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Preface to the Sixth Edition

Analytical chemistry today is almost entirely instrumental analytical chemistry and it is
performed by many scientists and engineers who are not chemists. Analytical instrumen-
tation is crucial to research in molecular biology, medicine, geology, food science,
materials science, and many other fields. While it is true that it is no longer necessary
to have almost artistic skills to obtain accurate and precise analytical results using instru-
mentation, the instruments should not be considered “black boxes” by those using them.
The well-known phrase “garbage in, garbage out” holds true for analytical instrumentation
as well as computers. We hope this book serves to provide users of analytical instrumenta-
tion with an understanding of their instruments.

In keeping with the earlier editions of this text, the book is designed for teaching
undergraduates and those with no analytical chemistry background how modern analytical
instrumentation works and what the uses and limitations of analytical instrumentation are.
Mathematics is kept to a minimum. No background in calculus, physics, or physical chem-
istry is required. All major fields of modern instrumentation are covered, including
applications of each type of instrumental technique. Each chapter includes discussion
of the fundamental principles underlying each technique, detailed descriptions of the
instrumentation and a large number of applications. Each chapter includes an updated
bibliography and new problems and most chapters have suggested experiments approp-
riate to the technique.

This edition has been completely rewritten, revised, and expanded. To achieve this,
the previous approach of having each chapter be self-contained has been abandoned;
repetition has been reduced to a minimum so that more topics could be covered in
more detail. The topics of chromatography and mass spectrometry have been greatly
expanded when compared with the 5th edition to better reflect the predominance of chro-
matography and mass spectrometry instrumentation in modern laboratories. The equally
important topic of NMR has been refocused on FTNMR and expanded to included '*C
and 2D NMR spectral interpretation.

A unique feature of this text is the combination of instrumental analysis with organic
spectral interpretation (IR, NMR, and MS). The NMR, IR, and MS are all new, courtesy of
Bio-Rad Laboratories, Informatics Division (IR), Aldrich Chemical Company (NMR),
and one of the authors (MS), and were obtained on modern instruments, to reflect what
students will encounter in modern laboratories. The use of spreadsheets for performing
calculations has been introduced with examples. Reflecting the ubiquitous nature of the
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Internet, we have included large numbers of instrument manufacturers’ websites, which
contain extensive resources for interested students.

Sampling, sample handling, and storage and sample preparation methods are exten-
sively covered, and modern methods such as accelerated solvent extraction, solid phase
microextraction (SPME), and microwave techniques are included. The NMR chapter is
focused on the current technique of FTNMR. Proton, 13C, 2D NMR are covered including
spectral interpretation. The NMR spectra presented are from a 300 MHz NMR instrument.
Instrumentation, the analysis of liquids and solids, and applications of NMR are discussed
in detail. A section on hyphenated NMR techniques is included, along with an expanded
section on MRI. The IR instrumentation section is focused on FTIR instrumentation.
Absorption, emission, and reflectance spectroscopy are discussed, as is FTIR microscopy.
Near-IR instrumentation and applications are presented. Coverage of Raman spectroscopy
includes resonance Raman, surface-enhanced Raman, and Raman microscopy. Chemical
imaging is described. The section on IR spectral interpretation has been greatly expanded
and all new spectra are presented. UV and visible spectroscopy includes innovations such
as flowthrough sample holders and fiber optic probes. UV absorption spectral inter-
pretation for organic molecules is covered in depth. Applications described include
spectrophotometric titrations and spectroelectrochemistry. Nephelometry, turbidimetry,
fluorescence, and phosphorescence are described in detail, including instrumentation
and applications. The techniques of thermomechanical analysis and dynamic mechanical
analysis have been added to the chapter on Thermal Analysis.

All major modern atomic absorption and emission techniques and instrumentation
are covered. Appendices with FAAS and GFAAS conditions have been added, and a
new appendix with up-to-date limits of detection for all the atomic spectroscopic tech-
niques is included. Chemical speciation using hyphenated chromatographic-atomic emis-
sion spectroscopy is described as is a novel microwave induced plasma emission
instrument for particle characterization.

Mass spectrometry has been expanded to two chapters and covers both organic and
inorganic MS instrumentation and applications. GC-MS and LC-MS, along with MS"
instruments are described, along with modern ionization methods such as electrospray
and MALDI. Organic mass spectral interpretation is covered with many examples and
new spectra. Organic and inorganic applications focus on speciation using GC-MS, LC-
MS, hyphenated ICP-MS, with emphasis on proteomics, biomolecules, and species of
environmental interest.

In contrast to earlier editions, the subject of chromatographic separations and instru-
mentation is expanded from one to three chapters containing more than twice as much text,
illustrations, exercises, and problems. The first of these chapters covers the nature of the
chromatographic process. A minimum of complex formulas is introduced; instead, exten-
sive description and analogy are employed to give the student an intuitive grasp of the
mechanisms giving rise to separation, resolution, and detection of separated components.
In line with current practice, GC is treated as a method almost completely employing open
tubular (capillary) columns. New developments such as SPME injection, low bleed
stationary phases, compound-selective detectors, and especially interfacing to spectro-
metric detectors and the use of computerized data processing have been added. So-called
“hyphenated techniques” such as GC-MS, GC-IR, and comprehensive GC-GC are
included, and new sections on retention indices, derivitization to improve detectability
and volatility, and analysis of gases in air or water, have been added. The requirements
for implementing and instrumentalizing HPLC are developed from the preceding discus-
sion of GC. The student gains an appreciation of the difficulties that caused this instrumen-
tation to lag behind GC. Once overcome, liquid chromatographic instrumentation is seen
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to have wider applicability, especially in the burgeoning subdisciplines of proteomics and
genomics. Detailed discussions of instrumental design and the operation of new detectors
have been added. Major sections on the design and operation of HPLC interfaces to mass
spectrometers (ESI and APCI) have been added, and examples of their use in protein or
peptide sequencing and identification are included. Tables of amino acid structures and
nomenclature have been included so that students can follow these descriptions. Separate
sections on ion chromatography, affinity chromatography, size exclusion chromatography,
and supercritical fluid chromatography have been expanded. Planar and capillary electro-
phoresis are described in detail in this chapter, despite not being strictly defined as
chromatographic methods. Examples are given of the use of capillary electrophoresis
with fluorescence-derivitization detection to gene sequencing in genomics, or of 2D
slab-gel, isoelectric focusing/SDS-PAGE electrophoresis for protein peptide mapping
in proteomics. New appendices provide links to websites providing examples of thousands
of chromatographic separations, and encourage the student to learn how to utilize the
resources of commercial column vendors to find a solution to particular separation or
measurement problems.

James W. Robinson
Eileen M. Skelly Frame
George M. Frame 11






Acknowledgments

The following people are gratefully acknowledged for their assistance in the successful
completion of this edition. They provided diagrams, photographs, applications notes,
spectra, chromatograms and many helpful comments and suggestions regarding the text.
Thanks are due, in totally random order, to: Pam Decker, Restek; Jodi Dorfler, Alltech;
Roger Blaine, TA Instruments; Jim Ferrara and John Flavell, ThermoHaake; Andy
Rodman, PerkinElmer Instruments; Gwen Boone, Doug Shrader, Pat Grant, Laima
Baltusis and Dan Steele, Varian, Inc.; Didier Arniaud, Lisa Goldstone, Tina Harville,
Phillipe Hunault, Patrick Chapon and Phil Shymanski, JobinYvon/Horiba; Tiger Pitts,
ThermoElemental; John Sotera and Phil Bennett, Leeman Labs, Inc.; Steve Sauerbrunn,
Mettler Toledo, Inc.; Mark Mabry, Bob Coel, and Ed Oliver, ThermoNicolet; Lara
Pryde, ThermoOrion; David Coler, PANalytical, Inc.; Marty Palkovic, ThermoARL,;
Dale Gedcke, ORTEC(Ametek); Bob Anderhalt, Edax, Inc. (Ametek); Mike Hurt,
HHT; John Martin, RigakuMSC; Dr. Peter Codella, Dr. Elizabeth Williams, and
Dr. Woodfin Ligon, GE Global Research and Development; Dr. Tom Dulski, Carpenter
Technologies; Eric Francis, Dionex Corporation; Dr. Ales Medek, Pfizer Central Research
and Development; Dr. James Roberts, Lehigh University; Harry Xie, Bruker Optics; Pat
Wilkinson and James Beier, Bruker BioSpin; Professor F. X. Webster, State University
of New York College of Environmental Science and Forestry; Toshiyuki Suzuki,
Yukihiko Takamatsu, Morio Kyono and Hisao Takahara, Yokogawa Electric Company;
Dr. A. Horiba, Atsuro Okada, Juichiro Ukon, Mike Pohl and Paul Dinh, Horiba, Ltd.;
Pat Palumbo, Bill Strzynski and Dr. Jack Cochran, LECO Corporation; John Moulder,
Physical Electronics USA, Inc.; Dr. Cedric Powell, NIST; Jill Thomas and Michael
Monko, Supelco; Michael Garriques, Phenomenex, Inc.; A. Audino, SGE; Alan D.
Jones, Mallinckrodt Baker, Inc.; Dr. Ronald Starcher, BURLE Electro-Optics, Inc.;
Merrill Loechner, Milestone, Inc.; Dr. Mike Collins, CEM Corporation; Kerry Scoggins,
SGE, Inc.; Dr. Julian Phillips and Wendy Weise, Thermo Electron Corporation; Professor
Gary Siudzak, Scripps Research Institute Center for Mass Spectrometry; Dr. Robert
Kobelski, Centers for Disease Control, Atlanta, GA; Professor David Hercules, Vanderbilt
University; Dr. S.E. Stein, NIST Mass Spec Data Center; Volker Thomsen, NITON Corp.;
Michael Fry, Dr. Chip Cody and Patricia Corkum, JEOL, Inc.; Chuck Douthitt, Thermo
Electron; Giulia Orsanigo and Danielle Hawthorne, PerkinElmer Life and Analytical
Sciences; Nancy Fernandes, Newport Corporation; Jackie Lathos-Markham and Joseph
Dorsheimer, Thermo Electron Corp.; Ralph Obenauf, SPEX CertiPrep, Inc.; David
Weber, Rensselaer Polytechnic Institute.

vii



viii Acknowledgments

Special thanks go to Professor Milton Orchin, University of Cincinnati, for
permission to use material from his and the late H.H. Jaffé’s classic text, Theory and
Applications of Ultraviolet Spectroscopy, Wiley, New York, 1962. The cheerful
cooperation and invaluable assistance of Ms. Marie Scandone, Bio-Rad Informatics Div-
ision, in providing the Bio-Rad infrared spectra used in Chapter 4 and of Mr. Chris
Wozniak and Mr. Chris Lein, Aldrich Chemical Co., for providing the Aldrich NMR
spectra in Chapter 3 deserve a very special thank you. Herk Alberry, Mike Farrell and
Danny Dirico of Albany Advanced Imaging, Albany, NY are thanked for the MRI
images and technical assistance they provided for Chapter 3. To Dr. Christian Bock,
Alfred-Wegener-Institute for Polar and Marine Research, Bremerhaven, Germany, for
the use of his MRI images in Chp.3, Vielen Dank. Ms. Julie Powers, Toshiba America
Medical Systems, is gratefully acknowledged for the medical MRI system photos used
in Chapter 3. Special thanks go to Dr. Frank Dorman, Restek, for providing their
EZ-Chrom Chromatography Simulation Program, used to create several of the Figures
in Chapter 12.

The authors wish to thank the following colleagues for their helpful comments and
suggestions: Professor Ronald Bailey, Rensselaer Polytechnic Institute; Professor Peter
Griffiths, University of Idaho; and Professor Julian Tyson, University of Massachussets,
Ambherst. Professor Emeritus Robert Gale, LSU, who coauthored Chapter 15 for the
5th edition is acknowledged for his substantive contributions to and review of that
Chapter for this edition.

The image on the book cover is a false-color Fourier Transform Infrared (FTIR)
image of a cranefly wing, showing the location of carboxylic acid functional groups
and their relative concentrations. The image is courtesy of PerkinElmer Life and Analyti-
cal Sciences (www.perkinelmer.com).



Contents

Preface to the Sixth Edition . ........... ... ... iii
Acknowledgments ... ... ... vii
About the AUROFS . . . . .. .o Xix
1. Concepts of Instrumental Analytical Chemistry ...................... 1
1.1. Introduction: What is Analytical Chemistry? . ... [
1.2. The Analytical Approach .... 3

1.2.1. Defining the Problem .... 4

1.2.2. Designing the Analytical Method . ... 14

1.2.3. Sampling .... I5

1.2.4. Storage of Samples .... 20
1.3. Basic Statistics and Data Handling . ... 2/

1.3.1. Significant Figures .... 2/

1.3.2.  Accuracy and Precision .... 24

1.3.3. Types of Errors .... 25

1.3.4. Definitions for Statistics . ... 3]

1.3.5. Quantifying Random Error .... 32

1.3.6. Rejection of Results .... 39
1.4. Sample Preparation . ... 40

1.4.1.  Acid Dissolution and Digestion .... 40

1.4.2. Fusions .... 43

1.4.3. Dry Ashing and Combustion .... 44

1.4.4. Extraction .... 44
1.5. Performing the Measurement . ... 5/

1.5.1. Signals and Noise .... 52

1.5.2. Plotting Calibration Curves .... 56
1.6. Assessing the Data . ... 57

1.6.1. Limit of Detection .... 58

1.6.2. Limit of Quantitation .... 59
Bibliography . ... 60
Problems .... 60
2. Introduction to Spectroscopy . .......iiiiiiiiiiiiiiiiiitiiittannns 65
2.1. The Interaction Between Electromagnetic Radiation and Matter . ... 65

2.1.1.  What is Electromagnetic Radiation? .... 65

2.1.2. How does Electromagnetic Radiation Interact with Matter? .... 67



X
2.2. Atoms and Atomic Spectroscopy . ... 72
2.3. Molecules and Molecular Spectroscopy . ... 74
2.3.1. Rotational Transitions in Molecules . ... 74
2.3.2. Vibrational Transitions in Molecules .... 75
2.3.3. Electronic Transitions in Molecules .... 76
2.4. Absorption Laws .... 76
2.4.1. Deviations from Beer’s Law .... 80
2.5. Methods of Calibration .... 8/
2.5.1. Calibration with Standards . ... 81
2.5.2. Method of Standard Additions .... &84
2.5.3. Internal Standard Calibration .... 87
2.5.4. Errors Associated with Beer’s Law Relationships . ... 90
2.6. Optical Systems Used in Spectroscopy .... 93
2.6.1. Radiation Sources .... 95
2.6.2. Wavelength Selection Devices .... 95
2.6.3. Optical Slits . ... 103
2.6.4. Detectors .... 104
2.6.5. Single-Beam and Double-Beam Optics . ... 105
2.6.6. Dispersive Optical Layouts .... 107
2.6.7. Fourier Transform Spectrometers . ... 108
2.7. Spectroscopic Technique and Instrument Nomenclature . . . .
Bibliography .... 111
Suggested Experiments . ... 112
Problems .... 113

3. Nuclear Magnetic Resonance Spectroscopy

111

3.1. Introduction .... 117
3.1.1. Properties of Nuclei .... 118
3.1.2. Quantization of "H Nuclei in a Magnetic Field . ... 1/9
3.1.3. Width of Absorption Lines .... 125
3.2. The FTNMR Experiment . ... 128
3.3. Chemical Shifts .... 130
3.4. Spin—Spin Coupling .... 135
3.5. Instrumentation .... 148
3.5.1. Sample Holder .... 149
3.5.2. Sample Probe .... 150
3.5.3. Magnet .... I5]
3.5.4. RF Generation and Detection .... 152
3.5.5. Signal Integrator and Computer .... 153
3.5.6. Wide-Line Benchtop NMR Spectrometers and Portable
NMR Spectrometers . ... 154
3.6. Analytical Applications of NMR . ... 154
3.6.1. Samples and Sample Preparation for NMR . ... 154
3.6.2. Qualitative Analyses: Molecular Structure Determination . . . .
3.6.3. Interpretation of Proton Spectra .... 161
3.64. "CNMR .... 173
3.6.5. 2DNMR .... 180
3.6.6. Qualitative Analyses: Other Applications .... 184
3.6.7. Quantitative Analyses .... 190
3.7. Hyphenated NMR Techniques .... /94
3.8. NMR Imaging and MRI . ... 195

155

Contents



Contents xi

3.9. Limitations of NMR . ... 200
Bibliography . ... 200
Spectral Databases . ... 201
Suggested Experiments . ... 202
Problems .... 203
4. Infrared SPectroSCOPY . ..o veveettternenseerroosnesssessonnnanss 213
4.1. Absorption of IR Radiation by Molecules . ... 2714
4.1.1. Dipole Moments in Molecules . ... 214
4.1.2. Types of Vibrations in Molecules .... 217
4.1.3. Vibrational Motion .... 219
4.2. IR Instrumentation .... 225
4.2.1. Radiation Sources .... 225
4.2.2.  Monochromators and Interferometers . ... 230
4.2.3. Detectors .... 236
4.2.4. Detector Response Time .... 241
4.3. Sampling Techniques . ... 242
4.3.1. Techniques for Transmission (Absorption) Measurements . ... 242
4.3.2. Background Correction in Transmission Measurements . ... 248
4.3.3. Techniques for Reflectance and Emission Measurements . ... 249
4.4. FTIR Microscopy . ... 254
4.5. Nondispersive IR Systems . ... 258
4.6. Analytical Applications of IR Spectroscopy . ... 259
4.6.1. Qualitative Analyses and Structural Determination by Mid-IR
Absorption Spectroscopy .... 261
4.6.2. Quantitative Analyses by IR Spectrometry . ... 281
4.7. Near IR Spectroscopy .... 285
4.7.1. Instrumentation .... 286
4.7.2. NIR Vibrational Bands and Spectral Interpretation .... 287
4.7.3. Sampling Techniques for NIR Spectroscopy .... 287
4.7.4. Applications of NIR Spectroscopy .... 288
4.8. Raman Spectroscopy .... 290
4.8.1. Principles of Raman Scattering . ... 291
4.8.2. Raman Instrumentation .... 293
4.8.3. Applications of Raman Spectroscopy .... 298
4.8.4. The Resonance Raman Effect .... 30/
4.8.5. Surface-Enhanced Raman Spectroscopy (SERS) .... 302
4.8.6. Raman Microscopy .... 302
4.9. Chemical Imaging Using NIR, IR, and
Raman Spectroscopy . ... 306
Bibliography . ... 308
Spectral Databases . ... 309
Suggested Experiments . ... 309
Problems .... 310
5. Visible and Ultraviolet Molecular Spectroscopy ..........ccoeeeeuiueen 317
5.1. Introduction .... 317
5.1.1.  Electronic Excitation in Molecules . ... 319
5.1.2.  Absorption by Molecules . ... 323

5.1.3.  Molar Absorptivity .... 325



xii Contents
5.1.4. The Shape of UV Absorption Curves .... 326
5.1.5. Solvents for UV/VIS Spectroscopy .... 328
5.2. Instrumentation .... 329
5.2.1. Optical System .... 329
5.2.2. Radiation Sources .... 330
5.2.3. Monochromators . ... 332
5.24. Detectors .... 333
5.2.5. Sample Holders .... 341
5.3. UV Absorption Spectra of Molecules . ... 345
5.3.1. Solvent Effects on UV Spectra . ... 345
5.4. UV Spectra and the Structure of Organic Molecules . ... 348
5.4.1. Conjugated Diene Systems .... 348
5.4.2. Conjugated Ketone Systems .... 352
5.4.3. Substitution of Benzene Rings .... 355
5.5. Analytical Applications . ... 356
5.5.1. Qualitative Structural Analysis .... 356
5.5.2. Quantitative Analysis .... 357
5.5.3. Multicomponent Determinations . ... 361
5.5.4. Other Applications .... 362
5.6. Accuracy and Precision in UV/VIS Absorption Spectrometry . ... 364
5.7. Nephelometry and Turbidimetry .... 364
5.8. Molecular Emission Spectrometry . ... 366
5.8.1. Fluorescence and Phosphorescence . ... 366
5.8.2. Relationship Between Fluorescence Intensity
and Concentration . ... 368
5.9. Instrumentation for Luminescence Measurements . ... 370
5.9.1. Wavelength Selection Devices . ... 371
5.9.2. Radiation Sources .... 371
5.9.3. Detectors .... 373
59.4. Sample Cells .... 373
5.10. Analytical Applications of Luminescence .... 374
5.10.1. Advantages of Fluorescence
and Phosphorescence . ... 376
5.10.2. Disadvantages of Fluorescence
and Phosphorescence . ... 376
Bibliography .... 377
Suggested Experiments . ... 378
Problems . ... 379
6. Atomic Absorption Spectrometry ...........ciitiiiiiiiirieanens 385
6.1. Absorption of Radiant Energy by Atoms .... 385
6.1.1. Spectral Linewidth .... 388
6.1.2. Degree of Radiant Energy Absorption .... 389
6.2. Instrumentation .... 389
6.2.1. Radiation Sources .... 390
6.2.2. Atomizers .... 393
6.2.3. Spectrometer Optics . ... 399
6.2.4. Detectors .... 401
6.2.5. Modulation .... 401
6.3. The Atomization Process . ... 402
6.3.1. Flame Atomization .... 402

6.3.2. Graphite Furnace Atomization .... 408



Contents

6.4. Interferences in AAS . ... 409
6.4.1. Nonspectral Interferences .... 410
6.4.2. Spectral Interferences .... 417
6.5. Analytical Applications of AAS . ... 424
6.5.1. Qualitative Analysis .... 424
6.5.2. Quantitative Analysis .... 425
6.5.3. Analysis of Samples .... 428
Bibliography .... 433
Suggested Experiments . ... 434
Problems . ... 436
Appendix 6.1 .... 438
Appendix 6.2 . ... 445
7. Atomic Emission Spectroscopy .......eevieeiiiiiieittciiitnnonns
7.1. Flame Atomic Emission Spectroscopy . ... 450
7.1.1. Instrumentation for Flame OES . ... 45/
7.1.2. Interferences .... 455
7.1.3. Analytical Applications of Flame OES . ... 458
7.2. Atomic Optical Emission Spectroscopy . ... 462
7.2.1. Instrumentation for Emission Spectroscopy .... 463
7.2.2. Interferences in Arc and Spark Emission Spectroscopy .... 476
7.2.3. Applications of Arc and Spark Emission Spectroscopy . ... 479
7.3. Plasma Emission Spectroscopy . ... 483
7.3.1. Instrumentation for Plasma Emission Spectrometry . ... 483
7.3.2. Interferences and Calibration in Plasma Emission Spectrometry . ... 497
7.3.3.  Applications of ICP and DCP Atomic Emission Spectroscopy . ... 503
7.3.4. Chemical Speciation with Hyphenated Instruments . ... 505
7.4. Glow Discharge Emission Spectrometry .... 506
7.4.1. DC and RF GD Sources .... 506
7.4.2. Applications of GD Atomic Emission Spectrometry .... 507
7.5. Particle Characterization Using a Helium MIP System .... 509
7.6. Atomic Fluorescence Spectrometry (AFS) .... 516
7.6.1. Instrumentation for AFS .... 517
7.6.2. Interferences in AFS .... 519
7.6.3. Applications of AFS .... 520
7.7. Commercial Atomic Emission Systems .... 521
7.7.1.  Arc and Spark Systems .... 521
7.7.2. ICP and DCP Systems .... 522
7.7.3. GD Systems .... 522
7.7.4. AFS Systems .... 522
7.8. Atomic Emission Literature and Resources . ... 522
7.9. Comparison of Atomic Spectroscopic and ICP-MS Techniques . ... 523
Bibliography .... 523
Suggested Experiments . ... 524
Problems .... 527
Appendix 7.1 .... 529
Appendix 7.2 . ... 531
8. X-Ray SPectrosCoPY .. ..vvttiieeernnnseeensseecetsssossossnns
8.1. Origin of X-Ray Spectra . ... 535

8.1.1. Energy Levels in Atoms .... 535

xiii



xiv Contents

8.1.2. Moseley’s Law .... 542
8.1.3. X-Ray Methods .... 542
8.2. Instrumentation . ... 547
8.2.1. X-Ray Source .... 548
8.2.2. Collimators .... 552
8.2.3. Filters .... 554
8.2.4. WDXREF Spectrometers .... 555
8.2.5. Sample Holders . ... 565
8.2.6. Simultaneous WDXRF Spectrometers . ... 568
8.2.7. EDXREF Spectrometers .... 568
8.3. Analytical Applications of X-Rays .... 572
8.3.1. X-Ray Absorption .... 573
8.3.2. X-Ray Diffraction .... 576
8.3.3. X-Ray Fluorescence (XRF) .... 585
8.3.4. Electron Probe Microanalysis . ... 593
Bibliography .... 594
Suggested Experiments . ... 595
Problems .... 597
Appendix 8.1 .... 602
Appendix 8.2 . ... 607
9. Mass Spectrometry I: Principles and Instrumentation ................
9.1. Principles of MS .... 613
9.1.1.  Resolving Power and Resolution of a Mass Spectrometer .... 619
9.2. Instrumentation . ... 620
9.2.1. Sample Input Systems .... 621
9.2.2. lonization Sources .... 622
9.2.3. Mass Analyzers .... 633
9.2.4. Detectors .... 644
Bibliography .... 648
Problems . ... 648

10. Mass Spectrometry II: Spectral Interpretation
and Applications ...........cciiiiiiiii it ittt ittt
10.1. Interpretation of Mass Spectra: Structural Determination of
Simple Molecules . ... 652
10.1.1. The Molecular Ion and Fragmentation Patterns . ... 654
10.1.2. The Nitrogen Rule .... 656
10.1.3. Molecular Formulae and Isotopic Abundances . ... 658
10.1.4. Compounds with Heteroatoms . ... 662
10.1.5. Halogen Isotopic Clusters .... 663
10.1.6. Rings Plus Double Bonds . ... 666
10.1.7. Common Mass Losses on Fragmentation .... 667
10.2. Mass Spectral Interpretation: Some Examples . ... 667
10.2.1. Mass Spectra of Hydrocarbons . ... 670
10.2.2. Mass Spectra of Other Organic Compound Classes . ... 676
10.2.3. Compounds Containing Heteroatoms . ... 684
10.3. Applications of Molecular MS . ... 687
10.3.1. High-Resolution Mass Spectrometry . ... 687
10.3.2. Quantitative Analysis of Compounds and Mixtures .... 689
10.3.3. Protein-Sequencing Analysis (Proteomics) . ... 691
10.3.4. Gas Analysis .... 692



Contents XV

10.3.5. Environmental Applications .... 693
10.3.6. Other Applications of Molecular MS . ... 693
10.3.7. Limitations of Molecular MS . ... 694
10.4. Atomic MS .... 694
10.4.1. Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) . ... 695
10.4.2. Applications of Atomic MS . ... 697
10.4.3. Interferences in Atomic MS . ... 704
10.4.4. Instrumental Approaches to Eliminating Interferences . ... 708
10.4.5. Limitations of Atomic MS .... 709
Bibliography .... 710
Problems . ... 711
Appendix 10.1 .... 719

11. Principles of Chromatography ............cciiiiiiiiiiinnnnenss 721
11.1. Introduction to Chromatography .... 721
11.2. What is the Chromatographic Process? . ... 722
11.3. Chromatography in More than One Dimension . ... 724
11.4. Visualization of the Chromatographic Process at the Molecular
Level: Analogy to ‘“People on a Moving Belt Slideway” . ... 725
11.5. A Digression on the Central Role of Silicon—Oxygen Compounds
in Chromatography .... 728
11.6. The Basic Equations Describing Chromatographic Separations . ... 731
11.7. How do Column Variables Affect Efficiency (Plate Height)? . ... 734
11.8. Practical Optimization of Chromatographic Separations . ... 736
11.9. Extra-Column Band Broadening Effects .... 737
11.10. Qualitative Chromatography—Analyte Identification . ... 739
11.11. Quantitative Measurements in Chromatography . ... 740
11.11.1. Peak Areas or Peak Heights—Which are Best? .... 740
11.11.2. Calibration with an External Standard . ... 74]
11.11.3. Calibration with an Internal Standard .... 742
11.12. Examples of Chromatographic Calculations . ... 743
Bibliography .... 746
Problems .... 746

12. Gas Chromatography ............c.ciiiiiiiiiiiinnnnnnnnnnnns 749
12.1. Historical Development of GC—the First
Chromatographic Instrumentation . ... 749
12.2. Advances in GC Leading to Present-Day Instrumentation . ... 750
12.3. GC Instrument Component Design (Injectors) . ... 753
12.3.1. Syringes .... 753
12.3.2. Autosamplers .... 753
12.3.3. Solid Phase Microextraction (SPME) . ... 754
12.3.4. Split Injections . ... 755
12.3.5. Splitless Injections . ... 755
12.4. GC Instrument Component Design (The Column) . ... 757
12.4.1. Column Stationary Phase .... 757
12.4.2. Selecting a Stationary Phase for an Application .... 760
12.4.3. Effects of Mobile Phase Choice and Flow Parameters .... 760
12.5. GC Instrument Operation (Column Dimensions and Elution Values) . ... 762
12.6. GC Instrument Operation (Column Temperature and Elution Values) . ... 765



xvi Contents

12.7. GC Instrument Component Design (Detectors) . ... 769
12.7.1. The Thermal Conductivity Detector (TCD) .... 771
12.7.2. Flame Ionization Detector (FID) .... 773
12.7.3. The Electron Capture Detector (ECD) .... 774
12.7.4. The Electrolytic Conductivity Detector (ELCD) .... 776
12.7.5. The Sulfur—Phosphorous Flame Photometric Detector (SP-FPD) .... 777
12.7.6. The Sulfur Chemiluminescence Detector (SCD) .... 777
12.7.7. The Nitrogen—Phosphorous Detector (NPD) . ... 777
12.7.8. The Photoionization Detector (PID) .... 778
12.7.9. The Helium Ionization Detector (HID) .... 779
12.7.10. The Atomic Emission Detector (AED) . ... 780
12.8. Hyphenated GC Techniques (GC-MS; GC-IR; GC-GC; or 2D-GC) .... 780
12.8.1. Gas Chromatography-Mass Spectrometry (GC-MS) .... 781
12.8.2. Gas Chromatography-IR Spectrometry (GC-IR) .... 784
12.8.3. Comprehensive 2D-Gas Chromatography (GC-GC or GC?) .... 785
12.9. Retention Indices (A Generalization of Relative R, Information) .... 786
12.10. The Scope of GC Analyses .... 788
12.10.1. GC Behavior of Organic Compound Classes .... 789
12.10.2. Derivitization of Difficult Analytes to Improve GC
Elution Behavior .... 789
12.10.3. Gas Analysis by GC .... 790
12.10.4. Limitations of Gas Chromatography .... 791
Bibliography .... 792
Problems .... 792
Appendix 12.1 .... 795

13. Chromatography with Liquid Mobile Phases ......................
13.1. High-Performance Liquid Chromatography (HPLC) .... 797
13.1.1. The HPLC Column and Stationary Phases .... 798

13.1.2. Effects on Separation of Composition of the Mobile Phase . ... 804
13.1.3. Design and Operation of an HPLC Instrument . ... 805
13.1.4. HPLC Detector Design and Operation . ... 809
13.1.5. Derivatization in HPLC .... 821
13.1.6. Hyphenated Techniques in HPLC . ... 824
13.1.7. Applications of HPLC .... 829

13.2. Chromatography of Ions Dissolved in Liquids . ... 835
13.2.1. Ion Chromatography .... 839

13.3. Affinity Chromatography .... 843

13.4. Size Exclusion Chromatography (SEC) . ... 845

13.5. Supercritical Fluid Chromatography (SFC) . ... 848
13.5.1. Operating Conditions . ... 848
13.5.2. Effect of Pressure .... 848
13.5.3. Stationary Phases .... 849
13.5.4. Mobile Phases .... 849
13.5.5. Detectors .... 849
13.5.6. SFC vs. Other Column Methods . ... 849
13.5.7. Applications .... 850

13.6. Electrophoresis . ... 850
13.6.1. Capillary Zone Electrophoresis (CZE) . ... 851
13.6.2. Sample Injection in CZE .... 857
13.6.3. Detection in CZE .... 858
13.6.4. Modes of CE .... 859
13.6.5. Capillary Electrochromatography (CEC) .... 863



Contents xvii

13.7. Planar Chromatography and Planar Electrophoresis . ... 866
13.7.1. Thin Layer Chromatography (TLC) .... 866
13.7.2. Planar Capillary Electrophoresis on Slab Gels .... 869
Bibliography .... 871
Problems and Exercises . ... 871
Appendix 13.1 .... 875
14. Surface Analysis ........ciiiiiiiiiiiiiiiiiiiietntnnnnnnnnnns 877
14.1. Introduction . ... 877
14.2. Electron Spectroscopy Techniques . ... 879
14.2.1. Electron Spectroscopy for Chemical Analysis (ESCA) or X-ray
Photoelectron Spectroscopy (XPS) . ... 880
14.2.2.  Auger Electron Spectroscopy (AES) .... 897
14.3. Ton Scattering Spectroscopy . ... 906
14.4. Secondary Ion Mass Spectrometry (SIMS) . ... 908
14.4.1. Instrumentation for SIMS .... 909
14.4.2. Analytical Applications of SIMS . ... 911
14.5. Electron Microprobe (Electron Probe Microanalysis) . ... 914
Bibliography .... 915
Problems .... 916
15. Electroanalytical Chemistry .............iiiiiiiiininnennnnnnss 919
15.1. Fundamentals of Electrochemistry . ... 920
15.2. Electrochemical Cells . ... 921
15.2.1. Line Notation for Cells and Half-Cells .... 924
15.2.2. Standard Reduction Potentials . ... 925
15.2.3. Sign Conventions .... 928
15.2.4. The Nernst Equation .... 928
15.2.5. Activity Series .... 930
15.2.6. Reference Electrodes .... 93/
15.2.7. The Electrical Double Layer .... 933
15.3. Electroanalytical Methods . ... 934
15.3.1. Potentiometry .... 935
15.3.2. Coulometry .... 961
15.3.3. Conductometric Analysis .... 969
15.3.4. Polarography .... 976
15.3.5. Voltammetry .... 989
15.4. LC Detectors .... 994
15.4.1. Voltammetric Detection . ... 994
15.4.2. Conductometric Detection .... 995
Bibliography .... 997
Suggested Experiments . ... 998
Problems . ... 999
Appendix 15.1 .... 1001
16. Thermal Analysis .........cciiiiiiiiiiiiiiiieritinnnnnnnnnns 1003
16.1. Thermogravimetry .... 1004
16.1.1. TGA Instrumentation .... 1007
16.1.2. Analytical Applications of Thermogravimetry .... 1010
16.1.3. Derivative Thermogravimetry . ... 1017

16.1.4. Sources of Error in Thermogravimetry . ... 1019



xviii
16.2. Differential Thermal Analysis . ... 1020
16.2.1. DTA Instrumentation .... 1021
16.2.2. Analytical Applications of DTA .... 1023
16.3. Differential Scanning Calorimetry . ... 1026
16.3.1. DSC Instrumentation .... 1026
16.3.2. Applications of DSC .... 1028
16.4. Hyphenated Techniques . ... 1031
16.4.1. Hyphenated Thermal Methods . ... 1031
16.4.2. Evolved Gas Analysis .... 1031
16.5. Thermometric Titrimetry . ... 1036
16.5.1. Applications of Thermometric Titrimetry .... 1037
16.6. Direct Injection Enthalpimetry . ... 1038
16.7. Thermomechanical Analysis and Dynamic Mechanical Analysis . . ..
16.7.1. Instrumentation .... 1040
16.7.2. Applications of TMA and DMA .... 1043
16.8. Summary .... 1048
Bibliography .... 1049
Suggested Experiments . ... 1049
Problems .... 1050

Acronyms Index
Index

Contents

1039



About the Authors

JAMES W. ROBINSON is Professor Emeritus of Chemistry, Louisiana State University,
Baton Rouge, Louisiana. A Fellow of the Royal Chemical Society, he is the author of over
200 professional papers and book chapters and several books including Atomic Absorption
Spectroscopy and Atomic Spectroscopy. He was Executive Editor of Spectroscopy Letters
and the Journal of Environmental Science and Health (both titles, Marcel Dekker, Inc.)
and the Handbook of Spectroscopy and the Practical Handbook of Spectroscopy (both
titles, CRC Press). He received the B.Sc. (1949), Ph.D. (1952), and D.Sc. (1978)
degrees from the University of Birmingham, England.

EILEEN M. SKELLY FRAME is Clinical Assistant Professor and Visiting Research
Professor, Rensselaer Polytechnic Institute, Troy, New York. Dr. Skelly Frame has exten-
sive practical experience in the use of instrumental analysis to characterize a wide variety
of substances, from biological samples and cosmetics to high temperature superconduc-
tors, polymers, metals, and alloys. Her industrial career includes supervisory roles at
GE Corporate Research and Development, Stauffer Chemical Corporate R&D, and the
Research Triangle Institute. She is a member of the American Chemical Society, the
Society for Applied Spectroscopy, and the American Society for Testing and Materials.
Dr. Skelly Frame received the B.S. degree in chemistry from Drexel University,
Philadelphia, Pennsylvania, and the Ph.D. in analytical chemistry from Louisiana State
University, Baton Rouge.

GEORGE M. FRAME 1I is Scientific Director, Chemical Biomonitoring Section of the
Wadsworth Laboratory, New York State Department of Health, Albany. He has a wide
range of experience in the field and has worked at the GE Corporate R&D Center,
Pfizer Central Research, the U.S. Coast Guard R&D Center, the Maine Medical Center,
and the USAF Biomedical Sciences Corps. He is an American Chemical Society
member. Dr. Frame received the B.A. degree in chemistry from Harvard College,
Cambridge, Massachusetts, and the Ph.D. degree in analytical chemistry from Rutgers
University, New Brunswick, New Jersey.

xix






1

Concepts of Instrumental Analytical
Chemistry

1.1. INTRODUCTION: WHAT IS ANALYTICAL CHEMISTRY?

Perhaps the most functional definition of analytical chemistry is that it is “the qualitative
and quantitative characterization of matter”. The word “characterization” is used in a
very broad sense. It may mean the identification of the chemical compounds or elements
present in a sample to answer questions such as “Is there any vitamin E in this shampoo
as indicated on the label?” or “Is this white tablet an aspirin tablet?” or “Is this piece of
metal iron or nickel?” This type of characterization, to tell us what is present is called
qualitative analysis. Qualitative analysis is the identification of one or more chemical
species present in a material. Characterization may also mean the determination of
how much of a particular compound or element is present in a sample, to answer ques-
tions such as “How much acetylsalicylic acid is in this aspirin tablet?” or “How much
nickel is in this steel?” This determination of how much of a species is present in a
sample is called quantitative analysis. Quantitative analysis is the determination of
the exact amount of a chemical species present in a sample. The chemical species
may be an element, compound, or ion. The compound may be organic or inorganic.
Characterization can refer to the entire sample (bulk analysis), such as the elemental
composition of a piece of steel, or to the surface of a sample (surface analysis), such
as the identification of the composition and thickness of the oxide layer that forms on
the surface of most metals exposed to air and water. The characterization of a material
may go beyond chemical analysis to include structural determination of materials, the
measurement of physical properties of a material, and the measurement of physical
chemistry parameters like reaction kinetics. Examples of such measurements are the
degree to which a polymer is crystalline as opposed to amorphous, the temperature at
which a material loses its water of hydration, how long it takes for antacid “Brand A”
to neutralize stomach acid, and how fast a pesticide degrades in sunlight. These
diverse applications make analytical chemistry one of the broadest in scope of all scien-
tific disciplines. Analytical chemistry is critical to our understanding of biochemistry,
medicinal chemistry, geochemistry, environmental science, atmospheric chemistry, the
behavior of materials such as polymers, metal alloys, and ceramics, and many other
scientific disciplines.

For many years, analytical chemistry relied on chemical reactions to identify and
determine the components present in a sample. These types of classical methods, often
called “wet chemical methods”, usually required that a part of the sample be taken, dis-
solved in a suitable solvent if necessary and the desired reaction carried out. The most

1
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important analytical fields based on this approach were volumetric and gravimetric
analyses. Acid—base titrations, oxidation—reduction titrations, and gravimetric determi-
nations, such as the determination of silver by precipitation as silver chloride are all
examples of wet chemical analyses. These types of analyses require a high degree of
skill and attention to detail on the part of the analyst if accurate and precise results are
to be obtained. They are also time consuming and the demands of today’s high-throughput
pharmaceutical development labs and industrial quality control labs often do not permit
the use of such time-consuming methods for routine analysis. In addition, it may be
necessary to analyze samples without destroying them. Examples include evaluation of
valuable artwork to determine if a painting is really by a famous “Old Master” or is a
modern forgery, as well as in forensic analysis, where the evidence may need to be pre-
served. For these types of analyses, nondestructive analysis methods are needed, and
wet chemical analysis will not do the job. Wet chemical analysis is still used in specialized
areas of analysis, but many of the volumetric methods have been transferred to automated
instruments. Classical analysis and instrumental analysis are similar in many respects,
such as in the need for proper sampling, sample preparation, assessment of accuracy
and precision, and proper record keeping. Some of the topics discussed briefly in this
chapter are covered at greater length in more general texts on analytical chemistry and
quantitative analysis. Several of these types of texts are listed in the bibliography.

Most analyses today are carried out with specially designed electronic instruments
controlled by computers. These instruments make use of the interaction of electromagnetic
radiation and matter, or of some physical property of matter, to characterize the sample
being analyzed. Often these instruments have automated sample introduction, automated
data processing, and even automated sample preparation. To understand how the instru-
mentation operates and what information it can provide requires knowledge of chemistry,
physics, mathematics, and engineering. The fundamentals of common analytical instru-
ments and how measurements are performed with these instruments are the subjects of
the following chapters on specific instrumental techniques. The analytical chemist must
not only know and understand analytical chemistry and instrumentation, but must also
be able to serve as a problem solver to colleagues in other scientific areas. This means
that the analytical chemist may need to understand materials science, metallurgy,
biology, pharmacology, agricultural science, food science, geology, and other fields.
The field of analytical chemistry is advancing rapidly. To keep up with the advances,
the analytical chemist must understand the fundamentals of common analytical tech-
niques, their capabilities, and their shortcomings. The analytical chemist must understand
the problem to be solved, select the appropriate technique or techniques to use, design the
analytical experiment to provide relevant data, and ensure that the data obtained are valid.
Merely providing data to other scientists is not enough; the analytical chemist must be able
to interpret the data, and communicate the meaning of the results, together with the accu-
racy and precision (the reliability) of the data, to scientists who will use the data. In
addition to understanding the scientific problem, the modern analytical chemist often
must also consider factors such as time limitations and cost limitations in providing an
analysis. Whether one is working for a government regulatory agency, a hospital,
a private company, or a university, analytical data must be legally defensible. It must
be of known, documented quality. Record keeping, especially computer record keeping,
assessing accuracy and precision, statistical handling of data, documenting, and ensuring
that the data meet the applicable technical standards are especially critical aspects of the
job of modern analytical chemists.

Analytical chemistry uses many specialized terms that may be new to you. The
definitions of the terms, usually shown in boldface, must be learned. The units used in this
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text are, for the most part, the units of the Systeme International d’Unités (SI system). The
SI system is used around the world by scientists and engineers. The tables inside the text-
book covers give the primary units of measurement in the SI system. A comprehensive list
of ST units, SI derived units and definitions, as well as non-SI units may be found at the US
National Institute for Standards and Technology website at http: //physics.nist.gov.

Many analytical results are expressed as the concentration of the measured
substance in a certain amount of sample. The measured substance is called the analyte.
Commonly used concentration units include molarity (moles of substance per liter of
solution), weight percent (grams of substance per gram of sample x 100%), and units for
trace levels of substances. One part per million (ppm) by weight is one microgram of
analyte in a gram of sample, that is, 1 x 10~ °® g analyte /g sample. One part per billion
(ppb) by weight is one nanogram of element in a gram of sample or 1 x 107" g
analyte/g sample. For many elements, the technique known as inductively coupled
plasma mass spectrometry (ICP-MS), can detect parts per trillion of the element, that
is, picograms of element per gram of sample (1 x 10~ g analyte/g sample). To give
you a feeling for these quantities, a million seconds is ~12 days (11.57 days, to be
exact). One part per million in units of seconds would be one second in 12 days. A part
per billion in units of seconds would be 1 s in ~32 years, and one part per trillion is
one second in 32,000 years. Today, lawmakers set environmental levels of allowed chemi-
cals in air and water based on measurements of compounds and elements at part per trillion
levels because instrumental methods can detect part per trillion levels of analytes. It is the
analytical chemist who is responsible for generating the data that these lawmakers rely on.
A table of commonly encountered constants, multiplication factors, and their prefixes is
found inside the textbook cover. The student should become familiar with these prefixes,
since they will be used throughout the text.

1.2. THE ANALYTICAL APPROACH

A major personal care products manufacturer receives a phone call from an outraged cus-
tomer whose hair has turned green after using their “new, improved shampoo”. The US
Coast Guard arrives at the scene of an oil spill in a harbor and finds two ship captains
blaming each other for the spill. A plastics company that sells bottles to a water
company bottling “pure crystal clear spring water” discovers that the 100,000 new
empty bottles it is ready to ship are slightly yellow in color instead of crystal clear. A
new, contagious disease breaks out and people are dying of flu-like symptoms. What
caused the problem? How can it be prevented in the future? Who is at fault? Can a
vaccine or drug treatment be developed quickly? These sorts of problems and many
more occur daily around the world, in industry, in medicine, and in the environment. A
key figure in the solution of these types of problems is the analytical chemist. The analyti-
cal chemist is first and foremost a problem solver and to do that, must understand the
analytical approach, the fundamentals of common analytical techniques, their uses, and
their limitations.

The approach used by analytical chemists to solve problems may include the follow-
ing steps:

Defining the problem and designing the analytical method
Sampling and sample storage

Sample preparation

Performing the measurement

bl
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5. Assessing the data
6. Method validation
7. Documentation

General sample preparation will be discussed in this chapter, but instrument-specific
sample preparation is included in the appropriate chapter on each technique. Method vali-
dation and documentation will not be covered as the focus of this text is on instrumentation.
The text by Christian cited in the bibliography has an excellent introduction to validation and
documentation for the interested student.

Although the steps in solving analytical problems usually follow the order listed
above, knowledge of basic statistics is useful not just for handling the data and method
validation but is required for proper sampling and selection of an analytical method.
The statistics and definitions needed to understand what is meant by accuracy, precision,
error, and so on are covered in Section 1.3. Students not familiar with these terms and
concepts may want to read Section 1.3 at this point. Steps (1) and (2) are covered in
this section, while steps (3) through (5) are discussed in the sections following Section 1.3.

1.2.1. Defining the Problem

The analytical chemist must find out what information needs to be known about the
sample, material, or process being studied, how accurate and precise the analytical infor-
mation must be, how much material or sample is available for study, and if the sample
must be analyzed without destroying it. Is the sample organic or inorganic? Is it a pure
material or a mixture? Does the customer want a bulk analysis or information about a par-
ticular fraction of the sample, such as the surface? Does the customer need to know if the
sample is homogeneous or heterogeneous with respect to a given analyte? Does the cus-
tomer need elemental information or information about the chemical species (ionic or mol-
ecular, particular oxidation states) present in the sample? The answers to such questions
will guide the analyst in choosing the analytical method. Of course, sometimes the
answers to some of the questions may be part of the problem. If the sample is an
unknown material, the analyst must find out if it is organic or inorganic, pure or a
mixture, as part of solving the problem. The analyte is the substance to be measured;
everything else in the sample is called the matrix. Of course, there may be more than
one analyte in a given sample. The terms analysis and analyze are applied to the
sample under study, as in “this water was analyzed for nitrate ion” or “an analysis of
the contaminated soil was performed”. Water and soil are the samples being analyzed.
The terms determine and determination are applied to the measurement of the analyte
in the sample, as in “nitrate ion was determined in the water sample”, “a determination
of lead in blood was made because the symptoms indicated lead poisoning”, or “an analy-
sis of the soil was performed and cyanide levels were determined”. Nitrate ion, lead, and
cyanide are the analytes being determined. Other components in the sample matrix may
interfere with the measurement of the analyte; such components are called interferences.

A sample may be homogeneous, that is, it has the same chemical composition
everywhere within the sample. Plain vanilla pudding, a pure milk chocolate bar, and
salt water are examples of homogeneous materials. Many samples are heterogeneous;
the composition varies from region to region within the sample. Vanilla pudding with
raisins in it and a chocolate bar with whole almonds in it are heterogeneous; you can
see the composition difference. In most real samples, the heterogeneity may not be
visible to the human eye. The variation in composition can be random or it can be
segregated into regions of distinctly different compositions.
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A significant part of defining the problem is the decision between performing a
qualitative analysis and a quantitative analysis. Often the problem is first tackled with
a qualitative analysis, followed by a quantitative analysis for specific analytes. The
analyst needs to communicate with the customer who is requesting the analysis. Two-
way communication is important, to be certain that the problem to be solved is understood
and to be sure that the customer understands the capabilities and limitations of the
analysis.

1.2.1.1. Qualitative Analysis

Qualitative analysis is the branch of analytical chemistry that is concerned with questions
such as “What makes this water smell bad?”, “Is there gold in this rock sample?”, “Is this
sparkling stone a diamond or cubic zirconia?”, “Is this plastic item made of polyvinyl
chloride, polyethylene or polycarbonate?”, or “What is this white powder?”

Some methods for qualitative analysis are nondestructive, that is, they provide
information about what is in the sample without destroying the sample. These are often
the best techniques to begin with, because the sample can be used for subsequent
analyses if necessary. To identify what elements are present in a sample nondestructively,
a qualitative elemental analysis method such as X-ray fluorescence spectroscopy (XRF)
can be used. Modern XRF instruments, discussed in Chapter 8, can identify all elements
from sodium to uranium, and some instruments can measure elements from beryllium
to uranium. The sample is usually not harmed by XRF analysis. For example, XRF could
easily distinguish a diamond from cubic zirconia. Diamond is, of course, a crystalline form
of carbon; most XRF instruments would see no elemental signal from the carbon in a
diamond but would see a strong signal from the element zirconium in cubic zirconia, a
crystalline compound of zirconium and oxygen. Qualitative molecular analysis will tell
us what molecules are present in a material. The nondestructive identification of molecular
compounds present in a sample can often be accomplished by the use of nuclear magnetic
resonance (NMR) spectroscopy, discussed in Chapter 3, or by infrared (IR) spectroscopy,
discussed in Chapter 4. IR spectroscopy can provide information about organic functional
groups present in samples, such as alcohols, ketones, carboxylic acids, amines, thioethers,
and many others. If the sample is a pure compound such as acetylsalicylic acid (the active
ingredient in aspirin), the IR spectrum may be able to identify the compound exactly,
because the IR spectrum for a compound is unique, like a fingerprint. Qualitative identi-
fication of polymers for recycling can be done using IR spectroscopy, for example. NMR
gives us detailed information about the types of protons, carbon, and other atoms in
organic compounds and how the atoms are connected. NMR can provide the chemical
structure of a compound without destroying it.

Many methods used for qualitative analysis are destructive, that is, the sample is
consumed during the analysis or must be chemically altered in order to be analyzed.
The most sensitive and comprehensive elemental analysis methods for inorganic analysis
are inductively coupled plasma atomic emission spectrometry (ICP-OES or ICP-AES),
discussed in Chapter 7, and ICP-MS, discussed in Chapters 9 and 10. These techniques
can identify almost all the elements in the periodic table, even when only trace amounts
are present, but often require that the sample be in the form of a solution. If the sample
is a rock or a piece of glass or a piece of biological tissue, the sample usually must be
dissolved in some way to provide a solution for analysis. We will see how this is done
later in the chapter. The analyst can determine accurately what elements are present,
but information about the molecules in the sample is often lost in the sample preparation
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process. The advantage of ICP-OES and ICP-MS is that they are very sensitive; concen-
trations at or below 1 ppb of most elements can be detected using these methods.

If the sample is organic, that is, composed primarily of carbon and hydrogen, quali-
tative analysis can provide chemical and structural information to permit identification of
the compound. The IR spectrum will provide identification of the class of compound, for
example, ketone, acid, ether, and so on. NMR spectroscopy and mass spectrometry (MS),
as we shall see in the appropriate chapters, provide detailed structural information, often
including the molecular weight of the compound. Use of IR, NMR, and MS, combined
with quantitative elemental analysis to accurately determine the percentage of carbon,
hydrogen, oxygen, and other elements, is the usual process by which analytical chemists
identify organic compounds. This approach is required to identify new compounds syn-
thesized by pharmaceutical chemists, for example. In a simple example, elemental analy-
sis of an unknown organic compound might provide an empirical formula of C,Hs. An
empirical formula is the simplest whole number ratio of the atoms of each element present
in a molecule. For any given compound, the empirical formula may or may not coincide
with the molecular formula. A molecular formula contains the total number of atoms of
each element in a single molecule of the compound. The results from IR, NMR, and MS
might lead the analytical chemist to the molecular formula, C4H;q, and would indicate
which of the two different structures shown below was our sample.

H
|
CH;-CH,-CH,-CH;, H;C—C—CH;
|
CH;
n-butane 2-methyl-propane ( or iso-butane)

These two structures are two different compounds with the same molecular formula. They
are called isomers. Elemental analysis cannot distinguish between these isomers, but
NMR and MS usually can distinguish isomers. Another example of a more difficult quali-
tative analysis problem is the case of the simple sugar, erythrose. The empirical formula
determined by elemental analysis is CH,O. The molecular formula, C;HgO,, and some of
the structure can be obtained from IR, NMR, and MS, but we cannot tell from these tech-
niques which of the two possible isomers shown in Fig. 1.1 is our sample.

Mirror Plane
!

CHO CHO
H—C—OH HO—C—H
H—C—OH HO—C—H

CH,0H CH,0OH

D-(-)-Erythrose L-(+)-Erythrose

Figure 1.1 Isomers of erythrose.
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These two erythrose molecules are chiral, that is, they are nonsuperimposable
mirror-image isomers, called enantiomers. (Imagine sliding the molecule on the left
in the plane of the paper, through the “mirror plane” indicated by the arrow, over the
molecule on the right. The OH groups will not be on top of each other. Imagine turning
the left molecule in the plane of the paper upside down and then sliding it to the right;
now the OH groups are lined up, but the CHO and CH,OH groups are not. That is what
is meant by nonsuperimposable. You can do whatever you like to the two molecules
except remove them from the plane of paper; no matter how you move them, they will
not be superimposable.) They have the same molecular formula, C;HgO,, the same IR
spectrum, the same mass spectrum, and the same NMR spectrum, and many of the
same physical properties such as boiling point and refractive index. Such chiral com-
pounds can be distinguished from each other by interaction with something else that pos-
sesses chirality or by interaction with plane-polarized light. Chiral compounds will
interact differently with other chiral molecules, and this interaction forms the basis of
chiral chromatography. Chiral chromatography (Chapter 13) can be used to separate the
two erythrose compounds shown. Chiral compounds also differ in their behavior toward
plane-polarized light, and the technique of polarimetry can be used to distinguish them.
One of the erythrose enantiomers rotates plane-polarized light to the right (clockwise);
this compound is dextrorotatory, and is given the symbol (4) as part of its name. The
other enantiomer rotates the plane of polarization to the left (counterclockwise); this com-
pound is levorotatory, and is given the symbol (—) in its name. Such compounds are said
to be optically active. Chiral compounds are very important because biochemical reactions
are selective for only one of the two structures and only one of the two enantiomers is bio-
logically active. Biochemists, pharmaceutical chemists, and medicinal chemists are very
interested in the identification, synthesis, and separation of only the biologically active
compound. The letters D and L in the name of the sugar refer to the position of the
alcohol group on the carbon closest to the bottom primary alcohol. There is no relationship
between the D and L configuration and the direction of rotation of plane polarized light.
Figure 1.2 shows the simplest sugar, glyceraldehyde. It also has two enantiomers, one
D and one L, but the D enantiomer of glyceraldehyde rotates light in the opposite direction
from D-erythrose.

If organic compounds occur in mixtures, separation of the mixture often must
be done before the individual components can be identified. Techniques such as gas
chromatography, liquid chromatography, and capillary electrophoresis are often used to
separate mixtures of organic compounds prior to identification of the components.
These methods are discussed in Chapters 11-13.

Table 1.1 list some common commercially available instrumental methods of analysis
and summarizes their usefulness for qualitative elemental or molecular analysis. Table 1.2

Mirror Plane
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CHO CHO
H—(l,—OH HO—C—H
CH,OH CH,OH
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Figure 1.2 Enantiomers of glyceraldehyde.
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Table 1.1 Instrumental Methods of Analysis

Qualitative Quantitative
Method Elemental Molecular Elemental Molecular
Atomic absorption spectrometry No No Yes No
Atomic emission spectrometry Yes No Yes No
Capillary electrophoresis Yes Yes Yes Yes
Electrochemistry Yes Yes Yes Yes
Gas chromatography No Yes No Yes
ICP-mass spectrometry Yes No Yes No
Infrared spectroscopy No Yes No Yes
Ion chromatography Yes Yes Yes Yes
Liquid chromatography No Yes No Yes
Mass spectrometry Yes Yes Yes Yes
Nuclear magnetic resonance No Yes No Yes
Raman spectroscopy No Yes No Yes
Thermal analysis No Yes No Yes
UV/VIS spectrophotometry Yes Yes Yes Yes
UV absorption No Yes No Yes
UV fluorescence No Yes No Yes
X-ray absorption Yes No Yes No
X-ray diffraction No Yes No Yes
X-ray fluorescence Yes No Yes No

gives a very brief summary of the use of the methods. Analyte concentrations that can be
determined by common methods of instrumental analysis are presented in Table 1.3. The
concentration of analyte that can be determined in real samples will depend on the
sample and on the instrument, but Table 1.3 gives some indication of the sensitivity and
working range of methods.

1.2.1.2.  Quantitative Analysis

When qualitative analysis is completed, the next question is often “How much of each or
any component is present?” or “Exactly how much gold is this rock?” or “How much of
the organochlorine pesticide dieldrin is in this drinking water?”” The determination of how
much is quantitative analysis. Analytical chemists express how much in a variety of ways,
but often in terms of concentration, the amount of analyte in a given amount of sample.
Concentration is an expression of the quantity of analyte in a given volume or mass of
sample. Common concentration units include molarity, defined as moles of analyte
per liter of sample and symbolized by M or mol/L; percent by weight, defined as
grams of analyte per gram of sample x 100%, symbolized as % or %w/w; parts per
million, defined as micrograms of analyte per gram of sample (ppm, pg/g); and others.
For dilute aqueous solutions, one milliliter of solution has a mass of one gram (because
the density of water is 1 g/mL), so solution concentrations are often expressed in terms
of volume. A part per million of analyte in dilute aqueous solution is equal to one micro-
gram per milliliter of solution (pg/mL), for example.

The first quantitative analytical fields to be developed were for quantitative elemen-
tal analysis, which revealed how much of each element was present in a sample. These
early techniques were not instrumental methods, for the most part, but relied on
chemical reactions, physical separations, and weighing of products (gravimetry), titrations
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Table 1.2 Principal Applications of Instrumental Methods of Analysis

Molecular Analysis

Nuclear magnetic resonance spectroscopy (NMR)

Qualitative analysis: NMR is one of the most powerful methods available for determining the
structure of molecules. It identifies the number and type of protons and carbon atoms in organic
molecules, e.g., distinguishes among aromatic, aliphatic, alcohols, aldehydes, etc. Most
importantly, it also reveals the positions of the nuclei in the molecule relative to each other. For
example, NMR will distinguish between CH;—CH,—CH,0OH and CH;—CHOH—CHj3;. It does
not provide the molecular weight of the compound. NMR is also applied to compounds containing
heteroatoms such as sulfur, nitrogen, fluorine, phosphorus, and silicon.

Quantitative analysis: NMR is useful at % concentration levels, but trace levels (ppm) are becoming
attainable with reasonable accuracy.

Infrared spectroscopy (IR) and Raman spectroscopy

Qualitative analysis: IR readily identifies organic functional groups present in molecules including
groups containing heteroatoms—O, S, N, Si, halides. The IR spectrum is a fingerprint for a given
compound, making it a very useful qualitative method. IR spectroscopy cannot be done on
aqueous solutions. It does not give the molecular weight of the compound or structural
information. Raman spectroscopy complements IR spectroscopy and is useful for aqueous
samples.

Quantitative analysis: IR is used routinely for the quantitative analysis of organic compounds,
particularly at % concentration levels. It is used mostly for liquid samples. The related field of
Raman spectroscopy complements IR. Application of IR spectroscopy to gas samples is limited by
lack of sensitivity.

Ultraviolet (UV) absorption spectroscopy
Qualitative analysis: UV absorption can be used for identifying functional groups and the structures
of molecules containing unsaturated bonds (7 electrons), such as

H H H H
N Ll
C=C—C=C
/ AN
H H

and aromatics and lone-pair electrons, such as those in pyridine:

4

N\

N

lone pair

It does not indicate molecular weight or give useful information on saturated bonds (o bonds).
NMR and IR have almost entirely replaced UV absorption spectroscopy for organic compound
identification.

Quantitative analysis: UV absorption is used routinely for the quantitative determination of
unsaturated compounds such as those found in natural products. The method is subject to spectral
overlap and therefore interference from other compounds in the sample.

UV fluorescence

Qualitative analysis: UV fluorescence is used for the determination of unsaturated compounds,
particularly aromatics. It does not indicate molecular weight, but gives some indication of the
functional groups present. It is much more sensitive than UV absorption.

(continued)
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Table 1.2 Continued

Quantitative analysis: UV fluorescence is a very sensitive method of analysis (10 g /g or 10 ppb),
but it is subject to many kinds of interference, both from quenching effects and from spectral
overlap from other compounds.

UV and visible (UV/VIS) spectrophotometry

Qualitative analysis: Organic or inorganic reagents are used for specific tests for many elements or
compounds by forming a compound that absorbs at specific wavelengths. The products may or
may not be colored. If the compounds are colored, analysis may be carried out visually
(colorimetric analysis by eye) but use of a spectrometer is more accurate.

Quantitative analysis: Sensitive and selective methods have been developed for most elements and
many functional groups. It is used extensively in routine analysis of water, food, beverages,
industrial products, etc.

X-ray diffraction (XRD)

Qualitative analysis: XRD is used for the measurement of crystal lattice dimensions and to identify
the structure and composition of all types of crystalline inorganic and organic materials.

Quantitative analysis: XRD is used for the determination of percent crystallinity in polymers, the
composition of mixtures, mixed crystals, soils, and natural products.

X-ray absorption spectroscopy

Qualitative analysis: X-ray absorption reveals the contours and location of high atomic weight elements
in the presence of low atomic weight matrixes or holes in the interior of solid samples (voids).
Examples are bone locations in the human body, the contents of closed suitcases, old paintings hidden
under new painting on a canvas, and voids in welded joints and opaque solid objects.

Organic mass spectrometry (MS)

Qualitative analysis: MS can be used to identify the molecular weight of organic and inorganic
compounds, from very small molecules to large polymers and biological molecules
(>100,000 Da). MS is a powerful tool in the determination of the structure of organic compounds.
Fragmentation patterns can reveal the presence of substructure units within the molecule.

Quantitative analysis: MS is used extensively for the quantitative determination of the organic
components of liquid and gas samples. Solid samples can be analyzed using laser ablation.

Thermal analysis (TA)

Qualitative analysis: TA is used to identify inorganic and some organic compounds using very small
quantities of sample. It is also used to identify phase changes, chemical changes on heating, heats
of fusion, melting points, boiling points, drying processes, decomposition processes, and the
purity of compounds.

Quantitative analysis: Thermal analysis can be used for the quantitative determination of the
components of an inorganic sample, particularly at high concentration levels.

Gas chromatography (GC)

Qualitative analysis: GC can be used to separate the components of complex mixtures of gases or of
volatile compounds. By comparison with known standards, it can identify components based on
retention time.

Quantitative analysis: Gas chromatography is an accurate method for quantitative analysis based on
the area of the peak and comparison with standards. It is used extensively in organic, environmental,
clinical and industrial analysis. GC with MS detection (GC-MS) is a routine and powerful tool for
quantitative analysis of organic compounds in environmental and biological samples.

Liquid chromatography (LC, HPLC)

Qualitative analysis: LC is used for the identification of components of liquid mixtures, including
polar compounds, ions, high molecular weight components and thermally unstable compounds.
Identification is based on retention time and comparison with standards.

(continued)
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Table 1.2 Continued

Quantitative analysis: LC is used for the quantitative determination of components in mixtures,
especially for high molecular weight or thermally unstable compounds. It is particularly useful for
separating complicated mixtures such as natural products derived from plants or animals and
biological samples such as urine and blood. Ion chromatography is used routinely in water
analysis. LC with MS detection (LC-MS) is a routine and powerful tool for quantitative analysis of
organic compounds in environmental and biological samples.

Capillary electrophoresis (CE)

Qualitative analysis: Used for the separation and identification of ions and neutral molecules in
mixtures. Can be used for ions in aqueous solution and for organic ions.

Quantitative analysis: Quantitative determination of ions can be accomplished following separation,
as in IC and LC.

Elemental Analysis

Atomic emission spectrometry (AES, OES)

Qualitative analysis: AES is an almost comprehensive methods for qualitative elemental analysis for
metals, metalloids, and nonmetals with the exception of some of the permanent gases. Its sensitivity
range is great, varying from parts per billion to percent levels. Many elements can be detected
simultaneously. Spectral overlap is the major limitation.

Quantitative analysis: AES is used extensively for the quantitative determination of elements in
concentrations from % levels down to ppb. Liquids, slurries, and solids can be analyzed using
the appropriate atomization source.

Flame photometry (flame atomic emission spectrometry)

Qualitative analysis: Flame photometry is particularly useful for the determination of alkali
metals and alkaline-earth metals. It provides the basis for flame tests used in qualitative
analysis schemes.

Quantitative analysis: Flame photometry is used for the quantitative determination of alkaline metals
and alkaline-earth metals in blood, serum, and urine in clinical laboratories. It provides much
simpler spectra than those found in other types of atomic emission spectrometry, but its sensitivity
is much reduced.

Atomic absorption spectrometry

Qualitative analysis: Atomic absorption spectrometry is not used routinely for qualitative analysis,
since with most instruments it is only possible to test for one element at a time.

Quantitative analysis: Atomic absorption spectrometry is a very accurate and sensitive method for
the quantitative determination of metals and metalloids down to absolute amounts as low as
picograms for some elements. It cannot be used directly for the determination of nonmetals.

X-ray fluorescence (XRF)

Qualitative analysis: X-ray fluorescence is useful for elements with atomic numbers greater than 4,
including metals and nonmetals. For qualitative analysis, no sample preparation is required and
the method is generally nondestructive.

Quantitative analysis: XRF is used extensively for quantitative determination of elements in alloys
and mineral samples, particularly of elements with high atomic weights. Sample preparation is
complex for quantitative analysis.

Inorganic mass spectrometry (MS)

Qualitative analysis: Inorganic MS can identify elements, isotopes and polyatomic ions in solutions
and solid samples.

Quantitative analysis: Inorganic MS can determine elements at ppt concentrations or below.
Inorganic MS is used for simultaneous multielement analysis for metals and nonmetals. Inorganic
MS provides the isotope distribution of the elements. Special mass spectrometers are used for
accurate isotope ratio measurements used in geology and geochemistry.
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Table 1.3 Analytical Concentration Ranges for Common Instrumental Methods

Trace
Ultratrace (1 ppm-— Minor Major
Technique Destructive (<1 ppm) 0.1%) (0.1-10%) (>10%)
X-ray diffraction No No No Yes Yes
Nuclear magnetic resonance No No Yes Yes Yes
X-ray fluorescence No No Yes Yes Yes
Infrared spectroscopy No No Yes Yes Yes
Raman spectroscopy No No Yes Yes Yes
UV/VIS spectrometry No No Yes Yes Yes
Colorimetry No Yes Yes Yes No
Molecular fluorescence No Yes Yes Yes Yes
spectrometry
Atomic absorption Yes Yes Yes Yes No
spectrometry
Atomic emission Yes Yes Yes Yes Yes
spectrometry
Atomic fluorescence Yes Yes Yes No No
spectrometry
ICP-mass spectrometry Yes Yes Yes Yes No
Organic mass spectrometry Yes Yes Yes Yes Yes
GC-MS Yes Yes Yes Yes Yes
LC-MS Yes Yes Yes Yes Yes
Potentiometry No Yes Yes Yes Yes
Voltammetry No Yes Yes Yes Yes
Gas chromatography May be Yes Yes Yes Yes
High performance May be Yes Yes Yes Yes
liquid chromatography
Ion chromatography May be Yes Yes Yes Yes
Capillary electrophoresis No Yes Yes Yes Yes
Thermal analysis Yes No No Yes Yes

Note: The destructive nature of the instrumental method is characterized. A sample may be destroyed by a non-
destructive instrumental method, depending on the sample preparation required. The chromatographic techniques
may be destructive or nondestructive, depending on the type of detector employed. The nondestructive detectors
generally limit sensitivity to “trace”. Molecular fluorescence is not destructive if the molecule is inherently
fluorescent. It may be if the molecule requires derivatization. A method with “yes” for ultratrace and “no” for
major concentrations reflects linear working range. Such methods can measure “majors” if the sample is
diluted sufficiently.

(titrimetry or volumetric analysis), or production of colored products with visual esti-
mation of the amount of color produced (colorimetry). Using these methods, it was
found, for example, that dry sodium chloride, NaCl, always contained 39.33% Na and
60.67% Cl. The atomic theory was founded on early quantitative results such as this, as
were the concept of valency and the determination of atomic weights. Today, quantitative
inorganic elemental analysis is performed by atomic absorption spectrometry (AAS),
atomic emission spectrometry of many sorts, inorganic mass spectrometry such as ICP-MS,
XREF, ion chromatography, and other techniques discussed in detail in later chapters.

In a similar fashion, quantitative elemental analysis for carbon, hydrogen, nitrogen,
and oxygen enabled the chemist to determine the empirical formulas of organic com-
pounds. An empirical formula is the simplest whole number ratio of the atoms of each
element present in a molecule. For any given compound, the empirical formula may or
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may not coincide with the molecular formula. A molecular formula contains the total
number of atoms of each element in a single molecule of the compound. For example,
ethylene and cyclohexane have the same empirical formula, CH,, but molecular formulas
of C,H,4 and C¢H,, respectively. The empirical formula of many sugars is CH,O, but the
molecular formulas differ greatly. The molecular formula of glucose is CgH;,0¢, fructose
is C¢H 2O, erythrose is C4HgOy,, and glyceraldehyde is C3HgO3. An example of a mol-
ecule whose empirical formula is the same as the molecular formula is tetrahydrofuran
(THF), an important organic solvent. The molecular formula for THF is C4HgO; there
is only one oxygen atom, so there can be no smaller whole number ratio of the atoms.
Therefore, C4HgO is also the empirical formula of THF.

Empirical formulas of organic compounds were derived mainly from combustion
analysis, where the organic compound is heated in oxygen to convert all of the carbon
to CO, and all of the hydrogen to H,O. The CO, and H,O were collected and weighed
or the volume of the gas was determined by displacement of liquid in a measuring
device. To distinguish between butane, C4H;o, which contains 82.76% C and 17.24% H
and pentane, CsH;,, which contains 83.33% C and 16.66% H required great skill using
manual combustion analysis. Today, automated analyzers based on combustion are used
for quantitative elemental analysis for C, H, N, O, S, and the halogens in organic com-
pounds. These analyzers measure the evolved species by gas chromatography (GC), IR,
or other techniques. These automated analyzers require only microgram amounts of
sample and a few minutes to provide data and empirical formulas that used to take
hours of skilled analytical work. Quantitative elemental analysis cannot distinguish
between isomers, which are compounds with the same molecular formula but different
structures. Glucose and fructose have the same molecular formula, but glucose is a
sugar with an aldehyde group in its structure, while fructose is a sugar with a ketone
group in its structure. They cannot be distinguished by elemental analysis, but are
easily distinguished by their IR and NMR spectra.

Quantitative molecular analysis has become increasingly important as the fields of
environmental science, polymer chemistry, biochemistry, pharmaceutical chemistry,
natural products chemistry, and medicinal chemistry have grown explosively in the past
10 years. Techniques such as GC, liquid chromatography or high-performance liquid
chromatography (LC or HPLC), capillary electrophoresis (CE), MS, fluorescence spec-
trometry, IR, and X-ray diffraction (XRD) are used to determine the amount of specific
compounds, either pure or in mixtures. These techniques have become highly automated
and extremely sensitive, so that only micrograms or milligrams of sample are needed in
most cases. The chromatography techniques, which can separate mixtures, have been
“coupled” to techniques like MS, which can identify and quantitatively measure the
components in a mixture. Such techniques, like GC-MS and LC-MS, are called hyphe-
nated techniques. Many hyphenated instruments are commercially available. These
types of instruments for use in the pharmaceutical industry have been designed to
process samples in very large batches in a completely automated fashion. The instruments
will analyze the samples, store the data in computer files, “pattern-match” the spectra to
identify the compounds, and calculate the concentrations of the compounds in the
samples. Even then, more than one instrument is required to keep up with the need for
characterization of potential drug candidates. As an example, one research department
in a major pharmaceutical company bought its first LC-MS in 1989. By 1998, that one
department had more than 40 LC-MS instruments running on a daily basis to support
drug metabolism studies alone.

Instrumental methods differ in their ability to do quantitative analysis; some methods
are more sensitive than others. That is, some methods can detect smaller amounts of a given
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analyte than other methods. Some methods are useful for wide ranges of analyte concen-
trations; other methods have very limited ranges. We will discuss the reasons for this in
the chapters on the individual techniques, but Table 1.3 shows the approximate useful con-
centration ranges for common instrumental techniques. Table 1.3 is meant to serve as a
guide; the actual sensitivity and useful concentration range (also called the working
range) of a technique for a specific analysis will depend on many factors.

1.2.2. Designing the Analytical Method

Once the problem has been defined, an analytical procedure, or method, must be designed to
solve the problem. The analytical chemist may have to design the method to meet certain
goals, such as achieving a specified accuracy and precision, using only a limited amount
of sample, or performing the analysis within a given cost limit or “turnaround time”.
Turnaround time is the time elapsed from receipt of a sample in the lab to delivery of the
results to the person who requested the analysis. This length of time may need to be very
short for clinical chemistry laboratories providing support to hospital emergency rooms,
for example. A common goal for modern analytical procedures is that they are “green
chemistry” processes, that is, that the solvents used are of low toxicity or biodegradable,
that waste is minimized, and that chemicals used in the analysis are recycled when possible.

Designing a good analytical method requires knowing how to obtain a representa-
tive sample of the material to be analyzed, how to store or preserve the sample until analy-
sis, and how to prepare the sample for analysis. The analyst must also know how to
evaluate possible interferences and errors in the analysis and how to assess the accuracy
and precision of the analysis. These topics will be discussed subsequently and specific
interferences for given instrumental methods are discussed in the following chapters.

There are many analytical procedures and methods that have been developed and pub-
lished for a wide variety of analytes in many different matrices. These methods may be
found in the chemical literature, in journals such as Analytical Chemistry, The Analyst,
Analytical and Bioanalytical Chemistry (formerly Fresenius’ Journal of Analytical Chem-
istry), Talanta, and in journals which focus on specific analytical techniques, such as
Applied Spectroscopy, Journal of Separation Science (formerly Journal of High Resolution
Chromatography), Journal of the American Society for Mass Spectrometry, Thermochimica
Acta, and many others. Compilations of “standard” methods or “official” methods have been
published by government agencies such as the US Environmental Protection Agency (EPA)
and private standards organizations such as the American Association of Official Analytical
Chemists (AOAC), the American Society for Testing and Materials (ASTM), and the
American Public Health Association (APHA), among others. Similar organizations and
official methods exist in many other countries. These standard methods are methods that
have been tested by many laboratories and have been found to be reproducible, with
known accuracy and precision. The bibliography lists several of these books on analytical
methods. It is always a good idea to check the chemical literature first, so that you don’t
waste time designing a procedure that already exists.

If there are no methods available, then the analytical chemist must develop a method
to perform the analysis. For very challenging problems, this may mean inventing entirely
new analytical instruments or modifying existing instruments to handle the task.

The design of the method also requires the analyst to consider how the method will
be shown to be accurate and precise. This requires knowledge of how we assess accuracy
and precision, discussed in Section 1.3. The analyst must evaluate interferences. Interfer-
ence is anything that (1) gives a response other than the analyte itself or (2) that changes
the response of the analyte. Interferences may be other compounds or elements present in
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the sample, or that form on degradation of the sample. Interfering compounds or elements
may respond directly in the instrumental measurement to give a false analyte signal, or
they may affect the response of the analyte indirectly by enhancing or suppressing the
analyte signal. Examples will be given in the chapters for each instrumental technique.
The analyst must demonstrate that the method is reliable and robust. These will be
covered in greater detail in Sections 1.5 and 1.6.

There are some fundamental features that should be part of every good analytical
method. The method should require that a blank be prepared and analyzed. A blank is
used to ascertain and correct for certain interferences in the analysis. In many cases, more
than one type of blank is needed. One type of blank solution may be just the pure solvent
used for the sample solutions. This will ensure that no analyte is present in the solvent
and allows the analyst to set the baseline or the “zero point” in many analyses. A reagent
blank may be needed; this blank contains all of the reagents used to prepare the sample
but does not contain the sample itself. Again, this assures the analyst that none of the reagents
themselves contribute analyte to the final reported value of analyte in the sample. Sometimes
a matrix blank is needed; this is a blank that is similar in chemical composition to the
sample but without the analyte. It may be necessary to use such a blank to correct for an over-
lapping spectral line from the matrix in atomic emission spectrometry, for example.

All instrumental analytical methods except coulometry (Chapter 15) require cali-
bration standards, which have known concentrations of the analyte present in them.
These calibration standards are used to establish the relationship between the analytical
signal being measured by the instrument and the concentration of the analyte. Once this
relationship is established, unknown samples can be measured and the analyte concen-
trations determined. Analytical methods should require some sort of reference standard
or check standard. This is also a standard of known composition with a known concen-
tration of the analyte. This check standard is not one of the calibration standards and
should be from a different lot of material than the calibration standards. It is run as a
sample to confirm that the calibration is correct and to assess the accuracy and precision
of the analysis. Reference standard materials are available from government and private
sources in many countries. Government sources include the National Institute of Standards
and Technology (NIST) in the US, the National Research Council of Canada (NRCC), and
the Laboratory of the Government Chemist in the UK.

1.2.3. Sampling

The most important single step in an analysis is collecting the sample of the material to
be analyzed. Real materials are usually not homogeneous, so the sample must be
chosen carefully to be representative of the real material. A representative sample is
one that reflects the true value and distribution of the analyte in the original material. If
the sample is not taken properly, no matter how excellent the analytical method or how
expert the analyst, the result obtained will not provide a reliable characterization of the
material. Other scientists, law enforcement officials, and medical professionals often
collect samples for analysis, sometimes with no training in how to take a proper
sample. The analytical chemist ideally would be part of the team that discusses collection
of samples before they are taken, but in reality, samples often “show up” in the lab. It is
important that the analyst talks with the sample collector before doing any analyses; if the
sample has been contaminated or improperly stored, the analysis will be not only a waste
of time, but can also lead to erroneous conclusions. In clinical chemistry analysis, this
could lead to a misdiagnosis of a disease condition; in forensic analysis, this could lead
to a serious miscarriage of justice, for example.
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The amount of sample taken must be sufficient for all analyses to be carried out
in duplicate or triplicate, if possible. Of course, if only a small quantity of sample is
available, as may be the case for forensic samples from a crime scene or rocks brought
back from the moon, the analyst must do the best job possible with what is provided.

A good example of the problems encountered in sampling real materials is collecting
a sample of a metal or metal alloy. When a molten metal solidifies, the first portion of solid
to form tends to be the most pure (remember freezing point depression from your general
chemistry class?). The last portion to solidify is the most impure and is generally located in
the center or core of the solidified metal. It is important to bear this in mind when sampling
solid metals. A sample is often ground from a representative cross-section of the solid, or a
hole is drilled through a suitable location and the drillings mixed and used as the sample.

Samples have to be collected using some type of collection tool and put into some type
of container. These tools and containers can often contaminate the sample. For example,
stainless steel needles can add traces of metals to blood or serum samples. Metal spatulas,
scissors and drill bits, glass pipets, filter paper, and plastic and rubber tubing can add
unwanted inorganic and organic contaminants to samples. To avoid iron, nickel and chro-
mium contamination from steel, some implements like tongs and tweezers can be purchased
with platinum or gold tips.

The discussion of sampling which follows refers to the traditional process of collect-
ing a sample at one location (often called “collection in the field”) and transporting the
sample to the laboratory at a different location. Today it is often possible to analyze
samples in situ or during the production of the material (on-line or process analysis)
with suitable instrumental probes, completely eliminating the need for “collecting” a
sample. Examples of on-line analysis will be discussed in later chapters.

The process of sampling requires several steps, especially when sampling bulk
materials such as coal, metal ore, soil, grain and tank cars of oil or chemicals. First a
gross representative sample is gathered from the lot. The lot is the total amount of material
available. Portions of the gross sample should be taken from various locations within the
lot, to ensure that the gross sample is representative. For very large lots of solid material
such as coal or ore, the long pile and alternate shovel method can be used. The material is
formed into a long rectangular pile. It is then separated into two piles by shoveling material
first to one side and then to the other, creating two piles. One pile is set aside. The remain-
ing pile may be reduced in size by repeating the process, until a sample of a size to be sent
to the laboratory remains. The cone and quarter method is also used to collect a gross
sample of solid materials. The sample is made into a circular pile and mixed well. It is
then separated into quadrants. A second pile is made up of two opposite quadrants, and
the remainder of the first pile discarded. This process is shown in Fig. 1.3. This process
can be repeated until a sample of a suitable size for analysis is obtained. This sample

Discard opposite quarters

——-
Side view Smaller cone
Top view

Figure 1.3 The cone and quarter method of sampling bulk materials.



Instrumental Analytical Chemistry Concepts 17

can still be very large. Ferroalloys, for example, are highly segregated (i.e., inhomogeneous)
materials; it is not uncommon for the amount required for a representative sample of alloy in
pieces about 2 in. in diameter to be one ton (0.9 Mg) of material from the lot of alloy.

A computer program that generates random numbers can choose the sampling
locations and is very useful for environmental and agricultural sampling. If the lot is a
field of corn, for example, the field can be divided into a grid, with each grid division
given a number. The computer program can pick the random grid divisions to be
sampled. Then a smaller, homogeneous laboratory sample is prepared from the gross com-
posite sample. If the sample is segregated (i.e., highly inhomogeneous), the representative
sample must be a composite sample that reflects each region and its relative amount. This
is often not known, resulting in the requirement for very large samples. The smaller lab-
oratory sample may be obtained by several methods, but must be representative of the lot
and large enough to provide sufficient material for all the necessary analyses. After the
laboratory sample is selected, it is usually split into even smaller fest portions. Multiple
small test portions of the laboratory sample are often taken for replicate analyses and
for analysis by more than one technique. The term aliquot is used to refer to a quantitative
amount of a dissolved test portion; for example, a 0.100 g test portion of sodium chloride
may be dissolved in water in a volumetric flask to form 100.0 mL of test solution. Three
10.0 mL aliquots may be taken with a volumetric pipet for triplicate analysis for chloride
using an ion selective electrode, for example.

As the total amount of the sample is reduced, it should be broken down to succes-
sively smaller pieces by grinding, milling, chopping, or cutting. The one ton sample of
ferroalloy, for example, must be crushed, ground, and sieved many times. During the
process, the sample size is reduced using a sample splitter called a riffle. After all this
and then a final drying step, a 1 Ib (454 g) sample remains. The sample must be mixed
well during this entire process to ensure that it remains representative of the original.
The grinding equipment used must not contaminate the sample. For example, boron
carbide and tungsten carbide are often used in grinding samples because they are very
hard materials, harder than most samples. However, they can contribute boron or tungsten
to the ground sample, so would not be used if boron or tungsten must be measured
at low concentrations. Zirconium oxide ball mills can contribute Zr and Hf to a sample.
Stainless steel grinders are a source of Fe, Cr, and Ni. Some cutting devices use organic
fluids as lubricants; these must be removed from the sample before analysis.

It is also possible for the grinding or milling step to cause erroneously low results
for some analytes. Malleable metals like gold may adhere to the grinding or milling
surface and be removed from the sample in the process, an undesirable effect. An
example of sampling a segregated material with a problematic component like gold is
illustrated in Fig. 1.4. The rectangular piece at the top is a hypothetical piece of gold-
bearing quartz. The gold is represented as the dark flecks. You can see that the gold
appears in bands within the quartz, separated by bands of pure quartz (the white area).
If the rock is crushed to Size I, the gold particles have not been liberated from the
quartz; some pieces have gold flecks and many large pieces are pure quartz. At this
size, it is difficult to remove a sample of the rock pieces and expect it to be
representative. If the rock is crushed to a smaller size, Size II, it is evident that a rep-
resentative small sample can be obtained. If the rock is crushed to Size III, the gold
particles are freed from the quartz matrix. If this sample could be mixed perfectly, a
smaller sample could be taken to represent the whole than the sample needed at Size
II. (Why would this be desirable? The smaller the analytical sample, the less gold is
used up by analysis. This is an important consideration with valuable analytes and valu-
able samples.) But the gold particles and the quartz particles have different densities,
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Figure 1.4 Sampling of a segregated material with a problematic component like gold. Extracted,
with permission, from Dulski, T.R., Copyright ASTM International, 100 Barr Harbor Drive,
West Conshohocken, PA 19428.

different shapes, and will be difficult to mix well. As mentioned, gold is soft and
malleable. If it is broken out of the quartz it may become embedded in the grinder or
smeared onto surfaces in the grinding equipment, so some gold may actually be lost
from the sample particles ground to Size III. Size II will give a more representative
sample than either of the other sizes.

Sampling procedures for industrial materials, environmental samples, and biological
samples are often agreed upon, or standardized, by industry, government, and professional
societies. Standard sampling procedures help to ensure that the samples analyzed are repre-
sentative and are not contaminated or changed during the sampling process. Standard
sampling procedures for many materials can be found in the Annual Book of ASTM Stan-
dards, for example. Sampling procedures for soil, water, and air are established by the US
EPA in the United States, and similar government organizations in other countries.
Procedures for sampling of water and wastewater can be found in Standards Methods
for the Analysis of Water and Wastewater; the AOAC publishes procedures for food pro-
ducts. The bibliography provides some examples of these publications. A good analytical
chemist will consult the literature before sampling an unfamiliar material. Some general
guidelines for sampling different classes of materials are discussed here.

1.2.3.1. Gas Samples

Gas samples are generally considered homogeneous, but gas mixtures may separate into
layers of differing density. Samples that have been collected and allowed to settle will
need to be stirred before a portion is taken for analysis. Gas samples can be taken at a
single point in time (called a grab sample) or can be collected over a period of time or
from different locations to provide an average or composite sample. Gas samples can
be collected using gas-tight syringes, balloons, plastic bags, or containers made of
metal or glass that can be evacuated. Sampling of toxic, flammable, or corrosive gases
should be done with great care using appropriate safety equipment.

The containers used to collect the samples must not contaminate the sample with
analyte. Plastic bags and balloons may leach volatile organic compounds into the gas
sample, while glass may adsorb components of the sample onto the surface of the glass.
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Certain components of gas samples, such as organic vapors in air, may be collected by
pulling the air through activated charcoal. The organic gases are adsorbed onto the charcoal,
while the majority of the air (oxygen, nitrogen, etc.) passes through. This has the advantage
of preconcentrating the analytes of interest and reducing the physical size of the sample.
Many liters of air can be pulled through an activated charcoal bed that is no bigger than a
ballpoint pen. It is much easier to transport the analytes trapped on the charcoal to the lab-
oratory than to transport hundreds of liters of air. The process of trapping an analyte out
of the gas phase is called “scrubbing”. Scrubbing a gas sample can also be done by bubbling
the gas through a liquid that will absorb the analytes of interest.

Gas samples may contain particles of solid material that need to be removed by
filtration. The filter material must be chosen so that it does not adsorb analytes or add
contaminants to the gas. Filters are available which will remove particles as small as
0.2 pm in diameter from a gas stream.

1.2.3.2.  Liquid Samples

Liquid samples can also be collected as grab samples or as composite samples. Sampling
liquids can be quite difficult; it is not always as straightforward as “pouring some” out of a
bottle or dipping a bucket into a fluid. Only a few comments with respect to general
sampling of liquids can be made here. It is usual to stir liquid samples adequately to
obtain a representative sample; however, there may be occasions when stirring is not
desired. If the analyst is only interested in identifying an oily layer floating on water,
stirring the sample is not needed; the oily layer may be pulled off with a pipet or an
eyedropper, for example. Samples must be collected at locations remote from sources of
contamination if a representative sample is desired. For example, if a sample of
“normal” river water is desired, the sample should be collected away from riverbanks,
floating froth, oil, and discharges from industrial and municipal waste treatment sites.
Sampling of rivers, lakes, and similar bodies of water may require samples from different
depths or different distances from shore. Such samples may be analyzed individually or
blended to obtain an average composition.

Liquid samples may contain particles of solid material that need to be removed by
filtration or centrifugation. The filter material must be chosen so that it does not adsorb
analytes or contaminate the liquid. Some samples that are mostly liquid contain suspended
solid material; orange juice and liquid antacids are examples. In these types of samples, the
liquid and its associated solids may need to be sampled for analysis without removing the
solids. It may be difficult to obtain a representative sample from these suspensions; a stan-
dard sampling procedure is needed to ensure that results can be compared from one day to
the next. Liquid samples may consist of more than one layer because they contain two or
more immiscible liquids. Examples include samples of oil and water from an oil spill at
sea, oil and vinegar salad dressing, or cream at the top of a bottle of milk. The layers may
need to be emulsified to provide a representative sample, but it may be more useful to
sample each layer separately.

Sampling of hot molten materials such as metals, alloys, and glasses is a form of
liquid sampling, but one requiring very specialized equipment and techniques.

1.2.3.3.  Solid Samples

Solid samples are often the most difficult to sample because they are usually less
homogeneous than gases or liquids. Large amounts of solid sample cannot be
conveniently “stirred up”. Moreover, unlike the situation with fluids, there are no diffusion
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or convection currents in solids to ensure mixing. Solids must often be ground or drilled or
crushed into smaller particles to homogenize the sample. There are many types of manual
and automated grinders and crushers available; the choice depends on the hardness of the
material to be ground. Soft materials also pose a challenge in grinding because they often
just deform instead of being reduced in size. Polymer pellets may be ground in an electric
coffee grinder with a small amount of liquid nitrogen added to the grinder. The liquid
nitrogen freezes the polymer, making the pellets brittle and capable of being easily pow-
dered. Other soft solids such as foods can be handled the same way. Many solid materials
must be oven-dried before sampling to remove adsorbed water in order to obtain a rep-
resentative sample. There are numerous published standard methods for sampling solid
materials such as cement, textiles, food, soil, ceramics, and other materials. Examples
of the wide variety of analytical pulverizing, grinding, and blending equipment available
can be found at the SpexCertiprep website at www.spexcsp.com.

1.2.4. Storage of Samples

When samples cannot be analyzed immediately, they must be stored. The composition of a
sample may change during storage because of reactions with air, light, or interaction with
the container material. The container used for collection and storage of the sample and the
storage conditions must be chosen to minimize changes in the sample.

Plastic containers may leach organic components such as plasticizers and monomers
into a sample. Plastic containers may also introduce trace metal impurities such as Cu, Mn,
or Pt from the catalysts used to make the polymer or elements such as Si, Ti, Sb, Br, and P
from inorganic fillers and flame-retardants. Glass surfaces both adsorb and release trace
levels of ionic species, which can dramatically change the trace element and trace ion
concentrations in solutions. It has been observed that trace metals will “plate out” of sol-
ution along strain lines in glass. Such strain lines are not reproducible from one container
to another; therefore the loss of trace metals cannot be estimated accurately for one con-
tainer by measuring the loss in a similar but different container. All containers require
appropriate cleaning before use. Containers for organic samples are usually washed in
solvent, while containers for samples for trace metals analysis are soaked in acid and
then in deionized water.

Precautions such as freezing biological and environmental samples or displacing
the air in a container by an inert gas will often extend the storage life of a sample.
Samples should not be stored any longer than is absolutely necessary prior to analysis
and should not be stored under conditions of high heat or high humidity. Some samples
require storage in the dark to avoid photolytic (light-induced) changes in composition;
water samples to be analyzed for silver are a good example. Such samples must be
stored in dark plastic bottles to avoid the photolytic formation of colloidal silver, which
will precipitate out of the sample. Many samples for environmental analysis require the
addition of preservatives or adjustment of pH to prevent the sample from deteriorating.
Water samples for trace metals determinations must be acidified with high purity nitric
acid to keep the trace metals in solution, for example. Blood samples often require collec-
tion in tubes containing an anticoagulant to keep the blood sample fluid, but the anti-
coagulant must not interfere in the analysis. For example, a sample collected to measure
a patient’s sodium level cannot be collected in a tube that contains the sodium salt of
ethylenediamminetetraacetic acid (EDTA) as the anticoagulant. Other biological samples
may need to be collected in sterile containers.

Sample containers must be labeled accurately and in such a way that the label does
not deteriorate on storage; do not use water-soluble marking pen on samples to be put in a
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freezer, for example. The label should clearly identify the sample and any hazards associ-
ated with the sample. Many analytical laboratories have computer-based sample tracking
systems that generate adhesive bar coded labels for samples, exactly like the bar codes
used on retail items in stores. These computer-based systems are called Laboratory
Information Management Systems (LIMS) and catalog and track not only the samples
but also the analytical data generated on the samples.

As a student, you should get into the habit of labeling all your containers in the lab-
oratory with your name, date, and the contents. There is nothing worse than finding four
beakers of colorless liquid on the lab bench and not knowing which one is yours or what is
in the other beakers! That situation would be a serious safety violation in an industrial lab-
oratory. Academic labs in the US are now required to follow the same safety regulations
followed in industry and something as simple as beakers with “stuff” in them but no proper
labels can result in large monetary fines for your school. The cost of chemical waste
disposal is very high and it is not legal to dispose of unidentified chemicals, so unlabeled
containers are a very expensive problem. The material must be analyzed to identify it just
so that it can be disposed of properly.

How many samples do we need to collect for a given analysis? How large must the
sample be to insure that it is representative? These types of questions can be answered by
statistics. We also need to have a basic knowledge of statistics to understand the limit-
ations in the other steps in method development, so we will now briefly introduce the stat-
istical concepts and calculations used by analytical chemists.

1.3. BASIC STATISTICS AND DATA HANDLING

In order to design the correct experiment to answer the analytical question being asked,
statistics is needed to select the size of the sample required, the number of samples, and
the number of measurements that must be performed to obtain the needed accuracy and
precision in the results generated by the experiment. Statistics is also used to express
the uncertainty in measured values, so that the users of the data understand the limitations
associated with results.

1.3.1. Significant Figures

The result of an analytical measurement is a number with associated units such as 50.1%
iron, 10 ppm parathion (a pesticide), or 25 mg isopropanol/L. To deal with numbers that
result from measurements and calculations involving these numbers, the concept of
significant figures must be understood. All measurements have uncertainty in them, so
the results should be reported as a number that tells us about the uncertainty. The numbers
reported from a measurement should be all of the digits known with certainty plus the first
uncertain digit. These digits, with uncertainty only in the last digit of the number, are
called significant figures. This gives a result that reflects the precision of the measurement.
For example, the number 50.1% means that the percentage is closer to 50.1 than to 50.2 or
50.0, but it does not mean that the percentage is exactly 50.1. In short, we are sure of the
“50” part of the number, but there is some uncertainty in the last figure reported. If we
were to analyze two samples containing 50.08% and 50.12% of a component by using
an instrument accurate to 0.1%, we would not be able to distinguish the difference in
the compositions of the samples, but would report them both as 50.1%.

The number 50.1 has three significant figures (5, 0, 1). Since the measurement is no
better than 0.1%, the last digit in 50.1 is uncertain by at least + 1. The last significant
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figure reported should reflect the precision of the measurement. There is no point in report-
ing any more figures because they would have no meaning, even though they might be
obtainable mathematically. For example, scientific calculators generally display eight or
more digits; that does not mean that all of the displayed digits are meaningful.

The reporting of figures implies that all the numbers are significant and only the last
number is in doubt, even if that number is zero. For example, 1.21 x 106, which has three
significant figures (1, 2, 1) implies that the number is closer to 1.21 x 10° than to 1.22 x 10°
or 1.20 x 10°. But writing 1,210,000, with seven significant figures, implies that the number
is closer to 1,210,000 than to 1,210,001 or 1,209,999. As discussed below, terminal zeros
can be confusing because they may not be significant if they are only used to show the
decimal place. Furthermore, the number 50.10 implies 10x greater accuracy than 50.1. A
zero can be a significant figure or it can be used to show the decimal place. If a zero
occurs between two nonzero significant figures, it is significant, as in 12,067, which has
five significant figures. In a number such as 0.024 the two initial zeros just show the
decimal place. Initial zeros are never significant and the number 0.024 has only two signifi-
cant figures, the 2 and the 4. One way to confirm that the zeros are only placeholders is to
write the number in scientific notation, 2.4 x 10~2, which clearly has only two significant
figures. If a zero is written after a decimal point, it is significant; for example, 24.0 would
have three significant figures. It is important to write a zero at the end of a number (a term-
inal zero) only if it is significant. For example, in a number like 54,300 or 1,210,000, the
zeros at the end of each number may or may not be significant; it is impossible to tell by
looking at the number. In cases like these, scientific notation should be used to indicate
exactly how many figures are significant. The number 5.4300 x 10* has five significant
figures; 5.430 x 10* has four significant figures; 5.43 x 10* has three significant figures.
To be clear about the number 1,210,000, it should be written in scientific notation:
1.210000 x 10° is the unambiguous way to show that there are seven significant figures.

Numbers that represent discrete objects have no uncertainty. If five measurements
were made, and we calculate the average by adding the five results and dividing by 5,
the number 5 has no effect on the number of significant figures in the answer. There is
no uncertainty in the number of measurements made, so the 5 can be considered to
have an infinite number of significant figures.

The following are some rules that should be observed when reporting results.

1. Inenumerating data, report all significant figures, such that only the last figure is
uncertain.

2. Reject all other figures, rounding off in the process. That is, if a number such as
1.325178 must be reported to four significant figures, only the first five figures,
1.3251, should be considered. If the fifth figure is greater than 5, increase the
fourth figure by one and drop the fifth figure. If the fifth figure is less than 5,
the fourth figure remains unchanged and the fifth number is dropped. If the
fifth figure is 5 and the fourth figure is odd, increase the fourth figure by one
and drop the 5. If the fifth figure is 5 and the fourth figure is even, it is not
increased when the 5 is dropped. Table 1.4 shows some examples of rounding
to four significant figures using these rules.

3. In reporting results obtained by addition and subtraction, the figures in each
number are significant only as far as the first uncertain figure of any one of
the numbers to be added or subtracted. The result of an addition or subtraction
should have the same absolute uncertainty as the number in the calculation with
the largest absolute uncertainty. The number with the largest absolute uncer-
tainty is the one with the fewest significant figures. For example, the sum of
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Table 1.4 Rounding Off to Four Significant Figures

Number Four significant figures
1.37286 1.373
1.37243 1.372
1.3735 1.374
1.3725 1.372
1.37251* 1.373

“The number 0.00051 is greater than 0.0005, even though the
last figure is not significant; hence the fourth figure is increased

by one.

the numbers in the set 21.1, 3.216, and 0.062 is reliable to the first decimal point,
because 21.1 is uncertain in the tenths place. Therefore the sum is only known to
the tenths place. One approach is to round off the other numbers to the tenths
place prior to addition (or subtraction). The sum of the rounded-off numbers
(21.1+3.2+0.1) is 24.4. A second approach is to carry one more figure
than the least significant figure and round off at the end. Using this approach,
the sum of (21.1 4+ 3.21 + 0.06) = 24.37, which rounds off to 24.4 in the
tenths place. The approach used should be consistent. When adding or subtract-
ing numbers with exponents, such as numbers written in scientific notation, the
numbers should be adjusted so that the exponents are all the same. For example,
toadd 3.25 x 1072+ 3 x 107° express 3 x 10~ ®as 0.0003 x 10~ 2. The sum
is then 3.2503 x 10~2, which is rounded off to 3.25 x 107>,

For multiplication and division, the number of significant figures in the answer
should be no greater than that of the term with the least number of significant
figures. In the case of multiplication and division, the answer will have a relative
uncertainty of the same order of magnitude as the number with the largest
relative uncertainty. Once again, the terms can be rounded off before calcu-
lation, but it is preferable to carry one more figure and round off at the end.
For example, (1.236 x 3.1 x 0.18721 x 2.36) = 1.692860653, according to a
scientific calculator that allows for 10 digits to be expressed. The figures
being multiplied have four, two, five, and three significant figures, respectively.
The term 3.1 has the least number of significant figures, two. The answer is
therefore rounded off to two significant figures, and would be reported as 1.7.
If the terms are rounded to two significant figures before multiplication, the
product (1.2 x 3.1 x 0.19 x 2.4) = 1.69, which is rounded off to 1.7, so that
only two significant figures are reported.

The characteristic of a logarithm indicates an order of magnitude; it has no uncer-
tainty and does not affect the number of significant figures in a calculation. The
mantissa should contain no more significant figures than are in the original
number. For example, the number 12.7 has a logarithm of 1.1038. The mantissa
is rounded off to three significant figures and log 12.7 is reported as 1.104. The
pH of a solution equals the negative logarithm of the hydrogen ion concen-
tration. Therefore in the following calculation, pH = —log(3.42 x 10 %) =
1.4659 = 1.466. The mantissa has three significant figures, as did the original
number 3.42.

If several analyses have been obtained for a particular sample (replicate analysis),
it should be noted at what point there is doubt in the significant numbers of the
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result. The final answer should be reported accordingly, and we will see how this is
done in the next section. For example, given the triplicate results 11.32, 11.35, and
11.32, there is no doubt about 11.3, but there is uncertainty in the hundreds place
(the fourth figure). The average should be reported as 11.33, with four significant
figures [i.e., (11.32 + 11.35 4+ 11.32) =+ 3]. Remember that the number 3 (the
divisor) indicates the exact number of measurements and has no uncertainty, so
it does not affect the number of significant figures in the answer.

If a calculation involves a combination of multiplication (or division) and addition (or sub-
traction), the steps must be treated separately. When using a calculator or spreadsheet
program, the best approach is to keep all significant figures throughout the calculation
and round off at the end.

Why place all this emphasis on significant figures? When you know the limitations
of a measurement in terms of its uncertainty, you can design an analytical method effi-
ciently. If you can only read the absorbance of light in a spectrometric measurement to
three significant figures (a typical value), it is a waste of time to weigh the sample to
five significant figures.

1.3.2. Accuracy and Precision

It is very important to understand the definitions of accuracy and precision and to recognize
the difference between precision and accuracy. Accuracy is a measure of how close a
measured analytical result is to the true answer. For most analytical work, the “true
answer” is not usually known. We often work with an “accepted” true value or “accepted
reference value”. Accuracy is evaluated by analyzing known, standard samples. The US
NIST (formerly the National Bureau of Standards) in Washington, D.C., has well-
characterized standard reference materials of many types that can serve as the known
sample. Similar certified reference materials are available from government standards
agencies in Canada, the UK, Europe, and other countries, as well as from a wide variety
of commercial standards suppliers. Another way of assessing accuracy is to spike a sample
with a known amount of the pure analyte. The sample is analyzed and the amount of added
analyte recovered is reported. A spike recovery of 100% would indicate that all of the
added analyte was measured by the analytical method, for example. Accuracy is documen-
ted by reporting the difference between the measured value and the true value with the
appropriate confidence level, or by reporting the spike recovery as a percentage of
added analyte.

Precision is a measure of how close replicate results on the same sample are to each
other. A common analogy used to envision the difference between accuracy and precision
is to imagine a bull’s-eye target used by an archer. If all the arrows hit in the bull’s-eye, the
archer is both accurate (has hit the center) and precise (all the arrows are close together). If
the archer puts all the arrows into the target close together (a “tight shot group”) but to the
upper left of the bull’s-eye, the archer is precise but not accurate. If the arrows hit the
target in many locations—top, bottom, center, left, and right of the center—the archer
is neither precise nor accurate. The difference between precision and accuracy is illus-
trated in Table 1.5. There are several ways to express precision mathematically;
Table 1.5 uses standard deviation (to be defined shortly) as a measure of precision. A
superficial examination of the results provided by Analyst 2 could be misleading. It is
very easy to be deceived by the closeness of the answers into believing that the results
are accurate. The closeness, expressed as the standard deviation, shows that the results
of Analyst 2 are precise, and not that the analysis will result in obtaining the true
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Table 1.5 Replicate Determinations of Analyte in a Sample®

% Analyte

Analyst 1° Analyst 2° Analyst 3¢

10.0 8.1 13.0
10.2 8.0 10.2
10.0 8.3 10.3
10.2 8.2 11.1
10.1 8.0 13.1
10.1 8.0 9.3
Average (%) 10.1 8.1 11.2
Absolute error® 0.0 2.0 1.1
Standard deviation 0.089 0.13 1.57

“Accepted true answer is 10.1 + 0.2% (obtained independently).
PResults are precise and accurate.

“Results are precise but inaccurate.

9Results are imprecise and inaccurate.

°Absolute error = |true value — measured value|.

answer. The latter must be discovered by an independent method, such as having Analyst 2
analyze a sample of known composition. The accepted true value for the determination is
10.1 £+ 0.2% according to the table footnote, so the determination by Analyst 2 is not
accurate. Analyst 3 is both inaccurate and imprecise. It is very unlikely that an imprecise
determination will be accurate. Precision is required for accuracy, but does not guarantee
accuracy.

It is important for students to realize that the inability to obtain the correct answer
does not necessarily mean that the analyst uses poor laboratory techniques or is a poor
chemist. Many causes contribute to poor accuracy and precision, some of which we
will discuss in this chapter as well as in later chapters. Careful documentation of analytical
procedures, instrument operating conditions, calculations, and final results are crucial in
helping the analyst recognize and eliminate errors in analysis.

The quantitative analysis of any particular sample should generate results that are
precise and accurate. The results should be reproducible, reliable, and truly representative
of the sample. Unfortunately, some degree of error is always involved in analytical
determinations, as discussed in Section 1.3.3.

For analytical results to be most useful, it is important to be aware of the reliability
of the results. To do this it is necessary to understand the sources of error and to be able to
recognize when they can be eliminated and when they cannot. Error is the difference
between the true result (or accepted true result) and the measured result. If the error in
an analysis is large, serious consequences may result. A patient may undergo expensive
and even dangerous medical treatment based on an incorrect laboratory result or an
industrial company may implement costly and incorrect modifications to a plant or
process because of an analytical error. There are numerous sources of error and several
types of errors, some of which are described here.

1.3.3. Types of Errors

There are two principal types of error in analysis: determinate or systematic error and
indeterminate or random error.
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1.3.3.1. Determinate Error

Broadly speaking, determinate errors are caused by faults in the analytical procedure or
the instruments used in the analysis. The name determinate error implies that the cause of
this type of error may be found out and then either avoided or corrected. Determinate
errors are systematic errors; that is, they are not random. A particular determinate error
may cause the analytical results produced by the method to be always too high; another
determinate error may render all results too low. Sometimes the error is constant; all
answers are too high (or too low) by the same amount. If the true results for three
samples are 25, 20, and 30 mg/L of analyte, but the measured (or determined) results
are 35, 30, and 40 mg/L, respectively, the analysis has a constant error of 10 mg/L.
Since these results are all too high, the constant error is positive; a constant negative
error of 10 mg/L would result in the three measured results being 15, 10, and 20 mg/L
of analyte, respectively. Sometimes the determinate error is proportional to the true
result, giving rise to proportional errors. For example, if the measured results for the
same three earlier samples are 27.5, 22.0, and 33.0 mg/L analyte, respectively, the
measured results are too high by 10% of the true answer. This error varies in proportion
to the true value. Other determinate errors may be variable in both sign and magnitude,
such as the change in the volume of a solution as the temperature changes. Although
this variation can be positive or negative, it can be identified and accounted for. Determi-
nate errors can be additive or they can be multiplicative. It depends on the error and how it
enters into the calculation of the final result.

If you look again at the results in Table 1.5 for Analyst 2, the results produced by this
analyst for the repetitive analysis of a single sample agree closely with each other, indicating
high precision. However, the results are all too low (and therefore inaccurate), given that
Table 1.5 states the true value of the sample to be 10.1 + 0.2% analyte. There is a negative
determinate error in the results from Analyst 2. This determinate error could be the result of
an incorrectly calibrated balance. If the balance is set so that the zero point is actually 0.5 g
too high, all masses determined with this balance will be 0.5 g too high. If this balance was
used to weigh out the potassium chloride used to make the potassium standard solution used
in the clinical laboratory, the standard concentration will be erroneously high, and all of the
results obtained using this standard will be erroneously low. The error is reported as the
absolute error, the absolute value of the difference between the true and measured values.
However, there is not enough information provided to know if this is a constant or a pro-
portional error. It can be seen that close agreement between results (i.e., high precision)
does not rule out the presence of a determinate error.

Determinate errors arise from some faulty step in the analytical process. The faulty
step is repeated every time the determination is performed. Whether a sample is analyzed
5 times or 50 times, the results may all agree with each other (good precision) but differ
widely from the true answer (poor accuracy). An example is given in Table 1.6. Although
the replicate results are close to each other, that tells us nothing about their accuracy. We
can see from the true value given in Table 1.6 that the experimental results are too high;
there is a determinate error in the procedure. An analyst or doctor examining the measured
analytical results in Table 1.6 might be deceived into believing that the close agreement
among the replicate measurements indicates high accuracy and that the results are close
to the true potassium concentration. (Potassium in adult human serum has a normal
range of 3.5-5.3 mmol potassium/L serum. Assume that the true value given is for this
particular patient.)

In the example in Table 1.6, the true value was 4.0 mmol potassium/L and the
average measured result was 5.2 mmol potassium/L in the patient’s serum. However,
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Table 1.6 Potassium Concentration in a Single Serum Sample

Measured value True value®
(mmol /L) (mmol/L)
52 4.0
5.1
5.3
5.1
5.1
Average 5.2 4.0

“Normal range for potassium in serum: 3.5-5.3 mmol/L.

the analyst and the doctor do not know the true value of an unknown serum sample. The
measured result is in the normal range for adult human serum potassium concentrations, so
neither the analyst nor the doctor is likely to be suspicious of the results.

If a faulty analytical procedure is used to analyze five different patients’ serum
samples and the results shown in Table 1.7 are obtained, it can be seen that in all cases
the error is +1.2 mmol/L. This indicates a constant, positive determinate error. As you
can see, this faulty procedure would result in one patient being misdiagnosed with a
false high serum K level and a patient with a truly low serum K level being misdiagnosed
as “normal”.

An analyst working at a different hospital with different instrumentation obtains the
results shown in Table 1.8. Examination of these analytical results shows they are all
~20% greater than the true answer. The error is proportional to the true concentration
of the analyte. Such information as to the nature of the error is useful in the diagnosis
of the source of the determinate error.

Systematic error is under the control of the analyst. It is the analyst’s responsibility
to recognize and correct for these systematic errors that cause results to be biased, that is,
offset in the average measured value from the true value. How are determinate errors
identified and corrected? Two methods are commonly used to identify the existence of
systematic errors. One is to analyze the sample by a completely different analytical pro-
cedure that is known to involve no systematic errors. Such methods are often called
“standard methods”; they have been evaluated extensively by many laboratories and
shown to be accurate and precise. If the results from the two analytical methods agree,
it is reasonable to assume that both analytical procedures are free of determinate
errors. The second method is to run several analyses of a reference material of known,

Table 1.7 Potassium Concentrations in Patients’ Serum

Measured value® True value
Patient (mmol/L) (mmol /L)
A 5.3 4.1
B 4.8 3.6
C 6.3 5.1
D 5.0 3.8
E 4.1 2.9

“Constant error of +1.2 mmol/L.
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Table 1.8 Potassium Concentration in Serum

Measured value True value®
Patient (mmol/L) (mmol /L)
A 5.8 4.8
B 4.3 3.6
C 7.4 6.2
D 3.5 29
E 6.6 55

“Results indicate a positive proportional error of 20% of the true value.

accepted concentration of analyte. The difference between the known (true) concen-
tration and that measured by analysis should reveal the error. If the results of analysis
of a known reference standard are consistently high (or consistently low), then a deter-
minate error is involved in the method. The cause of the error must be identified and
either eliminated or controlled if the analytical procedure is to give accurate results. In
the earlier example of potassium in serum, standard serum samples with certified concen-
trations of potassium are available for clinical laboratories. Many clinical and analytical
laboratories participate in proficiency testing programs, where “unknown” standard
samples are sent to the laboratory on a regular basis. The results of these samples are
sent to the government or professional agency running the program. The unknowns
are of course known to the agency that sent the test samples; the laboratory receives a
report on the accuracy and precision of its performance.

Determinate errors can arise from uncalibrated balances, improperly calibrated
volumetric flasks or pipettes, malfunctioning instrumentation, impure chemicals, incorrect
analytical procedures or techniques, and analyst error.

Analyst error. The person performing the analysis causes these errors. They may
be the result of inexperience, insufficient training, or being “in a hurry”. An analyst may
use the instrument incorrectly, perhaps by placing the sample in the instrument incorrectly
each time or setting the instrument to the wrong conditions for analysis. Consistently mis-
reading a meniscus in a volumetric flask as high (or low) and improper use of pipettes, such
as “blowing out” the liquid from a volumetric pipette, are common analyst errors. Some
other analyst-related errors are (1) carelessness, which is not as common as is generally
believed; (2) transcription errors, that is, copying the wrong information into a lab notebook
or onto a label; and (3) calculation errors. Proper training, experience, and attention to detail
on the part of the analyst can correct these types of errors.

Reagents and instrumentation. Contaminated or decomposed reagents can
cause determinate errors. Impurities in the reagents may interfere with the determination
of the analyte, especially at the ppm level or below. Prepared reagents may also be
improperly labeled. The suspect reagent may be tested for purity using a known pro-
cedure or the analysis should be redone using a different set of reagents and the
results compared.

Numerous errors involving instrumentation are possible, including incorrect instru-
ment alignment, incorrect wavelength settings, incorrect reading of values, and incorrect
settings of the readout (i.e., zero signal should read zero). Any variation in proper instru-
ment settings can lead to errors. These problems can be eliminated by a systematic pro-
cedure to check the instrument settings and operation before use. Such procedures are
called standard operating procedures (SOPs) in many labs. There should be a written
SOP for each instrument and each analytical method used in the laboratory.
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In instrumental analysis, electrical line voltage fluctuations are a particular
problem. This is especially true for automated instruments running unattended overnight.
Instruments are often calibrated during the day, when electrical power is in high demand.
At night, when power demand is lower, line voltage may increase substantially, com-
pletely changing the relationship between concentration of analyte and measured signal.
Regulated power supplies are highly recommended for analytical instruments. The pro-
cedure for unattended analysis should include sufficient calibration checks during the
analytical run to identify such problems. Many instruments are now equipped with soft-
ware that can check the measured value of a standard and automatically recalibrate the
instrument if that standard falls outside specified limits.

Analytical method. The most serious errors are those in the method itself.
Examples of method errors include (1) incomplete reaction for chemical methods, (2)
unexpected interferences from the sample itself or reagents used, (3) having the analyte
in the wrong oxidation state for the measurement, (4) loss of analyte during sample prep-
aration by volatilization or precipitation, and (5) an error in calculation based on incorrect
assumptions in the procedure (errors can evolve from assignment of an incorrect formula
or molecular weight to the sample). Most analytical chemists developing a method check
all the compounds likely to be present in the sample to see if they interfere with the deter-
mination of the analyte; unlikely interferences may not have been checked. Once a valid
method is developed, an SOP for the method should be written so that it is performed the
same way every time it is run.

Contamination. Contamination of samples by external sources can be a serious
source of error and may be extremely variable. An excellent example of how serious
this can be has been documented in the analysis of samples for polychlorinated biphenyls
(PCBs). PCBs are synthetic mixtures of organochlorine compounds that were first manu-
factured in 1929 and have become of concern as significant environmental pollutants. It
has been demonstrated that samples archived since 1914, before PCBs were manufactured,
picked up measurable amounts of PCBs in a few hours just sitting in a modern laboratory
(Erickson). Aluminum levels in the dust in a normal laboratory are so high that dust pro-
hibits the determination of low ppb levels of aluminum in samples. A special dust-free
“clean lab” or “clean bench” with a filter to remove small dust particles may be required,
similar to the clean rooms needed in the semiconductor industry, for determination of
traces of aluminum, silicon, and other common elements such as iron. When trace
(<ppm level) or ultratrace (<ppb level) organic and inorganic analysis is required,
the laboratory environment can be a significant source of contamination.

Another major source of contamination in an analysis can be the analyst. It depends
on what kind of analytes are being measured, but when trace or ultratrace levels of
elements or molecules are being determined, the analyst can be a part of the analytical
problem. Many personal care items, such as hand creams, shampoos, powders, and cos-
metics, contain significant amounts of chemicals that may be analytes. The problem can
be severe for volatile organic compounds in aftershave, perfume, and many other
scented products and for silicone polymers, used in many health and beauty products.
Powdered gloves may contain a variety of trace elements and should not be used by ana-
lysts performing trace element determinations. Hair, skin, and clothing can shed cells or
fibers that can contaminate a sample.

Having detected the presence of a determinate error, the next step is to find its
source. Practical experience of the analytical method or first-hand observation of the
analyst using the procedure is invaluable. Much time can be wasted in an office guessing
at the source of the trouble. Unexpected errors can be discovered only in the laboratory.
A little data is worth a lot of discussion (Robinson’s Law).
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1.3.3.2. Indeterminate Error

After all the determinate errors of an analytical procedure have been detected and elimi-
nated, the analytical method is still subject to random or indeterminate error arising from
inherent limitations in making physical measurements. Each error may be positive or
negative, and the magnitude of each error will vary. Indeterminate errors are not constant
or biased. They are random in nature and are the cause of slight variations in results of
replicate samples made by the same analyst under the same conditions.

Sources of random error include the limitations of reading balances, scales such as
rulers or dials, and electrical “noise” in instruments. For example, a balance that is capable
of measuring only to 0.001 g cannot distinguish between two samples with masses of
1.0151 and 1.0149 g. In one case the measured mass is low, in the other case it is high.
These random errors cause variation in results, some of which may be too high and
some too low, as we see for Analyst 1 in Table 1.5. The average of the replicate determi-
nations is accurate, but each individual determination may vary slightly from the true
value. Indeterminate errors arise from sources that cannot be corrected, avoided, or
even identified, in some cases. All analytical procedures are subject to indeterminate
error. However, because indeterminate error is random, the errors will follow a random
distribution. This distribution can be understood using the laws of probability and basic
statistics. The extent of indeterminate error can be calculated mathematically.

Let us suppose that an analytical procedure has been developed in which there is no
determinate error. If an infinite number of analyses of a single sample were carried out
using this procedure, the distribution of numerical results would be shaped like a
symmetrical bell (Fig. 1.5). This bell-shaped curve is called the normal or Gaussian
distribution. The frequency of occurrence of any given measured value when only
indeterminate error occurs is represented graphically by a plot such as Fig. 1.5.

If only indeterminate errors were involved, the most frequently occurring result
would be the true result, that is, the result at the maximum of the curve would be the
true answer. In practice it is not possible to make an infinite number of analyses of a
single sample. At best, only a few analyses can be carried out, and frequently only one
analysis of a particular sample is possible. We can, however, use our knowledge of
statistics to determine how reliable these results are. The basis of statistical calculations
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Figure 1.5 A normal or Gaussian distribution of results when only indeterminate error is present.
The value that occurs with most frequency is the true value (T) or mean value, while the spread of the
distribution is expressed in units of standard deviation from the mean, symbolized by o. The larger
the random error, the broader the distribution will be.
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is outlined below. Statisticians differentiate between the values obtained from a finite
number of measurements, N, and the values obtained from an infinite number of measure-
ments, so we need to define these statistical terms.

1.3.4. Definitions for Statistics

True value T': the true or accepted value; also symbolized by x;.
Observed value x;: a single value measured by experiment.
Sample mean X: the arithmetic mean of a finite number of observations, that is,

Z:N=1xi_(xl +x4+x3+ -+ xw)

N N (1.1)

X =

where N is the number of observations and > _ x; is the sum of all the individual
values x;.
Population mean . the limit as N approaches infinity of the sample mean, that is,

N
. Xi
= lim = 1.2
p= lim 2N (1.2)
In the absence of systematic error, the population mean u equals the true value
T of the quantity being measured.
Error E: the difference between the true value T and either a single observed value x;
or the sample mean of the observed values, x; error may be positive or negative,

E=x,—T or x—x (1.3)

The total error is the sum of all the systematic and random errors.
Absolute error: the absolute value of E, and can be defined for a single value or for
the sample mean,
