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PREFACE

Virtually all of “modern chemistry” has been developed through the applica-
tion of new analytical technology. Taken together, these analytical techniques
form a fascinating subject for study and investigation. There is a very strong
synergism in the unified study of analytical chemistry—it isimmensely more fruit-
ful to focus on the objective of accurate chemical measurement than to attempt

* to separate techniques according to their present applications. It is, for example,

well known that the methods useful to organic chemists today might be taken up
by inorganic chemigts next year (or vice versa). In addition, workers in related
fields such as biology, geology, and éngineering often have use for analytical
chemical techniques. Workers in these “client” disciplines have frequently made
important contributions to the science of chemical analysis, and the subject has
become an important and stimulating interface between a wide variety of re-
search fields. Our goal has been to capture this diversified vitality in a way which
will stimulate students. , _

It would be nice, we think, to have a textbook that introduced students to
genuine modern practice without first leading them through too much history.
The composition of such a textbook is made very difficult by the breadth of
topics to be considered, and the task is compounded by our philosophy that any
topic chosen for discussion must be treated in enough depth to make it truly
understandable. Our solution has been to edit very carefully the content of a nor-
mal analytical chemistry text and to suppleément it with material generally new to
the first analytical chemistry course. The latter material has been chosen with
care, and we have made every effort to avoid merely listing techniques. In the
areas of chemical separations and spectrochemistry, for example, we have pro-
vided highly generalized introductions and then have moved quickly to the de-
tailed consideration of a few examples. In all cases, we have tried to avoid a
preoccupation with metal ions in aqueous solutions and to introduce more or-
ganic, biochemical, sqlid-state, and gas-phase technology.

In its organization, the present text falls naturally into five units:

I. Introduction and statistics
I1. . Chemical equilibria and their analytical applications
A. General aspects .
B. Acids and bases
C. Complexes
D. Precipitates “
ITI. Redox equilibria, techniques, and electrochemistry
IV. Separations, particularly chromatography
V. Spectréchemlcal analyses
These units are ot strongly mterdep‘&nd«ent and instructors should find it easy
to adapt the text to their individual needs. Section I might become the introduc-
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tory unit of the laboratory course or be covered in lectures. The chapter on
statistics is designed to introduce the student to principles, not formulas. The
generally available tables of the normal distribution and of the statistic ¢ are
used rather than any special tables available only in this text. Sections II and I11
have been completely rewritten from the earlier text (Fischer and Peters, Quan-
titative Chemical Analysis, third edition), with, for example, the Bronsted-Lowry
definitions of acids and bases being used throughout. An extensive treatment of
potentiometric measurements with ion-selective electrodes is provided. The four
new chapters on separation techniques emphasize chromatography, certainly one
of the most widely applied modern analytical tools. In order to allow treatment
in some depth, only three examples are discussed, but these represent a partition
technique, an adsorption technique, chromatography with a liquid mobile phase
and with a gaseous mobile phase. Like the section on separations, the new material
on spectrochemical analysis begins with a broadly general introductory chapter.
A generalized spectrochemical instrument based on transducer definitions is
described, and various techniques are classified according to whether they involve
absorption, luminescence, or emission, and whether the species involved are
atomic or molecular. The remaining chapters deal with specific examples within
this unified context. , »

Each chapter is abundantly provided with illustrative problems, a number of
which are quite challenging. Answers are compiled in an appendix. A program of
experiments appropriate to an analytical chemistry laboratory can be obtained
from the companion text, Chemical Separations and Measurements: Background and
Procedures for Modern Analysis, by W. E. Harris and B. Kratochvil (W. B. Saunders
Co., 1974). _

We would like to acknowledge the assistance and invaluable cooperation of a
number of our friends, colleagues, and students. First of all, this book would
probably not even exist were it not for the preceding texts principally authored
by Dr. Robert B. Fischer, now at California State College, Doniinguez Hills. His
cooperation in the creation of this new text is greatly appreciated. Quantitative
Chemical Analysis, third edition, by Fischer and Peters, was very carefully reviewed
by Professors Byion Kratochvil, University of Alberta; Richard Ramette, Carleton
College; and George Wilson, University of Arizona. Their extensive comments
were very helptul in the preparation of the present text, which was in turn re-
viewed by Professors Stanley Crouch, Michigan State University; A. James Die-
fenderfer, Lehigh University; Dennis Evans, University of Wisconsin; W. E.
Harris and Byron Kratochvil, University of Alberta; Milos Novotny, Indiana
University; and Harry Pardue, Purdue University. Kaye Fichman and Robert
Yount, two excellent students who were subjected to manuscript versions of text,
provided enormously helpful reviews. The tasks of production were eased by
the assistance of Norman Clampitt, Larry Games, Janice Hayes, Terry Hunter,
Gary McNamee, and Robert Sydor, all of whom helped in the preparation of
f:gures and tables; and by the cooperation of Pam Hieftje, who figured out how
io keep the third author at the table. At W, B. Saunders, John Vondeling moved
things along with the finesse of a Roman galleymaster and the tactics of Niccolo
Machiavelli (he succeeded, however), and Joan Garbutt mediated with cheerful
patience, for which we are most grateful. »

The entire manuscript was typed twice by Shirley Williams and Sue Hughes
and relentlessly reproduced by Dan Logan. Ann Forsee prepared the index.
Their extraordinary speed, skills, and cooperation are very sincerely appreci-
ated. Draft versions of the text have been used for twa years at Indiana Univer-
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sity, and we sincerely appreciate the tolerance and very helpful cooperation of
our students. ,

We hope the text will be worthy of revision, and that the present version is
lively enough to stimulate some comments. We invite letters of comment and
correction from all readers, especially students.

DennNis G. PETERS
Joun M. Haves

Bloomington, Indiana Gary M. HIEFTJE

vii



CONTENTS

Chapter 1

NATURE OF ANALYTICAL CHEMISTRY
WHAT IS ANALYTICAL CHEMISTRY? ...... et 1
ORGANIZATION OF THE TEXTBOOK .............. e .8
LITERATURE OF ANALYTICAL CHEMISTRY ......................... 3
Chapter 2 .
TREATMENT OF ANALYTICAL DATA -
NATURE OF QUANTITATIVE MEASUREMENTS ........,............. 7
SIGNIFICANT FIGURES ......0ttiinininnoiiiee ciainnninnannnninnns, 7
Absolute uncertainty and relauve uncertamty, R, '
Significant figures in mathematical operations, 8.
PRECISION AND Accumcy ..... f e e e 8
ERRORS “4 .1\ vvnes ittt ce e e it e e 9
Systematic errors, 9. Random errors, 9. .
BASIC STATISTICAL CONCEPTS .......... e e 9
FREQUENCY DISTRIBUTIONS . ...\ttt 9
. ‘Random errors and the normal distribution, 9.
Other frequency distributions, 10,
AVERAGE AND MEASURES OF DISPERSION . ...........ccouvurinuin.. .l
Central tendency, 11. Measures of dispersion, 12. ER
Degrees of freedom, 12. Alternative, expressions_
for the standard deviation, 13. Standakd deviation
calcuilated from aultiple samples, 14. Coding, 14. :
PROBABILITIES. Dm:;a’nou THE NORMAL DISTRIBUTION ........... 15
Madtemancéluexprcssmn for the normal distribution,
15. Relationiship between probablhty and area, 16. )
PROPAGATION OF ERRORS :......... D T T 19
THE GENERAL CASE ............. JR S 19
SPECIFIC CASES ......ccioovnnn.n... e e e e 20
‘Addition and subtraction, 20. Standard deviation of .
‘the mean, 21. Functions involving multiplication and
' division; 22: '
THE ¢-DISTRIBUTION AND ITS APPLICATIONS- AR e 23
CONFIDENCE LIMITS ON THE MEANS OF SMALL SAMPLES .............. 23
Confidence limits using oy, 2% Conﬁdence limits -
using’s,, 24. R L
SIGNIFICANCE TESTING , . ... . e e e e 24
Confidence limits on the difference between two
means, 24, The t-test, 27. Detecnon hmxts 28 . :
REGRESSION ...\t ettt N v 29

THE DISTRIBUTION OF CALIBRATION DATA ... ...l e 31
The known chemical i inputs, 31. The observed
. instruinent responise; points, 31. o
PRINCIPLE OF OPERATION . .. .. .. D 32

»

X



CONTENTS

METHOD OF CALCULATION . . oottt ittt ittt et et i iee e 33
General expressions for the sums of squares, 33.
Solutions for a and b, 33.

UNCERTAINTIES .ottt ittt ettt e ettt et e 33
Confidence limits for b, 33. Confidence limits for a
regression estimate, 33.

REJECTTION OF AN OBSERVATION ..................... B 36
SUMM A RY o 36
Chapter 3
WATER, SOLUTES, AND CHEMICAL EQUILIBRIUM
NATURE OF WATER . ... e 40
STRUCTURES OF ICE AND L1QUID WATER ........................... 41
INTERACTIONS BETWEEN SOLUTES ANDWATER................... 42
MEeTHODS OF EXPRESSING CONCENTRATIONS OF SOLUTIONS ........... 42
EFFECTS OF SOLUTES ON WATER STRUCTURE ...\ttt ieinereenennnns 43
EFFeCTs OF SOLUTES ON PROPERTIES OF SOLUTIONS . ................. 14
ACTIVITIES AND ACTIVITY COEFFICIENTS .. v\vunneeeeneannnnnns. 45
DEBYE-HUCKEL LIMITING LAW ... ... 47
MoDIFICATIONS OF THE SiMPLE DEBYE-HOCKEL THEGRY .. ........... 51
AcTtiviTY COEFFICIENTS OF NEUTRAL MOLECULES . .................. 55
CHEMICAL EQUILIBRIUM ..... T 55
KINETIC APPROACH TO EQUILIBRIUM . ..........o0ovuiivnnnnnnn. .. 57
THERMODYNAMIC CONCEPT OF EQUILIBRIUM . .. ..................... 61

Standard states and free energies of formation, 62.
Free-energy change for a reaction, 63. Free energy
and the equilibrium suate, 64.
FacTrors WHicH INFLUENCE CHEMICAL EQuILIBRIUM . ............... 66
Effect of concentration, 66. Effect of catalysts, 66.
Efféct of temperature, 67. Effect of pressure, 70.
INTRODUCTION TO EQUILIBRIUM CALCULATIONS . ... ..vvireennnnnnn. 71

Chapter 4
AQUEOUS ACID-BASE REACTIONS

FUNDAMENTAL CONCEPTS OF ACIDITY AND BASICITY ............ 83
Definitions of acids and bases, 83. Autoprotolysis of
water, 84. Definition of pH, 85. Strengths of acids
and bases in water, 86. Relation between Ka and Kb
for conjugate acid-base pairs, 88. Polyprotic acids and
their conjugate bases, 88. Amphiprotic substances, 89.
Metal cations as Brensted-Lowry acids, 90. Neutral
species, 91.

EQUILIBRIUM CALCULATIONS FOR SOLUTIONS OF ACIDS

AND BASES IN WATER ... .. o 91

<

Strong acid solutions, 92. Strong base solutions, 92.
SOLUTIONS OF WEAK ACIDS AND BASES ................cccouiin.. .. 92
Weak acid solutions, 93. Weak base solutions, 97.
BUFFER SOLUTIONS . .ooovieiii i i 100
Effect of dilution, 102. Effect of adding acid or base,
103.
AMPHIPROTIC SUBSTANCES .« .autnurinat e 104
PoLyproTIC AciDs AND THEIR CONJUGATE BASES ... ..o\ ... .. 109
ACID-BASE TITRIMETRY ... i, 113
PREPARATION AND STANDARDIZATION OF SOLUTIONS OF
STRONG ACIDS .. ... .o it i 114



AcID-BASE INDICATORS FOR END-POINT DETECTION .................
Effect of concentration of indicator, 119.

STRONG ACID-BASE TITRATIONS ... ..0uvuuuiininiiiinnnaiinnnns
Titration curve for a strong acid, 120. Selection of
indicators, 122. Titration curves and indicators for
strong base-strong acid titrations, 124.

TITRATIONS OF WEAK MONOPROTIC ACIDS WITH STRONG Bases ......
Titration curve for the acetic acid-sodium hydroxide
reaction, 124. Selection of indicators, 126. Feasibility of
titrations, 127.

TITRATIONS OF WEAK BASES WITH STRONG ACIDS .. ........ e

TITRATIONS OF POLYPROTIC ACIDS AND MIXTURES OF

MONOPROTIC ACIDS . ... ittt it titiiinaeieneneannes
Titration of a mixture of hydrochloric and acetic
acids, 130. Titration of phosphoric acid with sodium
hydroxide solution, 130. Titrimetric analysis of a
carbonate-bicarbonate mixture, 132.

Chapter 5
ACID-BASE REACTIONS IN NONAQUEOUS SOLVENTS

SOME PROPERTIES OF SOLVENTS .. .. i
Classification of solvents, 142. Leveling effect and
differentiating ability of a solvent, 143. Autoprotolysis
constant, 144. Effect of the dielectric constant, 146.

TITRATIONS IN BASICSOLVENTS ... ...
Typical solvents and titrants, 147. End-point detection,

149. Examples of substances titrated, 150.

TITRATIONS IN GLACIAL ACETICACID ...t
TITRATIONS IN METHYL ISOBUTYLKETONE ......................
Titrations of strong acids, 153. Titration of complex

acid mixtures, 154.

Chapter 6
COMPLEXOMETRIC TITRATIONS

METAL ION COMPLEXES ..\ttt it e
STEPWISE AND OVERALL FORMATION CONSTANTS ....................
DISTRIBUTION OF METAL AMONG SEVERAL COMPLEXES INVOLVING
MONODENTATE LIGANDS ... ..ttt et e e
ADVANTAGES OF MULTIDENTATE LIGANDS FOR COMPLEXOMETRIC

. TITRATIONS .« oo e e e e i

TITRATIONS WITH ETHYLENEDIAMI\IETETRAACETIC

ACID (EDTA)

ComposiTioN oF EDTA SoLuTions as A Function or PH
METAL ION-EDTA COMPLEXES "+ ..ot ivineinninneaeann
CONDITIONAL FORMATION CONSTANTS . ..\\uvinneeenanneannnnnn.
TrrraTiON CURVES ¥OR THE ZING(11)-EDTA ReacTIiON m AN
AMMONIACAL SOLUTION ...\t it i
Evaluation of the conditional formation constant, 176.
Construction of the titration curve, 177. Effect of
solution composition on titration curves, 179.
TECHNIQUES OF COMPLEXOMETRIC TITRATIONS .....................
Direct titration, 181. Back titration, 181. Displacement
titration, 182. Alkalimetric titration, 182,
SELECTIVITY IN COMPLEXOMETRIC TITRATIONS . ... v
Chemical separations, 182. Centrol of acidity, 183.
Use of masking agents, 183.

124

Pl

~1



xii

CONTENTS

METALLOCHROMIC INDICATORS FOR END-POINT DETECTION . ...... ...
Eriochrome Black T, 185. Some other metallochromic
indicators. 188. )

INSTRUMENTAL METHODS OF END-POINT DETECTION . ... ... ... .....
Spectro'photometﬁc titrations, 189. Potentiometric
and amperometric titrations, 191.

Score oF COMPLEXOMETRIC TITRATIONS wiTH EDTA ......... ... ..
Determination of water hardness, 193. .
Determination of organic compounds, 193.

Chapter 7
FORMATION AND DISSOLUTION OF PRECIPITATES

NUCLEATION AND CRYSTALGROWTH ................ e e
Significance of supersaturation in nucleation, 200.
Spontaneous and induced nucleation, 201. Processes
of crystal growth, 201. ' : '
COMPLETENESS OF PRECIPITATION......... PO [
SovusiLiTYy, AcTIviTY PRODUCTS, AND SOLUBILITY PRODUCTS . .......
‘ Activity and intrinsic solubility of a solid, 203. :
Activity product, 204. Solubility product, 205.
EFFECT OF IONIC STRENGTH . .. ..ivit et e

COMMON ION EFFECT ...t e e
COMPLEXATION OF CATION WITH FOREIGN LIGAND ...... e
REACTION OF ANION WITH ACID ...................... [
PURITY OF A PRECIPITATE ..............ccvvvneunn.. e
] COLLOIDAL STATE ... o0iviiite e, e

Electrical charges on surfaces, 213. Ratio of surface
to mass, 214. Stability of colloids, 214. Selectivity

of ion adsorption, 214. Coagulation and peptization,
215. :

COPRECIPITATION . ....0viiiiireeaiiinnn v, R
Surface adsorption, 216. Mechanical entrapment, 217. -
Post-precipitation, 217. Occlusion, 218. _

PRECIPITATION FROM HOMOGENEOUS SOLUTION .................
Precipitation by means of urea hydrolysis, 218. :
Homogeneous generation of sulfate and phosphate
ions, 219. Precipitation of sulfides, 219. Method of
synthesis of precipitant, 220. Nucleation in precipi-
tation from homogeneous sohition, 220.

Chapter 8 o N
ANALYTICAL APPLICATIONS OF PRECIPITATION REACTIONS

GRAVIMETRIC DETERMINATIONS ......o.ovoint i,
. DETERMINATION OF CHLORIDE .. ............ P

Completeness of precipitation, 229. Purity of the

precipitate, 229. Physical form of the precipitate, 230.

Other applications of the method, 231.

DETERMINATION OF SULFATE + .. .vvveennnnn..... e e

Completeness of precipitation, 231. Purity of the ‘

precipitate, 233. Physical form of the precipitate, 233.

Other applications of the method, 234. '
PreciPITATION OF HYDROUS FERRIC OXIDE
ORGANIC PRECIPITANTS '

Dimethylglyoxime, 235, 8-Hydroxyquinoline

(Oxine), 236. Sodium tetraphenylborate, 237.

PRECIPITATION TITRATIONS ) :
REQUIREMENTS FOR PRECIPITATION TITRATIONS



Chapter 9

CONTENTS

rivatroN oF CHLORIDE WITH SILVER ION ... ... . ... [P
Construction of the titration curve, 239, Factors “hlfh
govern the shapes of titration curves, 242, End-
point detection, 243,

Trrravion ofF HALUDE MIXTURES with Stver fox L. o o0

PRINCIPLES AND THEORY OF OXIDATION-REDUCTION METHODS
ELECTROCHEMICAL CELLS .......... ...l L

Oxidation and reduction, 255 Galvanic and electro-
lytic cells, 256.

SHORTHAND REPRESENTATION OF CELLS .......... R
FREE-ENERGY CHANGE AND ELECTROMOTIVE FORCE .............

Electromotive force, 259. Potentiometric measurement
of electromotive force, 260. Weston cells, 262.

THERMODYNAMIC AND ELECTROCHEMICAL SIGN
CONVENTIONS ... Fee
STANDARD POTENTIALS AND HALF-REACTIONS ...................

Definition and determination of standard potermals,
266. Table of standard potentials, 267, Formal potenuals,
271.

THE NERNST EQUATION. ........cvvvviiiinnnennnaniei i,
APPLICATIONS OF STANDARD POTENTIALS AND i .
THE NERNST EQUATION ... .. ... it

Calculation of the electromotive force for an overall
cell reaction, 275. Calculation of equilibrium constants,
277. Calculation of the standard potential for

an unknown half-reaction, 279.

THE CERIUM(IV)-IRON(II TITRATION :.....ooviiiiiiiiniiiean..

Construction of the titration curve, 281.

OXIDATION-REDUCTION INDICATORS ... ... ..l
FEASIBILITY OF TITRATIONS ........... ... N
TITRATIONS OF MULTICOMPONENT SYSTEMS .....................

Chapter 10

Mixture of uraniunyIV) and iron(1I), 293.
Uranium-vanadium mixtures, 296.

ANALYTICAL APPLICATIONS OF OXIDATION-REDUCTION
REACTIONS

REQUIREMENTS FOR SELECTION OF TITRANT@ .......... P
PRELIMINARY ADJUSTMENT OF O‘(IDA’I 1ON .STATES OF
TITRATED SUBSTANCES ... ... . it

OXIDIZING AGENTS ... ... R TR, C e
Sodium bismuthate, 306. Potassxum peroxodisulfate,
307. Silver(Il) oxide, 307. Hydrogen peroxide, 307.

REDUCING AGENTS . ..tuiiiiiii ittt i i aae s
Hydrogen sulfide and sulfur dioxide, 307. Tin(1I)
chloride, 307. Metals and metal amalgams 308.

POTASSIUM PERMANGANATE ... it i

HALF-REACTIONS INVOLVING PERMANGANATE ION ...................

PREPARATION AND STABILITY OF PERMANGANATE SOLUTIONS ........

STANDARDIZATION OF PERMANGANATE SOLUTIONS .....0......., .2 .0

: ANALYTICAL UsEs oF PoTassiuM PERMANGANATE IN

ACIDIC SOLUTIONS .o\ iititttii ettt ee e i SN
Determination of iron in an ore, 312. Detcrmmauon of
calcmm in limestone, 315. :

334

248

258
259

263
266

272
275

280
286

292

Xill

i



CONTENTS

- DeETERMINATION OF ORGANIC COMPOUNDS WITH ALKALINE

PERMANGANATE ..ttt ittt et ettt et et et et e 315
POTASSIUM DICHROMATTE ... i i it 317

RepucTioN OF DiICHROMATE ION . .. ... o oL i . 317

PREPARATION AND STABILITY OF STANDARD

DICHROMATE SOLUTIONS . ..ttt ittt it ettt ie e e eaenns 317

EnND-POINT DETECTION FOR TITRATIONS WITH DICHROMATE .. ........ 317

ANALYTICAL Usgs OF POTASSIUM DICHROMATE ..................... 317

CERIUMIV ) o i e et e e e 318
ReactiOoNs oF Certum(IV) anND C[‘.R[UM(III) ....... e e 318
PREPARATION AND STaBILITY OF CERIUM(IV) TITRANTS .............. 318
STANDARDIZATION OF CERIUM(IV) SoLuTIONS ........ .............. 319
Et p-PoiNT DETECTION FOR CERIUM(IV) TITRATIONS . ...t 319
ANALYTICAL Uses oF CERIUM(IV) SOLUTIONS . . ...................s, 320

Determination of organic compounds, 320.

TODINE (TRIIODIDE) ... ittt ettt e 322
PREPARATION AND STABILITY OF IODINE (TRIIODIDEY SOLUTIONS . . .... 322
END-POINT DETECTION FOR TITRATIONS INVOLVING IODINE .......... 323
STANDARD$ZATION OF 10DINE (TRIIODIDE) SOLUTIONS . ... 1........... 324
REACTION BETWEEN I0DINE (TRIIODIDE) AND THIOSULFATE .......... 324
PREPARATION AND STABILITY OF SODIUM THIOSULFATE
SOLUTIONS ittt ittt ettt e e, 325
STANDARDIZATION OF SomUM THIOSULFATE SOLUTIONS .. ............ 326
ANALYTICAL Usks oF THE TRiIODIDE-IODIDE SYSTEM ................ 326

Direct methods, 326. Separation and determinatign
of arsenic, antimony, and tin, 327. Determination of
organic ecompounds, 327. Indirect methods, 327.
Determination of copper, 330.

POTASSIUM IODATE ... .. e e e e 332
REACTIONS OF IODATE ...........ccooiinnnnno... e 332
ANALYTICAL Uses oF POTASSIUM IODATE SOLUTIONS . ............... 333
END-PoinT DETECTION FOR [ODATE TITRATIONS .................... 333

PERIODIC ACID . ... e e e e 334
NATURE OF PERIODIC ACID SOLUTIONS ..o vt vvetteeeea e, 334
PREPARATION AND STANDARDIZATION OF PERIODATE
SOLUTIONS ..ttt e 334
REACTIONS OF PERIODATE WITH ORGANIC COMPOUNDS . ... ..o ... .. 335
ANALYTICAL USES OF PERIODATE SOLUTIONS . . . oo vieen . 337

Determination of ethylene glycol, 337. Analysis of a
mixture of ethylene glycol, 1,2-propylenc glveol, and
glycerol, 337.

POTASSIUM BROMATE ....... ..ot i g 338
REACTIONS OF BROMATE .. ...\t eiiiecn o e 338
END-POINT DETECTION FOR TITRATIONS WITH BROMATE . AU . 339
ANALYTICAL USES OF BROMATE SOLUTIONS .« o\vvvvivr i, o 505

Titrations with potassium bromate, 339. Bromination
of organic compounds, 340.

REDULING AGENTS AS TITRANTS ................ e e 341
IRON(ID) . oo 342
TrrantoM(IID) oo 342
CHROMIUMIL) ..o e 343

Chapter 11

DIRECT POTENTIOMETRY AND POTENTIOMETRIC TITRATIONS
INSTRUMENTATION FOR POTENTIOMETRIC METHODS

OF ANALYSIS ..o 353
INDICATOR ELECTRODES . ........oii s 353
REFERENCE ELECTRODES ..« ..\ ooui e 353

Mercury-mercurous chloride (calomel) electrodes, 353.
Silver-silver chloride electrode, 355.
POTENTIAL-MEASURING INSTRUMENTS ... ............0.\''oeo 35



- CONTENTS

DIRECT POTENTIOMETRY ......... i 356
PRINCIPLES AND TECHNIQUES OF DIRECT POTENTIOMETRY ...... 356
LiQUID-JUNCTION POTENTIALS ........ooivriiiiiiinnenn i, 357
CALIBRATION TECHNIQUES IN DIRECT POTENTIOMETRY . ............. 358
METHOD OF STANDARD ADDITION . ..ovnntteettaeeiiee s 358

A FUNDAMENTAL LIMITATION OF DIRECT POTENTIOMETRY . . ... ... /... 359
APPLICATIONS OF DIRECT POTENTIOMETRY ...................... 360
DETERMINATION OF PH ... .. .. . i, 360

Hydrogen electrode, 360. Glass membrane electrode,

360. Practical pH measurements, 364. Errors in

glass-electrode pH measurements, 366. pH meters, 367.
Ion-SeLEcTIVE ELECTRODES FOR THE DETERMINATION OF
OTHER CATIONS AND ANIONS 1ttt irtiit e iie et iiieee e 367

Glass electrodes for the determination of cations, 368.

Liquid ion-exchange membrane electrodes, 371.

Solid-state membrane electrodes, 373. Heterogeneous

membrane electrodes, 376.

POTENTIOMETRIC TITRATIONS ... ... ..o 376
TECHNIQUES OF POTENTIOMETRIC TITRIMETRY .............. ... 376
DETERMINATION OF EQUIVALENCE POINTS .................cccuun.. 377

Graphical methods, 377. Analytical method, 379.
Titration to the equivalence-point potential, 381.

AUTOMATIC POTENTIOMETRIC TITRATIONS . ........c0oovinneennn... 381
APPLICATIONS OF POTENTIOMETRIC TITRIMETRY ................ 381
PRECIPITATION TITRATIONS . .ottt et ettt 381
COMPLEXOMETRIC TITRATIONS ...ttt it ennannn. 382
ACID-BASE TITRATIONS .. tttnttiie ettt 385
OXIDATION-REDUCTION TITRATIONS . ... viiiiannniaeannnnn, 386
Chapter 12
ELECTROGRAVIMETRIC AND COULOMETRIC METHODS OF ANALYSIS
BEHAVIOR OF ELECTROLYTIC CELLS .......oiiieeaaaaannnnn.. 394
CURRENT-VOLTAGE CURVE FOR A REVERSIBLE CELL ... ............... 394
Ohmic potential drop, 394. Concentration gradients at
electrode surfaces during electrolysis, 396. Energy
barriers for electron-transfer reactions, 397.
CURRENT-VOLTAGE CURVE FOR AN IRREVERSIBLE CELL ............... 399
Residual current, 399. Decomposition potential, 400.
RELATIONSHIP BETWEEN APPLIED VOLTAGE, INDIVIDUAL
ELECTRODE POTENTIALS, AND OHMIC POTENTIAL DROP .............. 401
ELECTROGRAVIMETRY ..ottt e 402
ELECTROLYSIS AT CONSTANT APPLIED VOLTAGE . ..o\ vvvvnene oo 403
ELECTROLYSIS AT CONSTANT CURRENT .o vvvveveninine e, 404
FEASIBILITY OF DETERMINATIONS AND SEPARATIONS .......oovnuu... 405
INFLUENCE OF EXPERIMENTAL CONDIFIONS ON
ELECTROLYTIC DEPOSITS ... ..0itiitiie et 406
Current density, 406. Evolution of gas, 406. Solution
composition, 406. Nature of electrode surface, 407.
APPARATUS AND TECHNIQUE FOR ELECTROGRAVIMETRIC
DETERMINATIONS AND SEPARATIONS «..vvvvnviniinnrneenennennnnnn. 497
Power supplies and electrolytic cells, 407. Electrodes
for elecirogravimetric determinations, 407. Cell with
mercury pool for electrolytic-separations, 407.
Termination of an electrolysis, 408.
CONTROLLED-POTENTIAL COULOMETRY ........ .. ... [ 408
CURRENT-POTENTIAL CURVES . ..ottt 409
Limiting current, 411,
FEASIBILITY OF SEPARATIONS AND DETERMINATIONS v vvrvennnnnn... 411

Minimal potential difterence for separadon of two
species, 412,

XV



CONTENTS

CURRENT-TiME BEHAVIOR AND FARADAY'S Law .. ... U 4

EQuipMENT ¥OR CONTROLLED-POTENTIAL COULOMETRY . .... ... .....
Electrodes and cells for controlled-potential coulometry,
414. Voltage source and potentiostat, 415. Coulometers,
415.
APPLICATIONS OF CONTROLLED-POTENTIAL COULOMETRY .. ... ... .....
Cathodic separation and determination of metals, 416.
Anodic reactions & platinum and silver electrodes, 417,
Determination of drganic compounds, 417.
. COULOMETRIC TUTRATIONS ... ..\ i
: PrINcCIPLES OF COULOMETRIC TITRIMETRY <. .0\ vt
ADVANTAGES OF COULOMETRIC TITRIMETRY .........ccoivueeinno...
AP ARATUS AND TECHNIQUES OF COULOMETRIC TITRIMETRY .........
Constant-current sources, 420. Measurement of time,
420. Coulometrit cells, 421. End-point detection, 422.
ANALYTICAL APPLICATIONS OF COULOMETRIC TITRIMETRY ...........
Acid-base titrations, 423. Precipitation titrations, 423.
Complexometric titratigns, 424. Oxidation-reduction
titrations, 425. ’ ‘

Chapter 13
POLAROGRAPHY AND AMPEROMETRIC TITRATIONS

POLAROGRAPHY .. .. i e e

A PoraroGRrarHIC CELL AND THE DROPPING i

MERCURY ELECTRODE .. ..ot i, SN
Advantages and Limitations of the dropping
mercury electrode, 433,

NATURE OF A POLAROGRAM . ... .ilitiitiiniiainiie e,
Current oscillations, 434. Anodic waves and composite
cathodic-anodic waves, 436. ’

ReSIDUAL CURRENT ........... e T P .

POLAROGRAPHIC DIFFUSION CURRENT .. ..0vvutinnnnnnnnnrnrennses.
IlkoviC equation, 437. Factors affecting the diffusion '
current, 438. o

POLAROGRAPHIC MAXIMA .. oot i v il it e

EQUATION OF THE POLAROGRAPHIC WAVE . .........................
Half-wave potential, 439. Polarographic study of
metal jon complexes, 440. - | ’

ExPERIMENTAL TECHNIQUES OF POLAROGRAPHY ....0...... e
Polarographic cells and dropping mercury electrodes,

443. Electﬁical apparatus, 443. Measurement of
diffusion ‘currents, $44. Determination of conicentration,
444.

ANALYTIC APPLICATIONS OF POLAROGRAPHY ........... el U
Determination of metal ions, 445. Determination of ./
inorganic anions, 445. Analysis of mixtures, 446.

: Polarography of organic compounds, 447.
AMPEROMETRIC TITRATIONS . ... ittt i
AMPEROMETRIC TITRATIONS WITH ONE ,
"POLARIZABLE ELECTRODE. .. i oot

PrivcipLEs AND TITRATI®N CURVES .......,.......... o

EXPERIMENTAL TECHNIQUES AND APPARATUS ........ T N
Polarizable electrodes, 452, Cells, 452. Flectrical
equipment, 454, Pérfornyance of titrations, 454.

APPLICATIONS . . .. .. e R e e o B
Amperometric titrations of inorgariic species, 455.
Amperometric titrations of erganic compounds, 456.
Amperometric determination of oxygen in biological
systems, 456. '

418
418
420
420

423

432

432

433

436
436

438
438

442

445

450

451
451
452

. 455

ES A WAR



CONTENTS

AMPEROMETRIC TITRATIONS WITH TWO POLARIZABLE

ELECTRODES .. it e e ittt i .. 457
PRINCIPLES AND TITRATION CURVES ... .\iitiiienrennenennnneennnns 457
AP PLICATIONS & ottt it ettt ettt et ee ettt iie e 459

Chapter 14

CHEMICAL SEPARATIONS
SEPARATION OF COMPOUNDS REQUIRES SEPARATION

OF PHASES ... e e 468
Mechanisms of phase comac[, 469. Types of phases 470.
DISTILLATION ... it i et e e e 472
APPARATUS .\ttt ttie i ide ittt ettt eaenennnnns, 472
THEORY OF OPERATION ... ..uttiitintsti i eineenennneninnns 473

Vapor pressure of pure liquids, 473. Vapor pressure of
binary mixtures, 475. Column operation and
theoretical plates, 477.
PRACTICAL CONSIDERATIONS .. \vvtuuvivinins e ineeannnnennnn.. 478
Oversimplifications in the preceding theoretical
treatment, 478. Characteristics of typical columns, 480.

Chapter 15
PHASE EQUILIBRIA AND EXTRACTIONS
PHASE EQUILIBRIA . ... . i i 486
THERMODYNAMICS . . .ottt tttet et enneeeeite et iite et inan s 486
THE PARTITION COEFFICIENT ......ovvviiinnnnerinnnnnannnn. e 486
THE DisTRIBUTION RATIO . ... ... ... .. I 487
Tabulation of distribution ratios, 489,
THEORY OF PHASE-CONTACTMETHODS . ..................... e 490
SINGLE EQUILIBRATION . . ..ottt ittt it it 490
7 The contact. unit, 490. Solute partitioning, 490.
REPEATED EQUILIBRATIONS . ... ..utiiiiviiiniiiinnneineeranannnnn. 492
Stepwise partitioning of the solute, 492. Maximum
possible efficiency, 494. Separation of two
partitioned solutes, 494.
COUNTERCURRENT DISTRIBUTION . . . .ot otiiiteneeeneinenineaannnn.. 496
Pattern of equilibrations, 496. Distribution of solute,
497. Migration of solute, 497. Degree of solute ‘
separation: resolution, 499. i
PRACTICAL ASPECTS AND APPLICATIONS ....... e 501

APPARATUS FOR EXTRACTIONS ..............ooon.. e 501
Continuous liquid-liquid extraction, 502. The
Soxhlet extractor, 504.

APPARATUS FOR COUNTERCURRENT DISTRIBUTION . . ... e e 505

EXTRACTIQN OF MOLECULAR SPECIES ..............coovuvuennnno. .. 507
Organic compounds in natural samples, 507.
Fractionation of organic mixtures, 508. .

EXTRACTION OF METAL ION COMPLEXES ..............coovvuinen... 508
"Complex equilibria in two-hase systems, 508, Extraction
of bls(dlmethylglyox:mato)mckel(lI), 511. Other
complex extraction systems, 512.

IeN-PAIR EXTRACTION ... o e 512
Extraction of {H+FeC14 } into ether, 512.

CONCLUSION L.t e e e e e i 514

xvil



CONTENTS
Chapter 16
CHROMATOGRAPHY
SOLUTE MIGRATION . oo ottt ittt it ittt et e e e 521
HISTORY OF CHROMATOGRAPHY « oo urtinn e 523
PLATE THEORY OF CHROMATOGRAPHY ............. ... ... ........ 523
RELATION TO COUNTERCURRENT DISTRIBUTION . .............. ...... 524

The physical model, 524. Calculation of zone
spreading, 524.

SHORTCOMINGS OF THE PLATE THEORY ... .. ....................... 527
Incorrect assumptions, 527. Important variables

excluded, 527.

RATE THEORY OF CHROMATOGRAPHY ....... e 528
Organization and central idea, 528.
MECHANISMS OF ZONE BROADENING ..................ccvuein.. B30

Longitudinal diffusion, 530. Slow equilibration, 531.
Flow patterns, 533.
DEPENDENCE OF PLATE HEIGHT ON MoBILE-PHASE

VELOCITY ...... e et e e 533
Combination of H terms, 533. Optimum velocity, 535.

OTHER FACTORS IN ZONE BROADENING ............coviiiiiee. ... 536
NON-LINEAR CHROMATOGRAPHY .. ...\ iie e, e.... D36
TAILING DUE TO ACTIVE SITES . .. ..ottt e 537
ZONE BROADENING OUTSIDE THE COLUMN ... .........c.ouunu....... 538

Feed volume, 538. Mixing chambers, 539. Eftcc of
detector volume, 540.

RESOLUTION .. ittt e e e i 541
CHROMATOGRAPHIC SYSTEMS .« .t vt ii e oottt 543
Chapter 17
CHROMATOGRAPHIC SYSTEMS
THIN-LAYER CHROMATOGRAPHY .. ... 548
PRINCIPLES ... ..ttunttntniteenn it e e e 548
Technique of operation and separation, 548.
THE ADSORBENT BED . ... ... ... o o 549

Properties of adsorbents, 549. Preparation of the
adsorbent bed, 553.
THEMOBILEPHASE ..................cooiiiii i, 554
The role of the mobile phase in adsorption
chromatography, 554.

SAMPLE APPLICATION ... utuneintttneane e e e, 556
DEVELOPING THE CHROMATOGEAM . .....cooo'iiinn i 556
DETECTION OF CHROMATOGRAPHIC ZONES « . o o oo 557
APPLICATIONS . . .........oovvunnn... B 558
GAS-LIQUID CHROMATOGRAPHY . ..., 560
GENERAL ASPECTS .« ot viteinieie it e e e e e 560
SOLUTE RETENTION AND COLUMN OPERATION . ..o v oo 562

Retention volume, 562. Dependence of retention volume
on column temperature, 563. Dependence of retention
volume on vapor pressure—homologous series of
compounds, 564. Relative retention and retention
indices, 564. Programmed column temperature, 567.
Carrier-gas velocity and tolumn efficiency, 568.
THE STATIONARY PHASE ............ e 568
Practical requirements, 568. Liquid phases, 568.
Solid supports, 571. Coating of the support, 572.
Open tubular columns, 573.
Injecromrs ... 573



CONTENTS

DETECTORS .. iitttiitie et srnrnnenneesetoasssnonaasnss e 575
Flame-ionization detector, 575, Electron-capture
- detector, 576. Thermal-conductivity detector, 577.
APPLICATIONS QF GAS CHROMATOGRAPHY . .....ovneivirennennnnnn.. 577

“Gas chromatographic polarimetry,” 577. Preparation
of isotopically labeled compounds, 579. Trace
atmospheric constltuents, 580. : )
ION EXCHANGE ... it e e iinee e sananenaanananneeenan 580

PREPARATION AND TyPES OF ION-EXCHANGE RESINS ................. 581
Cation exchangers, 581. Anion exchangers, 582.

CHARACTERIZATION OF ION-EXCHANGE RESINS .. 1. ..covnvnninnn.n.. 582

ION-EXCHANGE EQUILIBRIA . . ..oioiiitiiiiiiiiiiiiienee s 582

SEPARATIONS BY ION-EXCHANGE CHROMATOGRAPHY ... ouounneno.. .. 584

APPLICATIONS . . o« ot ettt ettt eeen e et iataesnssseesaneannennsenesenes 586

Separation of rare-earth metal ions, 586. Separation of
transuranium elements, 586. Removal of interfering
ionic species, 586. Concentration of dilute species for
analysis, 587. Deionization and desalting, 587.
Preparation of reagents, 588.

MOLECULAR EXCLUSION ..... e e e 588
“PRINCIPLES ...................c.... ettt et ettt 588
PRACTICAL ASPEGTS . ..vvtiittrevinneetannneeanneseannnranannnn. 590

Nature of the porous material, 590. Columns and
detectors; controlling the flow of mobile phase, 591.

APPLICATIONS .« .\ttt ittt ettt et enes e teeaneenneannaanennnrenes 591
Desalting, 591. Determmanon of molecular weight, 591.
CONCLUSION—HIGH-SPEED LIQUID CHROMATOGRAPHY .......... 594
Chapter 18
INTROBUCTION TO SPECTROCHEMICAL METHODS OF ANALYSIS
WHAT IS SPECTROCHEMICAL ANALYSIS? .............ooovvvvenn... 601
A SPECTROCHEMICAL VIEW OF ELECTROMAGNETIC
RADIATION .o e i e e 603
TYPES OF INTERACTIONS OF RAD[ATION WITH MATTER.......... 605
ABSORPTION ......... A N Srvereeanad Jivevia... 605
LUMINESCENCE . ... tititiiiii ittt e e 666
EMISSION . ... o et e e e e 607
SCATTERING . ... . i et 608
SPECTROCHEMICAL MEASUREMENTS ..........00ccoiuiiiinininni.., 610
A GENERALIZED SPECTROCHEMICAL INSTRUMENT .................... 612
An absorption spectrophotometer, 613.
FUNDAMENTAL LAWS OF SPECTROCHEMISTRY ..................... 614
QUANTITATIVE LAWS OF ABSORPTION .. .....0ouvninininnnnnnnnnn... 614
Combined Lambert-Beer law, 614. Deviations from the
Lambert-Beer law, 616.
QUANTITATIVE AW OF LUMINESCENCE .. ... .ooovvianee o, 617
Chapter 19

SPECTROSCOY IN THE ULTRAVIOLET AND VISIBLE.
REGIONS—INSTRUMENTATION AND MOLECULAR ANALYSIS

INSTRUMENTATION FOR ULTRAVIOLET-VISIBLE

SPECTROMETRY ... . it e i e e 623
FREQUENCY SELECTORS .. .. ..oooiviiiiini i 623
Filters, 624. Monochromators, 625. Polychromators, 627. ’

DeTECTORS FOR ULTRAVIOLET-VISIBLE RADIATION . .'''''oevvnn.. .. 627
Single-wavelength detectors 628. Multi-wavelength :
detectors, 629.

xix



