, E.; Cassidy, J. “Analysis with Microelectrodes Using Microsoft Excel Solver,” /. Chem. Educ.
2000, 77, 409—-411.

Kitelhon, E.; Compton, R. G. “Testing and Validating Electroanalytical Simulations,” Analyst, 2015,
140, 2592-2598.

Messersmith, S. J. “Cyclic Voltammetry Simulations with DigiSim Software: An Upper-Level Under-
graduate Experiment,” /. Chem. Educ. 2014, 91, 1498-1500.

Gathered together here are many useful resources for cyclic voltammetry, including experiments.

Carriedo, G. A. “The Use of Cyclic Voltammetry in the Study of the Chemistry of Metal-Carbonyls,”
J. Chem. Educ. 1988, 65, 1020-1022.

Garcia-Jarefio, J. ].; Benito, D.; Navarro-Laboulais, J.; Vicente, E. “Electrochemical Behavior of Elec-
trodeposited Prussian Blue Films on ITO Electrodes,” /. Chem. Educ. 1998, 75, 881-884.

Gilles de Pelichy, L. D.; Smith, E. T. “A Study of the Oxidation Pathway of Adrenaline by Cyclic
Voltammetry,” Chem. Educator 1997, 2(2), 1-13.

Gomez, M. E.; Kaifer, A. E. “Voltammetric Behavior of a Ferrocene Derivative,” /. Chem. Educ. 1992,
69, 502-505.

Heftner, J. E.; Raber, J. C.; Moe, O. A.; Wigal, C. T. “Using Cyclic Voltammetry and Molecular Mod-

eling to Determine Substituent Effects in the One-Electron Reduction of Benzoquinones,” /. Chem.

Educ. 1998, 75, 365-367.

Heinze, J. “Cyclic Voltammetry—Electrochemical Spectroscopy,” Angew. Chem, Int. Ed. Eng. 1984,
23,831-918.

Holder, G. N.; Farrar, D. G.; McClure, L. L. “Voltammetric Reductions of Ring-Substituted Ace-
tophenones. 1. Determination of an Electron-Transfer Mechanism Using Cyclic Voltammetry and
Computer Modeling: The Formation and Fate of a Radical Anion,” Chem. Educator 2001, 6, 343-349.

Ibanez, J. G.; Gonzalez, I.; Cardenas, M. A. “The Effect of Complex Formation Upon the Redox Po-
tentials of Metal Ions: Cyclic Voltammetry Experiments,” J. Chem. Educ. 1988, 65, 173-175.

Ito, T.; Perara, D. M. N. T.; Nagasaka, S. “Gold Electrodes Modified with Self-Assembled Monolayers
for Measuring 1-Ascobric acid,” /. Chem. Educ. 2008, 85, 1112-1115.

Kissinger, P. T.; Heineman, W. R. “Cyclic Voltammetry,” /. Chem. Educ. 1983, 60, 702—706.
Mabbott, G. A. “An Introduction to Cyclic Voltammetry,” /. Chem. Educ. 1983, 60, 697-702.

Petrovic, S. “Cyclic Voltammetry of Hexachloroiridate (IV): An Alternative to the Electrochemical
Study of the Ferricyanide Ion,” Chem. Educator 2000, 5, 231-235.

Toma, H. E.; Araki, K.; Dovidauskas, S. “A Cyclic Voltammetry Experiment Illustrating Redox Poten-
tials, Equilibrium Constants and Substitution Reaction in Coordination Chemistry,” /. Chem. Educ.
2000, 77, 1351-1353.

Walczak, M. W.; Dryer, D. A.; Jacobson, D. D,; Foss, M. G.; Flynn, N. T. “pH-Dependent Re-
dox Couple: Illustrating the Nernst Equation Using Cyclic Voltammetry,” /. Chem. Educ. 1997, 74,
1195-1197.
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Chapter 12

The following set of experiments introduce students to the applications of chromatography and electrophoresis.

Experiments are grouped into five categories: gas chromatography, high-performance liquid chromatography,

ion-exchange chromatography, size-exclusion chromatography, and electrophoresis.

Gas Chromatography

Bishop, R. D., Jr. “Using GC-MS to Determine Relative Reactivity Ratios,” /. Chem. Educ. 1995, 72,
743-745.

Elderd, D. M.; Kildahl, N. K.; Berka, L. H. “Experiments for Modern Introductory Chemistry: Iden-
tification of Arson Accelerants by Gas Chromatography,” /. Chem. Educ. 1996, 73, 675-677.

Fleurat-Lessard, P; Pointet, K.; Renou-Gonnord, M.-E “Quantitative Determination of PAHs in Die-
sel Engine Exhausts by GC-MS,” J. Chem. Educ. 1999, 76, 962-965.

Galipo, R. C.; Canhoto, A. J.; Walla, M. D.; Morgan, S. L. “Analysis of Volatile Fragrance and Flavor
Compounds by Headspace Solid Phase Microextraction and GC-MS,” J. Chem. Educ. 1999, 76,
245-248.

Graham, R. C.; Robertson, J. K. “Analysis of Trihalomethanes in Soft Drinks,” /. Chem. Educ. 1988,
65, 735-737.

Heinzen, H.; Moyan, P; Grompone, A. “Gas Chromatographic Determination of Fatty Acid Composi-
tions,” /. Chem. Educ. 1985, 62, 449-450.

Kegley, S. E.; Hansen, K. J.; Cunningham, K. L. “Determination of Polychlorinated Biphenyls (PCBs)
in River and Bay Sediments,” /. Chem. Educ. 1996, 73, 558-562.

Kostecka, K. S.; Rabah, A.; Palmer, C. E, Jr. “GC/MS Analysis of the Aromatic Composition of Gaso-
line,” J. Chem. Educ. 1995, 72, 853—-854.

Quach, D. T.; Ciszkowski, N. A.; Finlayson-Pitts, B. J. “A New GC-MS Experiment for the Under-
graduate Instrumental Analysis Laboratory in Environmental Chemistry: Methyl-t-butyl Ether and

Benzene in Gasoline,” /. Chem. Educ. 1998, 75, 1595-1598.

Ramachandran, B. R.; Allen, J. M.; Halpern, A. M. “Air—Water Partitioning of Environmentally Im-
portant Organic Compounds,” /. Chem. Educ. 1996, 73, 1058-1061.

Rice, G. W. “Determination of Impurities in Whiskey Using Internal Standard Techniques,” /. Chem.
Educ. 1987, 64, 1055-1056.

Rubinson, J. E; Neyer-Hilvert, J. “Integration of GC-MS Instrumentation into the Undergraduate
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1026  Analytical Chemistry 2.1

Mottola, H. A. “Some Kinetic Aspects Relevant to Contemporary Analytical Chemistry,” /. Chem.
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Chapter 14

The following set of experiments provide practical examples of the optimization of experimental conditions.

Examples include simplex optimization, factorial designs for developing empirical models of response surfaces,
and fitting experimental data to theoretical models of the response surface.

Amenta, D. S.; Lamb, C. E.; Leary, J. J. “Simplex Optimization of Yield of sec-Butylbenzene in a
Friedel-Crafts Alkylation,” /. Chem. Educ. 1979, 56, 557-558.
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factors,” AMCTB 26, 2006.
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designs,” AMCTB 36, 2009.
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Thompson, M.; Ellison, S. L. R.; Wood, R. “Harmonized Guidelines for Single-Laboratory Validation
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Chapter 15

The following three experiments introduce aspects of quality assurance and quality control.

Bell, S. C.; Moore, ]. “Integration of Quality Assurance/Quality Control into Quantitative Analysis,”
J. Chem. Educ. 1998, 75, 874-877.

Cancilla, D. A. “Integration of Environmental Analytical Chemistry with Environmental Law: The
Development of a Problem-Based Laboratory,” /. Chem. Educ. 2001, 78, 1652—1660.

Claycomb, G. D.; Venable, E A. “Selection, Evaluation, and Modification of a Standard Operating
Procedure as a Mechanism for Introducing an Undergraduate Student to Chemical Research: A Case
Study,” /. Chem. Educ. 2015, 92, 256-262.

Laquer, E C. “Quality Control Charts in the Quantitative Analysis Laboratory Using Conductance
Measurement,” /. Chem. Educ. 1990, 67, 900-902.

Marcos, J.; Rios, A.; Valcdrcel, M. “Practicing Quality Control in a Bioanalytical Experiment,” /. Chem.
Educ. 1995, 72, 947-949.

The following texts and articles may be consulted for an additional discussion of quality assurance and quality
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Wedlich, R. C.; Libera, A. E.; Pires, A.; Therrien, M. T. “Good Laboratory Practice. Part 1. An Intro-
duction,” J. Chem. Educ. 2013, 90, 854-857.
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Miller, J. C.; Miller, J. N. Statistics for Analytical Chemistry, 2nd Ed., Ellis Horwood Limited: Chich-
ester, 1988.
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Active Learning Curricular Materials

The Analytical Sciences Digital Library maintains a suite of curricular materials that are the products of a col-
laborative NSF Phase I CCLI award to Thomas Wenzel, Bates College (DUE 0816649), and Cynthia Larive,
University of California Riverside (DUE-0817595) and an NSF TUES Type 2 award to Tom Wenzel, Bates
College, (DUE 1118600). The goal of this project is to develop active learning resources to support instruction
in analytical chemistry courses. Gathered here are annotated links to these materials.

Materials for Use in Class

Separation Science: A series of collaborative learning activities and accompanying text that develop the field of

separation science, with a particular emphasis on chromatographic separations. These activities are intended to
be done in class by students working in groups, but can be modified for use as out-of-class exercises. Learning
objectives, an instructor’s manual, and out-of-class problems are provided. The instructor’s manual provides tips
for how to use the in-class exercises, the types of responses that students often provide, and how the instructor
can build from these responses to develop the concepts. Ancillary modules that are shorter but address specific
topics within the area of separation science (steric exclusion chromatography, affinity chromatography, ion
exchange chromatography, ultracentrifugation) are provided as well. (Author: Tom Wenzel)

Molecular and Atomic Spectroscopy: A series of collaborative learning activities and accompanying text that
develop the areas of molecular and atomic spectroscopy. Chapters on basics of spectrophotometry, ultraviolet/
visible absorption, molecular fluorescence, infrared, Raman and atomic spectroscopy are included. These activi-
ties are intended to be done in class by students working in groups, but can be modified for use as out-of-class
exercises. Learning objectives and an instructor’s manual are provided. The instructor’s manual provides tips
for how to use the in-class exercises, the types of responses that students often provide, and how the instructor
can build from these responses to develop the concepts. (Author: Tom Wenzel)

Chemical Equilibrium: A series of collaborative learning activities and accompanying text that develop chemi-
cal equilibrium, including acid-base chemistry, formation of water-soluble complexes, and solubility. These
activities are intended to be done in class by students working in groups, but can be modified for use as out-
of-class exercises. Learning objectives, an instructor’s manual, and out-of-class problems are provided. The
instructor’s manual provides tips for how to use the in-class exercises, the types of responses that students often
provide, and how the instructor can build from these responses to develop the concepts. (Author: Tom Wenzel)

Concentration Calibration: A series of collaborative learning activities and accompanying text that develop the

concept of concentration calibration, utilizing external standards, internal standards, and standard additions.
The module is based primarily on flavonoids, particularly quercetin, as an example analyte. The activities are

designed as in-class, small group exercises. An additional out-of-class activity is also available. (Authors: Sandra
L. Barnes and David Thompson)

Interpreting the Primary Literature: These assignments are designed to be capstone activities at the end of
units on figures of merit (such as sensitivity and LOD), acid-base equilibria, separations, spectroscopy, mass

spectrometry, and electrochemistry. Each assignment consists of an out-of-class reading assignment from the
primary literature accompanied by objective questions and a set of open-ended, in-class discussion questions.
The assignments are designed to require just one class period and can be used before an exam to review impor-
tant concepts, examine them from new angles, and apply them to new situations. (Author: Michelle L. Kovarik)

Electrochemical Methods of Analysis: A series of collaborative learning activities and accompanying text that
develop fundamental aspects of electrochemistry and electrochemical methods of analysis. These activities are
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Additional Resources

intended to be done in class by students working in groups, but can be modified for use as out-of-class exercises.
Learning objectives and an instructor’s manual are provided. The instructor’s manual provides tips for how to
use the in-class exercises, the types of responses that students often provide, and how the instructor can build
from these responses to develop the concepts. Analytical methods developed in this unit include ion-selective
electrodes, electrodeposition, coulometry, electrochemical titrations, and voltammetric methods including an-
odic stripping voltammetry, linear sweep voltammetry, differential pulse linear sweep voltammetry, and cyclic
voltammetry. (Author: Tom Wenzel)

Introduction to Data Analysis: This module introduces students to ways of thinking about and working with
data using, as a case study, the analysis of 1.69-0z packages of plain M&Ms. The module is divided into six
parts: Ways to Describe Data; Ways to Visualize Data; Ways to Summarize Data; Ways to Model Data; Ways
to Draw Conclusions From Data; and Now It’s Your Turn! Interspersed within the module’are a series of in-

vestigations, each of which asks students to stop and consider one or more important issues. Many of these
investigations draw upon a data set that consists of 30 samples of 1.69-0z packages of plain M&M . This case
study is meant to serve as an introduction to data and to data analysis and, as with any introduction, it considers
a small number of topics; additional resources that provide a deeper introduction to data and to data analysis
are listed in Appendix 1 of the case study. (Author: David Harvey)

Materials for Use in Lab

Separation Science—Chromatography Projects: An instructor’s manual, including learning objectives, for a set
of semester-long chromatography projects that are undertaken by students working in small groups. Informa-
tion about the proposal that students complete before undertaking the experimental part of the project as well
as the final written report is provided. Peer- and self-evaluation forms for students are provided as well. Finally,
tips for each of the projects that have been done in the past are included. (Author: Tom Wenzel)

Theme-Based Lab Experience: An instructor’s guide to implementing a modular theme-based approach to

the advanced analytical chemistry laboratory is provided. The guide provides information on student learning
objectives, group dynamics, and grading, and provides examples of themes implemented at Butler University.
Sample scenarios, student handouts, student reports, and grading rubrics are included in the online appendices.

(Author: Michael Samide)

Quality Control Analysis for a Local Brewery: A laboratory project for instrumental analysis with the theme of

quality control for a local microbrewery is described. The analyses of important flavor and aroma compounds
can be easily modified to work with a variety of instruments and wet chemical techniques. Learning objectives,
an instructor’s manual, project calendar, assignments, and grading rubrics are provided. The instructor’s manual
provides a framework for creating a student-centered learning experience, strategies for implementation, TA
guidance, and cost estimates. (Author: Jill Robinson)

Analysis of Phosphorous Concentrations in a Natural Water System: This guided research project explores the
chemistry and impact of phosphorous on a fresh water system of lakes connected by a river in south-central
Wisconsin. Students begin this project by comparing the detection limits, matrix effects, and linearity of
standard curves of two different spectrophotometric methods for measuring phosphorus. Once the method of
choice is validated, students work in groups to design and carry out experiments to explore the chemistry of
phosphorus and its impact on the environment. They learn to use some of the tools necessary for water quality
analysis including a Secchi disk and an Ekman dredge. Visible spectroscopy serves as the primary vehicle for
learning, although the research projects sometimes incorporate ICP-AES, HPLC, and ISE measurements if
students take their research in that direction. (Author: Pamela Doolittle)
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Acid Mine Drainage Project Lab: This laboratory project uses the context of Acid Mine Drainage to teach

concepts important to analytical chemistry and quantitative analysis. Students set up experiments that mimic
the process of metal sulfide mineral oxidative dissolution. The experiments explore how the rate of dissolution
changes with respect to changes in pH, added oxidizing agents, and oxygen rich or oxygen poor environments.
Visible spectroscopy is used to initially measure the concentration of complexed iron in solution. ICP-AES is
used to verify the stoichiometry of the arsenopyrite sample. Elemental sulfur determination and the speciation
of the aqueous sulfur in the solution can be determined using reverse phase and ion pair high performance
liquid chromatography. (Authors: Pamela Doolittle and Robert J. Hamers)

Contextual Modules (Case Studies)

Environmetal Analysis—Lake Nakuru Flamingos (Pesticides): Could toxic pesticides like DDT be responsible
for the deaths of large numbers of lesser flamingos at Lake Nakuru, Kenya? While many organochlorine pes-
ticides including DDT have been banned for decades in the US due to their adverse effects on bird popula-
tions, especially bald eagles, they are still used for mosquito control in tropical regions of Africa where malaria
is epidemic. In addition, East Africa has become an international dumping ground for stockpiles of obsolete
pesticides. In this section we explore the possible role of organochlorine pesticides in the flamingo deaths
and examine the use of gas chromatography — mass spectrometry (GC-MS) to separate, detect and quantify
pesticides in Lake Nakuru water samples. (Authors: Heather A. Bullen, Alanah Fitch, Richard S. Kelly, and
Cynthia K. Larive )

Environmental Analysis—Lake Nakuru Flamingos (Heavy Metals): Toxic trace metals are possible culprits for
the ongoing deaths of large numbers of lesser flamingos at Lake Nakuru, Kenya. In this section we explore
the possible role of heavy metals in these deaths and examine instrumental methods utilized to evaluate levels
of copper, zinc, lead and chromium present in Lake Nakuru sediment and suspended solid samples. These
methods include anodic stripping voltammetry (ASV), atomic spectroscopy, and x-ray fluorescence spectros-
copy (XRF). Data sets are provided for each technique so that current levels can be calculated and compared
to those contained in a report published in 1998. (Authors: Erin Gross, Richard S. Kelly, and Cynthia Larive)

Lithia Water Springs Project: Can the most prevalent inorganic ions be determined in Lithia water using a

representative cross-section of the analytical techniques (e.g. titrimetry, potentiometry, spectroscopy) covered
in a typical quantitative analysis course? In this module, we will examine the role of chemical equilibria, stoichi-
ometry, and univariate statistics in the sample preparation and characterization of Lithia water. The discovery
of mineral springs in the vicinity of Ashland, Oregon sparked the pursuit of a “spa economy” during the 1910s
and 1920s. The lithium concentration in this spring, which is the second highest in the U.S., was a marketing
point for town leaders in the early 20th century. Even today, Lithia water plays a visible role in the culture and
history of Ashland. These materials may be used as a term-long quantitative analysis laboratory project or as a
dry lab using the questions and the data supplied in this module. (Author: Steven Petrovic)

End Creek Spotted Frogs & Aquatic Snails in Wetlands: This module provides a context for introducing fun-

damental techniques used in chemical analysis (spectrophotometry, atomic absorbance spectroscopy and ion
selective electrodes) along with considerations about sampling and sample preservation. Using an active learn-
ing approach, the module explores some fundamental water quality parameters such as the concentration of
inorganic cations and anions that may aid in understanding why certain ponds provide a more suitable habitat
for the Columbia Spotted frogs and aquatic snails. (Authors: Anna Cavinato and Karen Antell)

Developing an Analytical Method for the Analysis of a Medicinal Plant: This module introduces students to
the process of developing an analytical method using, as a case study, the quantitative analysis of eight analytes
in the medicinal plant Danshen using a combination of a microwave extraction to isolate the analytes and
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HPLC with UV detection to determine their concentrations. Interspersed
within the module’s narrative are a series of investigations, each of which
asks students to stop and consider one or more important issues. As stu-
dents progress through the module they are introduced to chromatograph-
ic separations, solvent extractions, response surfaces, one-factor-at-a-time
optimizations, central-composite designs, desirability functions, and spike
recoveries. (Author: David Harvey)

Effect of Acid Rain on Adantic Salmon Populations: This module provides

a real world context for introducing fundamental quantitative techniques
(pH, Ion Selective Electrodes, Ion chromatography, and Titrimery) used
in chemical analysis of water samples. Using active learning pedagogy, stu-
dents explore sampling and analyzing the base inorganic ions and acidity
parameters in freshwater samples. The module frames the study using the
environmental impacts of acid rain on the habitat of the endangered Atlan-
tic Salmon as a case study. (Author: William Otto)

Additional Resources
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