TEXTBOOK OF

QUANTITATIVE
CHEMICAL
ANALYSIS

FIFTH EDITION

G. H. JEFFERY < J.BASSETT ¢ J. MENDHAM < R.C.DENNEY



VOGEL’s

TEXTBOOK OF
QUANTITATIVE CHEMICAL ANALYSIS

FIFTH EDITION

Revised by the following members of
The School of Chemistry,

Thames Polytechnic, London

G H Jeffery, BSc, Ph D, C Chem, FRS C
Former Principal Lecturer and Deputy Head of the School of Chemistry

J Bassett, M S¢, C Chem, FRSC

Former Senior Lecturer in Inorganic Chemistry

J Mendham, M S¢, C Chem, MRS C

Principal Lecturer in Analytical Chemistry

R C Denney, BSc, PhD, C Chem, FRSC, MBI M

Principal Lecturer in Organic Chemistry

»M»

312 Longman

Scientific &
'.':L' Technical

Copublished in the United States with
John Wiley & Sons, Inc., New York




Longman Scientific & Technical

Longman Group UK Limited

Longman House, Burnt Mill, Harlow

Essex CM20 2JE, England

and Associated Companies throughout the world

Copublished in the United States with
John Wiley and Sons Inc, 605 Third Avenue, New York NY 10158

© Longman Group UK Limited 1978, 1989

AWM rights reserved; no part of the publication

may be reproduced, stored in a retrieval system,

or transmitted in any form or by any means, electronic,

mechanical, photocopying, recording, or otherwise,

without the prior written permission of the Publishers, or a

licence permitting restricted copying in the United Kingdom issued by

the Copyright Licensing Agency Ltd, 33-34 Alfred Place, London WCIE 7DP.

First published in 1939

New impressions 1941, 1942, 1943, 1944, 1945, 1946, 1947, 1948

Second edition 1951

New impressions 1953, 1955, 1957, 1958, 1959, 1960

Third edition 1961 (published under the title 4 Text-book of Quantitative Inorganic Analysis
Including Elementary Instrumental Analysis)

New impressions 1962, 1964, 1968, 1969, 1971, 1974, 1975

Fourth edition 1978

New impressions 1979, 1981, 1983, 1985, 1986, 1987

Fifth edition 1989

British Library Cataloguing in Publication Data

Vogel, Arthur Israel
Vogel’s textbook of quantitative chemical
analysis. — Sth ed.
1. Quantitative analysis
L. Title IL Jeffery, G. H.
545

ISBN 0-582-44L93-7

Library of Congress Cataloguing in Publication Data

Vogel, Arthur Israel

[Textbook of quantitative chemical analysis]

Vogel’s textbook of quantitative chemical analysis. — 5th ed./
revised by ... G. H. Jeffery ... [et al.]

p. cm.

Rev. ed. of: Vogel’s textbook of quantitative inorganic analysis.
4th ed. 1978.

Includes bibliographies and index.

ISBN 0-470-21517-8

1. Chemistry, Analytic—Quantitative. 2. Chemistry, Inorganic.
L Jeffery, G. H. 1909- . IL Vogel, Arthur Israel. Vogel’s
textbook of quantitative inorganic analysis. IIL. Title.
QD101.2.V63 1989
545-dc20 89-12296

CIP

Set in 10/11pt Lasercomp Times New Roman

Printed in Great Britain
by Bath Press, Avon



CONTENTS

PART A FUNDAMENTALS OF QUANTITATIVE CHEMICAL
ANALYSIS 1

CHAPTER 1 INTRODUCTION 3

1.1 Chemical analysis 3

1.2 Applications of chemical analysis 3
1.3 Sampling 4

1.4 Types of analysis 5

1.5 Use of literature 6

1.6 Common techniques 7

1.7 Instrumental methods 8

1.8 Other techniques 9

1.9 Factors affecting the choice of analytical methods 10
1.10 Interferences 12

1.11 Data acquisition and treatment 13
1.12 Summary 14

CHAPTER 2 FUNDAMENTAL THEORETICAL PRINCIPLES OF
REACTIONS IN SOLUTION 15

2.1 Chemical equilibrium 15

2.2 The law of mass action 16

2.3 Factors affecting chemical reactions in solution 18

2.4 Electrolytic dissociation 19

2.5 Activity and activity coefficient 23

2.6 Solubility product 24

2.7 Quantitative effects of a common ion 26

2.8 Fractional precipitation 28

2.9 Effect of acids on the solubility of a precipitate 29

2.10 Effect of temperature on the solubility of a precipitate 30
2.11 Effect of the solvent on the solubility of a precipitate 30
2.12 Acid—base equilibria in water 31

2.13 Strengths of acids and bases 31



CONTENTS

2.14 Dissociation of polyprotic acids 33

2.15 Common-ion effect 34

2.16 The ionic product of water 36

2.17 The hydrogen ion exponent 38

2.18 The hydrolysis of salts 40

2.19 Hydrolysis constant and degree of hydrolysis 42
2.20 Buffer solutions 46

2.21 Complex jons 49

2.22 Complexation 51

2.23 Stability of complexes 52

2.24 Metal ion buffers 53

2.25 Factors influencing the stability of complexes 53
2.26 Complexones 55

2.27 Stability constants of EDTA complexes 58

2.28 Electrode potentials 60

2.29 Concentration cells 63

2.30 Calculation of the e.m.f. of a voltaic cell 64

2.31 Oxidation—reduction cells 64

2.32 Calculation of the standard reduction potential 65
2.33 Equilibrium constants of oxidation—reduction reactions 67

CHAPTER 3 COMMON APPARATUS AND BASIC TECHNIQUES

3.1 Introduction 71

BALANCES

3.2 The analytical balance 72

3.3 Other balances 74

3.4 Weights, reference masses 75

3.5 Care and use of analytical balances 75
3.6 Errors in weighing 76

GRADUATED GLASSWARE

3.7 Units of volume 78

3.8 Graduated apparatus 79

3.9 Temperature standard 80

3.10 Graduated flasks 81

3.11 Pipettes 81

3.12 Burettes 84

3.13 Weight burettes 86

3.14 Piston burettes 87

3.15 Graduated (measuring) cylinders 87
3.16 Calibration of volumetric apparatus 87

WATER FOR LABORATORY USE

3.17 Purified water 89
3.18 Wash bottles 91

GENERAL APPARATUS

3.19 Glassware, ceramics, plastic ware 92

vl

n

12

18

89

92



CONTENTS

3.20
3.21
322
3.23
3.24
3.25

Metal apparatus 93

Heating apparatus 97
Desiccators and dry boxes 98
Stirring apparatus 101
Filtration apparatus 102
Weighing bottles 104

REAGENTS AND STANDARD SOLUTIONS

3.26
3.27
3.28

Reagents 104
Purification of substances 105
Preparation and storage of standard solutions 107

SOME BASIC TECHNIQUES

3.29
3.30
3.31
3.32
333
3.34
335
3.36
3.37

3.38
3.39

Preparation of the substance for analysis 109
Weighing the sample 110

Solution of the sample 110

Precipitation 115

Filtration 115

Filter papers 115

Crucibles with permanent porous plates 117
Washing precipitates 118

Drying and igniting precipitates 119

References for Part A 122
Selected bibliography for Part A 122

PART B ERRORS, STATISTICS, AND SAMPLING
CHAPTER 4 ERRORS AND STATISTICS

Limitations of analytical methods 127
Classification of errors 127
Accuracy 128
Precision 129
Minimisation of errors 131
Significant figures and computations 132
The use of calculators and microcomputers 133
Mean and standard deviation 134
Distribution of random errors 136
Reliability of results 137
Confidence interval 138
Comparison of results 139
Comparison of the means of two samples 140
Paired z-test 142
The number of replicate determinations 142
Correlation and regression 144
Linear regression 145

Comparison of more than two means (analysis of variance) 146

The value of statistics 149

104

109

125
121

vii



CONTENTS

CHAPTER 5 SAMPLING

5.1
5.2
53
5.4
55
5.6

5.7
58

The basis of sampling 150
Sampling procedure 150
Sampling statistics 151
Sampling and physical state 153
Crushing and grinding 155
Hazards in sampling 155

References for Part B 156
Selected bibliography for Part B 156

PART C SEPARATIVE TECHNIQUES
CHAPTER 6 SOLVENT EXTRACTION

General discussion 161

Factors favouring solvent extraction 163

Quantitative treatment of solvent extraction equilibria 165
Synergistic extraction 167

Ion-association complexes 168

Extraction reagents 169

Some practical considerations 172

SOME APPLICATIONS

6.8
6.9
6.10

6.11
6.12
6.13
6.14
6.15
6.16

6.17
6.18

Determination of beryllium as the acetylacetone complex 175

Determination of boron using ferroin 175
Determination of copper as the diethyldithiocarbamate
complex 177
Determination of copper as the ‘neo-cuproin’ complex 178
Determination of iron as the 8-hydroxyquinolate 178
Determination of lead by the dithizone method 179
Determination of molybdenum by the thiocyanate method 180
Determination of nickel as the dimethylglyoxime complex 181
Determination of silver by extraction as its ion-association
complex with 1,10-phenanthroline and bromopyrogallol red 182
Determination of nickel by synergistic extraction 183
Extraction and determination of lead, cadmium, and copper
using ammonium pyrollidine dithiocarbamate 184

CHAPTER 7 10N EXCHANGE

7.1
7.2
73
7.4
15
7.6

viii

General discussion 186

Action of ion exchange resins 189

Ion exchange chromatography 194

Ion chromatography 197

Ton exchange in organic and aqueous—organic solvents 201
Chelating ion exchange resins 202

150

159
161

175



CONTENTS

7.7 Liquid ion exchangers 204

APPLICATIONS IN ANALYTICAL CHEMISTRY 205

7.8 Experimental techniques 205

7.9 Determination of the capacity of an ion exchange resin (column
method) 207

7.10 Separation of zinc and magnesium on an anion exchanger 208

7.11 Separation of chloride and bromide on an anion exchanger 209

7.12 Determination of the total cation concentration in water 210

7.13 Separation of cadmium and zinc on an anion exchanger 210

7.14 Concentration of copper(1II) ions from a brine solution using a

chelating ion exchange resin 212
7.15 Determination of anions using ion chromatography 213

CHAPTER 8 COLUMN AND THIN-LAYER LIQUID
CHROMATOGRAPHY 216

8.1 Introduction 216

8.2 Types of liquid chromatography 216

8.3 Equipment for HPLC 220

8.4 Derivatisation 228

8.5 Quantitative analysis 229

8.6 Thin-layer chromatography 229

8.7 High performance thin-layer chromatography (HPTLC) 232

8.8 Determination of aspirin, phenacetin and caffeine in a mixture 233

8.9 Thin-layer chromatography — The recovery of separated
substances by elution techniques 233

CHAPTER 9 GAS CHROMATOGRAPHY 235

9.1 Introduction 235

9.2 Apparatus 235

9.3 Programmed-temperature gas chromatography 244

9.4 Quantitative analysis by GLC 245

9.5 Elemental analysis using gas chromatography 247

9.6 Determination of aluminium by gas chromatographic analysis of
its tris(acetylacetonato) complex 248

9.7 Analysis of a mixture using the internal normalisation
method 249

9.8 Determination of sucrose as its trimethylsilyl derivative using
gas—liquid chromatography 250

9.9 References for Part C 251
9.10 Selected bibliography for Part C 253

iX



CONTENTS

PART D TITRIMETRY AND GRAVIMETRY
CHAPTER 10 TITRIMETRIC ANALYSIS

THED

10.1
10.2
10.3
104
10.5
10.6

RETICAL CONSIDERATIONS

Titrimetric analysis 257

Classification of reactions in titrimetric analysis 258
Standard solutions 259

Equivalents, normalities and oxidation numbers 260
Preparation of standard solutions 260

Primary and secondary standards 260

NEUTRALISATION TITRATIONS

10.7

10.8

109

10.10
10.11
10.12
10.13
10.14
10.15
10.16
10.17

10.18
10.19
10.20
10.21
10.22
10.23
10.24

10.25

10.26
10.27
10.28
10.29
10.30
10.31
10.32

10.33

10.34
10.35
10.36
10.37

Neutralisation indicators 262

Preparation of indicator solutions 266

Mixed indicators 267
Universal or multiple range indicators 268
Neutralisation curves 269
Neutralisation of a strong acid with a strong base 269
Neutralisation of a weak acid with a strong base 272
Neutralisation of a weak base with a strong acid 274
Neutralisation of a weak acid with a weak base 275
Neutralisation of a polyprotic acid with a strong base 276
Titration of anions of weak acids with strong acids:
‘displacement titrations’ 277
Choice of indicators in neutralisation reactions 280
Titrations in non-aqueous solvents 281
Solvents for non-aqueous titrations 283
Indicators for non-aqueous titrations 283
Preparation of a standard acid 284
Preparation of constant boiling point hydrochloric acid 285
Direct preparation of 0.1M hydrochloric acid from the
constant boiling point acid 285
Preparation of approximately 0.1M hydrochloric acid and
standardisation 286
Preparation of standard alkali 289
Standardisation of approximately 0.1M sodium hydroxide 292
Other standard substances for acidimetry and alkalimetry 293
Standard barium hydroxide solution 294
Determination of the Na,CO; content of washing soda 295
Determination of the strength of concentrated acids 296
Determination of a mixture of carbonate and hydroxide
(analysis of commercial caustic soda) 297
Determination of a mixture of carbonate and
hydrogencarbonate 299
Determination of boric acid 299
Determination of ammonia in an ammonium salt 300
Determination of organic nitrogen (the Kjeldahl procedure) 302
Determination of nitrates 303

255
257
257

262



CONTENTS

10.38
10.39

10.40
10.41

10.42

Determination of phosphate (precipitation as quinoline
molybdophosphate) 304

Determination of the relative molecular mass of an organic
acid 305

Determination of hydroxyl groups in carbohydrates 306

Determination of a mixture of aniline and ethanolamine using

a non-aqueous titration 307

Determination of the saponification value of oils and fats 308

COMPLEXATION TITRATIONS

1043
10.44
1045
10.46
10.47

10.48
10.49
10.50

Introduction 309

A simple complexation titration 309

Titration curves 310

Types of EDTA titrations 311

Titration of mixtures, selectivity, masking and demasking
agents 312

Metal ion indicators 314

Standard EDTA solutions 321

Some practical considerations 322

DETERMINATION OF INDIVIDUAL CATIONS

10.51
10.52
10.53
10.54
10.55
10.56
10.57
10.58
10.59

Determination of aluminium: back-titration 324
Determination of barium: direct titration 324
Determination of bismuth: direct titration 324
Determination of calcium: substitution titration 325
Determination of copper: direct titration 326
Determination of iron(III): direct titration 326
Determination of nickel: direct titrations 327
Determination of silver: indirect method 327

Details for the determination of a selection of metal ions by
EDTA titration 328

ANALYSIS OF MIXTURES OF CATIONS

10.60
10.61

10.62
10.63

10.64
10.65

10.66
10.67

10.68

Determination of calcium and magnesium 328
Determination of calcium in the presence of magnesium using
EGTA as titrant 331

Determination of the total hardness (permanent and
temporary) of water 332

Determination of calcium in the presence of barium using
CDTA as titrant 333

Determination of calcium and lead in a mixture 333
Determination of magnesium, manganese and zinc in a
mixture: use of fluoride ion as a demasking agent 334
Determination of chromium(III) and iron(III) in a mixture:
an example of kinetic masking 335

Determination of manganese in presence of iron: analysis of
ferro-manganese 336

Determination of nickel in presence of iron: analysis of nickel
steel 336

309

324

328

xi



CONTENTS

10.69 Determination of lead and tin in a mixture: analysis of
solder 337

10.70 Determination of bismuth, cadmium and lead in a mixture:
analysis of a low-melting alloy 337

DETERMINATION OF ANIONS 338

10.71 Determination of halides (excluding fluoride) and
thiocyanates 339

10.72 Determination of phosphates 339

10.73 Determination of sulphates 340

PRECIPITATION TITRATIONS 340

10.74 Precipitation reactions 340

10.75 Determination of end points in precipitation reactions 342

10.76 Preparation of 0.1M silver nitrate 348

10.77 Standardisation of silver nitrate solution 349

10.78 Determination of chlorides and bromides 351

10.79 Determination of iodides 351

10.80 Determination of mixtures of halides with adsorption
indicators 352

10.81 Determination of mixtures of halides by an indirect method 352

10.82 Preparation and use of 0.1 ammonium or potassium
thiocyanate: titrations according to Volhard’s method 353

10.83 Determination of silver in a silver alloy 354

10.84 Determination of chlorides (Volhard’s method) 355

10.85 Determination of fluoride: precipitation as lead chlorofluoride
coupled with Volhard titration 356

10.86 Determination of arsenates 357

10.87 Determination of cyanides 358

10.88 Determination of potassium 359

OXIDATION-REDUCTION TITRATIONS 360

10.89 Change of the electrode potential during the titration of a
reductant with an oxidant 360

10.90 Formal potentials 363

10.91 Detection of the end point in oxidation—reduction titrations 364

OXIDATIONS WITH POTASSIUM PERMANGANATE 368

10.92 Discussion 368

10.93 Preparation of 0.02M potassium permanganate 370
10.94 Standardisation of permanganate solutions 370
10.95 Analysis of hydrogen peroxide 372

10.96 Determination of nitrites 373

10.97 Determination of persulphates 374

OXIDATIONS WITH POTASSIUM DICHROMATE 000

10.98 Discussion 375

10.99 Preparation of 0.02M potassium dichromate 375

10.100 Standardisation of potassium dichromate solution against
iron 376

10.101 Determination of chromium in a chromium (III) salt 377

Xii



CONTENTS

10.102 Determination of chlorate 378
10.103 Determination of chemical oxygen demand 378

OXIDATIONS WITH CERIUM(IV) SULPHATE SOLUTION

10.104
10.105
10.106
10.107
10.108
10.109

General discussion 379

Preparation of 0.1M cerium(IV) sulphate 380
Standardisation of cerium(IV) sulphate solutions 381
Determination of copper 382

Determination of molybdate 383

Determination of nitrites 383

OXIDATION AND REDUCTION PROCESSES INVOLVING IODINE:
IODOMETRIC TITRATIONS

10.110
10.111
10.112
10.113
10.114
10.115
10.116
10.117
10.118
10.119
10.120
10.121
10.122
10.123
10.124

General discussion 384

Detection of the end point 387

Preparation of 0.05M iodine solution 389
Standardisation of iodine solutions 389

Preparation of 0.1M sodium thiosulphate 390
Standardisation of sodium thiosulphate solutions 391

Determination of copper in crystallised copper sulphate 393

Determination of chlorates 394
Analysis of hydrogen peroxide 394
Determination of dissolved oxygen 395

Determination of the available chlorine in hypochlorites 396

Determination of arsenic(V) 397
Determination of sulphurous acid and of sulphites 398

Determination of hydrogen sulphide and of sulphides 398

Determination of hexacyanoferrates(III) 399

OXIDATIONS WITH POTASSIUM IODATE

10.125
10.126
10.127
10.128
10.129
10.130

General discussion 400

Preparation of 0.025M potassium iodate 401
Determination of arsenic or of antimony 401
Determination of hydrazine 402
Determination of mercury 403
Determinations of other ions 403

OXIDATIONS WITH POTASSIUM BROMATE

10.131
10.132
10.133
10.134

10.135
10.136

General discussion 405
Preparation of 0.02M potassium bromate 406
Determination of antimony or of arsenic 406

Determination of metals by means of 8-hydroxyquinoline

(‘oxine’) 407
Determination of hydroxylamine 408
Determination of phenol 408

THE REDUCTION OF HIGHER OXIDATION STATES

10.137

10.138 Reduction with amalgamated zinc: the Jones reductor 410

10.139

General discussion 409

Reduction with liquid amalgams 412

379

384

400

405

409

xiii



CONTENTS

10.140 The silver reductor 414
10.141 Other methods of reduction 415

CHAPTER 11 GRAVIMETRY 817

11.1 Introduction to gravimetric analysis 417

11.2 Precipitation methods 418

11.3 The colloidal state 418

11.4 Supersaturation and precipitate formation 421

11.5 The purity of the precipitate: Co-precipitation 422

11.6 Conditions of precipitation 424

11.7 Precipitation from homogeneous solution 424

11.8 Washing the precipitate 426

11.9 Ignition of the precipitate: Thermogravimetric method of analysis 428

QUANTITATIVE SEPARATIONS BASED UPON PRECIPITATION METHODS 433

11.10 Fractional precipitation 433
11.11 Organic precipitants 437
11.12 Volatilisation or evolution methods 444

PRACTICAL GRAVIMETRIC ANALYSIS 446
11.13 Introduction 446
CATIONS 446

11.14 Determination of aluminium as the 8-hydroxyquinolate,
Al(CyH4ON);, with precipitation from homogeneous solution 446
11.15 Ammonium 447
11.16 Antimony 447
11.17 Arsenic 448
11.18 Barium 448
11.19 Beryllium 449
11.20 Bismuth 450
11.21 Cadmium 451
11.22 Calcium 451
11.23 Cerium 453
11.24 Chromium 454
11.25 Cobalt 454
11.26 Copper 455
11.27 Gold 456
11.28 Iron 457
11.29 Lead 458
11.30 Lithium 459
11.31 Magnesium 459
11.32 Manganese 460
11.33 Mercury 461
11.34 Molybdenum 461
11.35 Nickel 462
11.36 Palladium 463
11.37 Platinum 464
11.38 Potassium 464

Xiv



CONTENTS

11.39
11.40
1141
11.42
1143
11.44
11.45
11.46
1147
11.48
11.49
11.50
11.51
11.52

Selenium and tellurium 465
Silver 467

Sodium 467

Strontium 468

Thallium 469

Thorium 469

Tin 469

Titanium 470

Tungsten 471

Uranium 471

Vanadium 472

Zinc 472

Zircomium 473

Alternative procedures for cations 473

ANIONS

11.53
11.54
11.55
11.56
11.57
11.58
11.59
11.60
11.61
11.62
11.63
11.64
11.65
11.66
11.67
11.68
11.69
11.70
11.71
11.72
11.73
11.74
11.75
11.76
11.77
11.78

11.79
11.80

Borate 476

Bromate and bromide 477
Carbonate 477

Chlorate 479

Chloride 480

Cyanide 481

Fluoride 482
Fluorosilicate 482
Hexafluorophosphate 482
Hypophosphite 483
Iodate 483

Iodide 483

Nitrate 484

Nitrite 484

Oxalate 484

Perchlorate 484
Phosphate 485

Phosphite 486

Silicate 486

Sulphate 490

Sulphide 493

Sulphite 495

Thiocyanate 495
Thiosulphate 496
Alternative procedures for anions 496
Thermogravimetric experiments 497

References for Part D 498
Selected bibliography for Part D 499

PART E ELECTROANALYTICAL METHODS
CHAPTER 12 ELECTRO-GRAVIMETRY

12.1 Theory of electro-gravimetric analysis 503

476

501
503

XV



CONTENTS

12.2 Some terms used in electro-gravimetric analysis 504

12.3 Completeness of deposition 507

12.4 Electrolytic separation of metals 508

12.5 Character of the deposit 509

12.6 Electrolytic separation of metals with controlled cathode
potential 509

12.7 Apparatus 511

12.8 Determination of copper (constant current procedure) 514

12.9 Some examples of metals which can be determined by
electro-gravimetry 516

12.10 Determination of antimony, copper, lead and tin in bearing

metal (controlled potential procedure) 517

CHAPTER 13 CONDUCTIMETRY

13.1 General considerations 519

13.2 The measurement of conductivity 520

13.3 Conductimetry as an analytical tool 521

13.4 Applications of direct conductimetric measurements 521
13.5 The basis of conductimetric titrations 522

13.6 Apparatus and measurements 523

13.7 Applications of conductimetric titrations 525

13.8 High-frequency titrations (oscillometry) 527

CHAPTER 14 COULOMETRY

14.1 General discussion 529

14.2 Coulometry at controlled potential 530

14.3 Apparatus and general technique 531

14.4 Separation of nickel and cobalt by coulometric analysis at
controlled potential 533

14.5 Flowing stream coulometry 533

COULOMETRY AT CONSTANT CURRENT: COULOMETRIC TITRATIONS

14.6 General discussion 534

14.7 Instrumentation 537

14.8 External generation of titrant 539

14.9 Experimental details for typical coulometric titrations at
constant current 3540

14.10 Antimony(III) 541

14.11 8-Hydroxyquinoline (oxine) 542

14.12 Chloride, bromide and iodide 542

14.13 Titration of acids 544

14.14 Some further examples of coulometric titrations 547

Xvi

519

529

534



CONTENTS

CHAPTER 15 POTENTIOMETRY h48
15.1 Introduction 548
REFERENCE ELECTRODES 550

15.2 The hydrogen electrode 550
15.3 The calomel electrode 551
15.4 The silver—silver chloride electrode 553

INDICATOR ELECTRODES 553

15.5 General discussion 553
15.6 The glass electrode 555

ION-SELECTIVE ELECTRODES 558

15.7 Alkali metal ion-selective glass electrodes 558

15.8 Other solid membrane electrodes 559

15.9 Ion exchange electrodes 560

15.10 Enzyme-based electrodes 562

15.11 Gas sensing electrodes 562

15.12 Ion-selective field effect transistors (ISFET) 563
15.13 Commercially available ion-selective electrodes 564

INSTRUMENTATION AND MEASUREMENT OF CELL e.m.f. 565
15.14 pH-meters and selective ion meters 3565
DIRECT POTENTIOMETRY 567

15.15 Determination of pH 567
15.16 Determination of fluoride 570

POTENTIOMETRIC TITRATIONS 573

15.17 Principles of potentiometric titrations 573

15.18 Location of end points 574

15.19 Some general considerations 578

1520 Some experimental details for potentiometric titrations 580
15.21 Determination of copper 583

1522 Determination of chromium 584

1523 Determination of manganese 584

15.24 Potentiometric EDTA titrations with the mercury electrode 586
15.25 Potentiometric titrations in non-aqueous solvents 590

CHAPTER 16 VOLTAMMETRY 591
16.1 Introduction 591

POLAROGRAPHY 592
16.2 Basic principles 592

DIRECT CURRENT POLAROGRAPHY 595

16.3 Theoretical principles 595
16.4 Quantitative technique 602
16.5 Evaluation of quantitative results 604

Xvii



CONTENTS

16.6 Measurement of wave heights 605

16.7 Polarographs for classical d.c. polarography 606

16.8 Ancillary equipment for polarography 608

16.9 Modified voltammetric procedures 611

16.10 Pulse polarography 611

16.11 Rapid scan polarography 613

16.12 Sinusoidal a.c. polarography 613

16.13 Quantijtative applications of polarography 614

16.14 Determination of the half-wave potential of the cadmium ion
in 1M potassium chloride solution 616

16.15 Investigation of the influence of dissolved oxygen 618

16.16 Determination of cadmium in solution 619

16.17 Determination of lead and copper in steel 619

16.18 Determination of nitrobenzene in aniline 620

16.19 Determination of ascorbic acid in fruit juice 620

STRIPPING VOLTAMMETRY 621

16.20 Basic principles 621
16.21 Some fundamental features 623
16.22 Determination of lead in tap water 625

AMPEROMETRY 626

16.23 Amperometric titrations 626

16.24 Technique of amperometric titrations with the dropping
mercury electrode 628

16.25 Determination of lead with standard potassium dichromate
solution 630

16.26 Determination of sulphate with standard lead nitrate
solution 630

1627 Titration of an iodide solution with mercury(I1) nitrate
solution 631

TITRATIONS WITH THE ROTATING PLATINUM MICRO-ELECTRODE 632
16.28 Discussion and apparatus 632
16.29 Determination of thiosulphate with iodine 633
16.30 Determination of antimony with standard potassium bromate
solution 634

16.31 Examples of amperometric titrations using a single polarised
electrode 634

BIAMPEROMETRIC TITRATIONS 635

16.32 General discussion 635

16.33 Titration of thiosulphate with iodine (‘dead-stop end point’) 636
16.34 Determination of nitrate 636

16.35 Determination of water with the Karl Fischer reagent 637

16.36 The determination of glucose using an enzyme electrode 639
16.37 The Clark Cell for determination of oxygen 639

16.38 References for Part E 640
16.39 Selected bibliography for Part E 641

Xviii



CONTENTS

PART F SPECTROANALYTICAL METHODS 643
CHAPTER 17 COLORIMETRY AND SPECTROPHOTOMETRY 645

17.1 General discussion 645

17.2 Theory of spectrophotometry and colorimetry 647

17.3 Classification of methods of ‘colour’ measurement or
comparison 651

17.4 Standard series method 654

17.5 Balancing method 656

17.6 Photoelectric photometer method 658

17.7 Wavelength selection 660

17.8 Radiation sources 664

179 Cells 664

17.10 Data presentation 6635

17.11 Layout of instruments 666

17.12 Derivative spectrophotometry 668

17.13 The origins of absorption spectra 671

EXPERIMENTAL COLORIMETRIC DETERMINATIONS 672

17.14 Some general remarks upon colorimetric determinations 672
17.15 Choice of solvent 674
17.16 General procedure for colorimetric determinations 675

CATIONS 678

17.17 Aluminium 678
17.18 Ammonia 679
17.19 Antimony 680
17.20 Arsenic 680
17.21 Beryllium 683
17.22 Bismuth 684
17.23 Boron 685
17.24 Chromium 686
17.25 Cobalt 688
17.26 Copper 689
17.27 Iron 690

17.28 Lead 692

17.29 Magnesium 692
17.30 Molybdenum 693
17.31 Nickel 693
17.32 Tin 695

17.33 Titanium 696
17.34 Tungsten 697
17.35 Vanadium 698

ANIONS 699

17.36 Chloride 699
17.37 Fluoride 701
17.38 Nitrite 702
17.39 Phosphate 702

Xix



CONTENTS

17.40 Silicate 703
17.41 Sulphate 704

SOME TYPICAL ORGANIC COMPOUNDS

17.42 Primary amines 705
17.43 Carbonyl group 706
17.44 Anionic detergents 706
17.45 Phenols 707

EXPERIMENTAL DETERMINATIONS WITH
ULTRAVIOLET/VISIBLE SPECTROPHOTOMETERS

17.46 Determination of the absorption curve and concentration of a
substance (potassium nitrate) 708

17.47 The effect of substituents on the absorption spectrum of benzoic
acid 710

17.48 Simultaneous spectrophotometric determination (chromium and
manganese) 712

17.49 Determination of the absorption curves of aromatic
hydrocarbons and the analysis of binary mixtures 715

17.50 Determination of phenols in water 716

17.51 Determination of the active constituents in a medicinal
preparation by derivative spectroscopy 717

17.52 Spectrophotometric determination of the pK value of an
indicator (the acid dissociation constant of methyl red) 718

DETERMINATIONS BY SPECTROPHOTOMETRIC
TITRATION

17.53 Spectrophotometric titrations 722

17.54 Apparatus for spectrophotometric titrations 723

17.55 Simultaneous determination of arsenic(1II) and antimony (II1)
in a mixture 724

17.56 Determination of copper(I) with EDTA 724

17.57 Determination of iron(III) with EDTA 725

SOME NEPHELOMETRIC DETERMINATIONS

17.58 General discussion 726

17.59 Instruments for nephelometry and turbidimetry 727
17.60 Determination of sulphate 729

17.61 Determination of phosphate 730

CHAPTER 18 SPECTROFLUORIMETRY

18.1 General discussion 731
18.2 Instruments for fluorimetric analysis 733
18.3 Some applications of fluorimetry 734

EXPERIMENTAL

18.4 Quinine 736
18.5 Aluminium 737
18.6 Cadmium 737

XX

705

108

122

126

31

736



CONTENTS

18.7 Calcium 738
18.8 Zinc 739
189 Determination of codeine and morphine in a mixture 740

CHAPTER 19 INFRARED SPECTROPHOTOMETRY ILY!

19.1 Introduction 741

19.2 Apparatus and instruments 744

19.3 Dedicated process analysers 747

19.4 Infrared cells for liquid samples 749

19.5 Measurement of cell path length 750

19.6 Measurement of infrared absorption bands 751

19.7 The Beer—Lambert relationship in quantitative infrared
spectrophotometry 752

19.8 Quantitative measurements using compressed discs 755

19.9 Determination of the purity of commercial benzoic acid using
compressed dises 755

19.10 Preparation of a calibration curve for cyclohexane 756

19.11 Determination of 2-, 3-, and 4-methylphenols (cresols) in a

mixture 756
19.12 Determination of acetone (propanone) in propan-2-ol 757

CHAPTER 20 ATOMIC EMISSION SPECTROSCOPY 158

20.1 Introduction 758

20.2 General discussion (emission spectrography) 758

20.3 Equipment for emission spectrographic analysis 760

20.4 Qualitative spectrographic analysis 765

20.5 Quantitative spectrographic analysis 767

20.6 Qualitative spectrographic analysis of (A) a non-ferrous alloy,
and (B) a complex inorganic mixture 770

20.7 Introduction to plasma emission spectroscopy 773

20.8 The direct current plasma (DCP) 773

209 The inductively coupled plasma (ICP) 774

20.10 Sample introduction 775

20.11 ICP instrumentation 775

CHAPTER 21 ATOMIC ABSORPTION AND FLAME EMISSION
SPECTROSCOPY 119

FLAME SPECTROMETRY 719

21.1 Introduction 779

21.2 Elementary theory 780

21.3 Instrumentation 783

21.4 Flames 784

21.5 The nebuliser-burner system 785

XX1



CONTENTS

21.6 Non-flame techniques 787

21.7 Resonance line sources 790

21.8 Monochromator 791

21.9 Detectors 791

21.10 Interferences 791

21.11 Chemical interferences 792

21.12 Background correction methods 795
21.13 Flame emission spectroscopy 797
21.14 Atomic absorption spectrophotometers 798
21.15 Atomic fluorescence spectroscopy 800
EXPERIMENTAL

21.16 Evaluation methods 800

21.17 Preparation of sample solutions 801
21.18 Preparation of standard solutions 802
21.19 Safety practices 802

SELECTED DETERMINATIONS
21.20 Introduction 803

ATOMIC ABSORPTION EXPERIMENTS

21.21 Determination of magnesium and calcium in tap water 804
21.22 Determination of vanadium in lubricating oil 808

21.23 Determination of trace lead in a ferrous alloy 808

21.24 Determination of trace elements in contaminated soil 810

FLAME EMISSION EXPERIMENTS
21.25 Determination of alkali metals by flame photometry 812

21.26 References for Part F 813
21.27 Selected bibliography for Part F 815

APPENDICES

APPENDIX 1  RELATIVE ATOMIC MASSES, 1985 819
APPENDIX 2  INDEX OF ORGANIC CHEMICAL REAGENTS 820

800

803

804

812

817

APPENDIX 3  CONCENTRATIONS OF AQUEOUS SOLUTIONS OF THE COMMON ACIDS

AND OF AQUEOUS AMMONIA 829

APPENDIX 4  SATURATED SOLUTIONS OF SOME REAGENTS AT 20°C 829

APPENDIX 5 SOURCES OF ANALYSED SAMPLES 830

APPENDIX 6  BUFFER SOLUTIONS AND SECONDARY pH STANDARDS 830

APPENDIX 7a DISSOCIATION CONSTANTS OF SOME ACIDS IN WATER AT 25°C 832

APPENDIX 7b ACIDIC DISSOCIATION CONSTANTS OF SOME BASES IN WATER AT

25°C 833
APPENDIX 8  POLAROGRAPHIC HALF-WAVE POTENTIALS 835
APPENDIX 9  RESONANCE LINES FOR ATOMIC ABSORPTION 837

APPENDIX 10 ELECTRONIC ABSORPTION CHARACTERISTICS OF SOME COMMON

CHROMOPHORES 838

XXii



CONTENTS

APPENDIX 11
APPENDIX 12
APPENDIX 13
APPENDIX 14
APPENDIX 15

APPENDIX 16
APPENDIX 17

INDEX

CHARACTERISTIC INFRARED ABSORPTION BANDS 839
PERCENTAGE POINTS OF THE ¢-DISTRIBUTION 840
F-DISTRIBUTION 841

CRITICAL VALUES OF @ (P = 0.05) 842

CRITICAL VALUES OF THE CORRELATION COEFFICIENT p (P
= 0.05) 842

FOUR-FIGURE LOGARITHMS 843
EQUIVALENTS AND NORMALITIES 845

Xxiii



PREFACE TO FIRST EDITION

In writing this book, the author had as his primary object the provision of a
complete up-to-date text-book of quantitative inorganic analysis, both theory
and practice, at a moderate price to meet the requirements of University and
College students of all grades. It is believed that the material contained therein
is sufficiently comprehensive to cover the syllabuses of all examinations in which
quantitative inorganic analysis plays a part. The elementary student has been
provided for, and those sections devoted to his needs have been treated in
considerable detail. The volume should therefore be of value to the student
throughout the whole of his career. The book will be suitable inter alia for
students preparing for the various Intermediate B.Sc. and Higher School
Certificate Examinations, the Ordinary and Higher National Certificates in
Chemistry, the Honours and Special B.Sc. of the Universities, the Associateship
of the Institute of Chemistry, and other examinations of equivalent standard.
It is hoped, also, that the wide range of subjects discussed within its covers will
result in the volume having a special appeal to practising analytical chemists
and to all those workers in industry and research who have occasion to utilise
methods of inorganic quantitative analysis.

The kind reception accorded to the author’s Text Book of Qualitative Chemical
Analysis by teachers and reviewers seems to indicate that the general arrange-
ment of that book has met with approval. The companion volume on
Quantitative Inorganic Analysis follows essentially similar lines. Chapter I is
devoted to the theoretical basis of quantitative inorganic analysis, Chapter II
to the experimental technique of quantitative analysis, Chapter III to volumetric
analysis, Chapter IV to gravimetric analysis (including electro-analysis),
Chapter V to colorimetric analysis, and Chapter VI to gas analysis; a
comprehensive Appendix has been added, which contains much useful matter
for the practising analytical chemist. The experimental side is based essentially
upon the writer’s experience with large classes of students of various grades.
Most of the determinations have been tested out in the laboratory in collaboration
with the author’s colleagues and senior students, and in some cases this has
resulted in slight modifications of the details given by the original authors.
Particular emphasis has been laid upon recent developments in experimental
technique. Frequently the source of certain apparatus or chemicals has been
given in the text; this is not intended to convey the impression that these
materials cannot be obtained from other sources, but merely to indicate that
the author’s own experience is confined to the particular products mentioned.

The ground covered by the book can best be judged by perusal of the Table
of Contents. An attempt has been made to strike a balance between the classical
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PREFACE TO FIRST EDITION

and modern procedures, and to present the subject of analytical chemistry as
it is today. The theoretical aspect has been stressed throughout, and numerous
cross-references are given to Chapter I (the theoretical basis of quantitative
inorganic analysis).

No references to the original literature are given in the text. This is because
the introduction of such references would have considerably increased the size
and therefore the price of the book. However, a discussion on the literature of
analytical chemistry is given in the Appendix. With the aid of the various volumes
mentioned therein — which should be available in all libraries of analytical
chemistry — and the Collective Indexes of Chemical Abstracts or of British
Chemical Abstracts, little difficulty will, in general, be experienced in finding the
original sources of most of the determinations described in the book.

In the preparation of this volume, the author has utilised pertinent material
wherever it was to be found. While it is impossible to acknowledge every source
individually, mention must, however, be made of Hillebrand and Lundell’s
Applied Inorganic Analysis (1929) and of Mitchell and Ward’s Modern Methods
in Quantitative Chemical Analysis (1932). In conclusion, the writer wishes to
express his thanks: to Dr. G. H. Jeffery, A.L.C,, for reading the galley proofs
and making numerous helpful suggestions; to Mr. A. S. Nickelson, B.Sc., for
reading some of the galley proofs; to his laboratory steward, Mr. F. Mathie,
for preparing a number of the diagrams, including most of those in Chapter VI,
and for his assistance in other ways; to Messrs. A. Gallenkamp and Co., Ltd.,
of London, E.C.2, and to Messrs. Fisher Scientific Co, of Pittsburgh, Pa., for
providing a number of diagrams and blocks;* and to Mr. F. W. Clifford, F.L.A,,
Librarian to the Chemical Society, and his able assistants for their help in the
task of searching the extensive literature.

Any suggestions for improving the book will be gratefully received by the
author.

ARTHUR 1. VOGEL
Woolwich Polytechnic, London, SE18
June, 1939

* Acknowledgment to other firms and individuals is made in the body of the text.
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PREFACE TO THE FIFTH EDITION

We consider ourselves most fortunate to have had the opportunity to continue
the collaboration we enjoyed over the previous Fourth Edition of Arthur I.
Vogel’s Textbook of Quantitative Inorganic Analysis and to prepare this
Fifth Edition.

It will not have gone unnoticed by readers familiar with earlier editions that
the title has now been altered to Vogel’s Textbook of ‘Quantitative Chemical
Analysis’. This has been done because the growth and development of analytical
chemistry has now totally blurred the boundaries which rather artificially existed
between inorganic and organic chemistry. As a result we have made a deliberate
policy to incorporate a number of useful organic analytical applications and
experiments in the new text. It says much for the foresight of Dr Vogel that he
clearly anticipated this development as in the Third Edition he incorporated
organic fluorescence and an introductory chapter on infrared spectroscopy, and
we have built upon this basis. As a result this volume is a far more substantial
revision than that which was given to the Fourth Edition and we believe that
it will be of value to an even wider readership in both academic and industrial
circles.

One change that will be evident to many chemists is the deletion of normalities
and equivalents from the body of the text. This has been done because current
teaching and all our external contacts indicated that there was little long-term
benefit in retaining them. However, there are many older readers who still
employ this system and because of this we have retained a detailed explanation
of normalities and equivalents as an Appendix.

The other changes we have made are almost too numerous to list separately
in a Preface. As far as possible all subject areas have been up-dated and numerous
references given to research papers and other textbooks to enable the reader to
study particular topics more extensively if required.

Part A, dealing with the Fundamentals of Quantitative Chemical Analysis,
has been extended to incorporate sections of basic theory which were originally
spread around the body of the text. This has enabled a more logical development
of theoretical concepts to be possible. Part B, concerned with errors, statistics,
and sampling, has been extensively rewritten to cover modern approaches to
sampling as well as the attendant difficulties in obtaining representative samples
from bulk materials. The statistics has been restructured to provide a logical,
stepwise approach to a subject which many people find difficult.

The very extensive changes that have taken place over recent years and the
broad application to organic separations necessitated a major revision of Part C
covering solvent extraction and chromatographic procedures. These particular
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chapters now incorporate a number of separations of organic materials, most
of which can be fairly readily carried out even in modestly equipped laboratories.

The traditional areas of ‘wet’ chemistry came under very close scrutiny and
it was felt that whilst the overall size of Part D could be justifiably reduced,
the chapter on titrimetry required modification to include a section on titrations
in non-aqueous solvents as these are of particular application to organic
materials. It was also felt that environmentally important titrations such as
those for dissolved oxygen and chemical oxygen demand should be introduced
for the first time. By way of contrast to this we considered that gravimetry has
greatly diminished in application and justified a substantial reduction in volume.
This in no way undermines its importance in terms of teaching laboratory skills,
but the original multitude of precipitations has been substantially pruned and
experimental details abbreviated.

Electroanalytical methods is another area which has changed substantially
in recent years and this has been reflected in the treatment given to Part E.
Apart from a revision of the theory and the circuit diagrams, modifications have
been made to the experiments and the chapters have been reorganised in a more
logical sequence. Because of the obvious overlap in theory and application,
amperometry has now been incorporated into the chapter on voltammetry.
Even more substantial changes have been made to the spectroanalytical methods
in Part F, in which all chapters have received a major revision, especially to
include more organic applications where possible. Details of Fourier transform
techniques and derivative spectroscopy are included for the first time, along
with a general up-date on instrument design. The growing importance of
quantitative infrared spectrophotometry has well justified the re-introduction
of a chapter dealing more extensively with this topic. Similarly the extensive
and rapid growth of procedures and applications in atomic absorption
spectroscopy has necessitated another major revision in this area.

A full revision has been made to the appendices and some of those used in
the Fourth Edition have now been incorporated into the main text where
appropriate. At the same time other tables have been extended to include more
organic compounds and additional appendices include correlation tables
for infrared, absorption characteristics for ultraviolet/visible, and additional
statistical tables, along with the essential up-dated atomic weights.

In carrying out this revision we owe a great debt to the many companies
and individuals who have so willingly helped us not only in giving permission
to reproduce their tables and diagrams but who have often gone to considerable
trouble to provide us with current information and special photographs and
illustrations. We have also paid special attention to the many ideas, suggestions
and corrections made by readers who took the trouble to write to us when the
Fourth Edition was published. Most of these were constructive and useful,
especially the one from Papua—New Guinea pointing out to us the difficulty of
producing a ‘flesh-coloured precipitate’! We have done our best to avoid such
misleading errors on this occasion. Nevertheless we will be pleased to learn of
any errors which may have inadvertently crept into the text and/or suggestions
for further improvement. We greatly hope that this edition will continue to
maintain the very high standards for quantitative analysis which Dr Arthur L
Vogel helped to establish with the First Edition some 50 years ago.

Finally, we wish to express our especial thanks to our friends and colleagues
who have so willingly helped us with data, sources of material and discussion
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throughout the revision of this book. We are grateful to Thames Polytechnic
for its continued support and enthusiasm in our work and particularly to the
School of Chemistry in which we have all spent many years. Needless to say,
we owe a great debt to our wives who have once again encouraged, assisted
and tolerated us over the many months spent discussing, writing, revising,
checking and proof-reading this edition. We hope that along with us they will
feel that the final result more than justifies the efforts that have been put into
it and that we have produced a book which will continue to be of substantial
value in the teaching and application of analytical chemistry.

G. H. JEFFERY, J. BASSETT, J. MENDHAM, R. C. DENNEY
Thames Polytechnic, Woolwich, London, SE18 6PF, England
August, 1988
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A NOTE ON UNITS AND REAGENT PURITY

SI units have been used throughout this book, but as the ‘litre’ (L) has been
accepted as a special name for the cubic decimetre (dm?3) although this is not
strictly speaking an SI term we have felt that it is appropriate to employ it
throughout this book. Similarly we have chosen to use millilitres (mL) instead
of cubic centimetres (cm?).

Concentrations of solutions are usually expressed in terms of moles per litre:
a molar solution (M) has one mole of solute per L.

It should also be emphasised that unless otherwise stated all reagents
employed in the analytical procedures should be of appropriate ‘analytical
grade’ or ‘spectroscopic grade’ materials. Similarly, where solutions are prepared
in water this automatically means ‘distilled’ or ‘deionised” water from which
all but very minor impurities will have been removed.
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CHAPTER 1
INTRODUCTION

1.t CHEMICAL ANALYSIS

‘The resolution of a chemical compound into its proximate or ultimate parts;
the determination of its elements or of the foreign substances it may contain’:
thus reads a dictionary definition.

This definition outlines in very broad terms the scope of analytical chemistry.
When a completely unknown sample is presented to an analyst, the first
requirement is usually to ascertain what substances are present in it. This
fundamental problem may sometimes be encountered in the modified form of
deciding what impurities are present in a given sample, or perhaps of confirming
that certain specified impurities are absent. The solution of such problems lies
within the province of qualitative analysis and is outside the scope of the present
volume.

Having ascertained the nature of the constituents of a given sample, the
analyst is then frequently called upon to determine how much of each
component, or of specified components, is present. Such determinations lie
within the realm of quantitative analysis, and to supply the required information
a variety of techniques is available.

1.2 APPLICATIONS OF CHEMICAL ANALYSIS

In a modern industrialised society the analytical chemist has a very important
role to play. Thus most manufacturing industries rely upon both qualitative
and quantitative chemical analysis to ensure that the raw materials used meet
certain specifications, and also to check the quality of the final product. The
examination of raw materials is carried out to ensure that there are no unusual
substances present which might be deleterious to the manufacturing process or
appear as a harmful impurity in the final product. Further, since the value of
the raw material may be governed by the amount of the required ingredient
which it contains, a quantitative analysis is performed to establish the proportion
of the essential component: this procedure is often referred to as assaying. The
final manufactured product is subject to quality conmtrol to ensure that its
essential components are present within a pre-determined range of composition,
whilst impurities do not exceed certain specified limits. The semiconductor
industry is an example of an industry whose very existence is dependent upon
very accurate determination of substances present in extremely minute quantities.

The development of new products (which may be mixtures rather than pure
materials, as for example a polymer composition, or a metallic alloy) also
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1 INTROOUCTION

requires the services of the analytical chemist. It will be necessary to ascertain
the composition of the mixture which shows the optimum characteristics for
the purpose for which the material is being developed.

Many industrial processes give rise to pollutants which can present a health
problem. Quantitative analysis of air, water, and in some cases soil samples,
must be carried out to determine the level of pollution, and also to establish
safe limits for pollutants.

In hospitals, chemical analysis is widely used to assist in the diagnosis of
illness and in monitoring the condition of patients. In farming, the nature and
level of fertiliser application is based upon information obtained by analysis of
the soil to determine its content of the essential plant nutrients, nitrogen,
phosphorus and potassium, and of the trace elements which are necessary for
healthy plant growth.

Geological surveys require the services of analytical chemists to determine
the composition of the numerous rock and soil samples collected in the field.
A particular instance of such an exercise is the qualitative and quantitative
examination of the samples of ‘moon rock’ brought back to Earth in 1969 by
the first American astronauts to land on the moon.

Much legislation enacted by governments relating to such matters as poliution
of the atmosphere and of rivers, the monitoring of foodstuffs, the control of
substances hazardous to health, the misuse of drugs, and many others are
dependent upon the work of analytical chemists for implementation.

When copper (II) sulphate is dissolved in distilled water, the copper is present
in solution almost entirely as the hydrated copper ion [Cu(H,0)¢]*". If,
however, a natural water (spring water or river water) is substituted for the
distilled water, then some of the copper ions will interact with various substances
present in the natural water. These substances may include acids derived from
vegetation (such as humic acids and fulvic acid), colloidal materials such as
clay particles, carbonate ions (CO%~) and hydrogencarbonate ions (HCO3)
derived from atmospheric carbon dioxide, and various other cations and anions
leached from the rocks with which the water has been in contact. The copper
ions which become adsorbed on colloidal particles, or those which form an
organic complex with (for example) fulvic acid, will no longer show the usual
behaviour of hydrated copper(II) ions and thus their biological and geological
effects are modified. For the investigation of such problems in natural waters,
it is therefore necessary for the analyst to devise procedures whereby the various
copper-containing species in the solution can be identified, and the distribution
of the copper among them determined. Such procedures are referred to as
‘speciation’.

1.3 SAMPLING

The results obtained for the proportion of a certain constituent in a given sample
may form the basis of assessing the value of a large consignment of the
commodity from which the sample was drawn. In such cases it is absolutely
essential to be certain that the sample used for analysis is truly representative
of the whole. When dealing with a homogeneous liquid, sampling presents few
problems, but if the material under consideration is a solid mixture, then it is
necessary to combine a number of portions to ensure that a representative
sample is finally selected for analysis. The analyst must therefore be acquainted
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TYPES OF ANALYSIS 14

with the normal standard sampling procedures employed for different types of
materials.

1.4 TYPES OF ANALYSIS

With an appropriate sample available, attention must be given to the question
of the most suitable technique or techniques to be employed for the required
determinations. One of the major decisions to be made by an analyst is the
choice of the most effective procedure for a given analysis, and in order to arrive
at the correct decision, not only must he be familiar with the practical details
of the various techniques and of the theoretical principles upon which they are
based, he must also be conversant with the conditions under which each method
is reliable, aware of possible interferences which may arise, and capable of
devising means of circumventing such problems. He will also be concerned with
questions regarding the accuracy and the precision to be expected from given
methods and, in addition, he must not overlook such factors as time and costing.
The most accurate method for a certain determination may prove to be lengthy
or to involve the use of expensive reagents, and in the interests of economy it
may be necessary to choose a method which, although somewhat less exact,
yields results of sufficient accuracy in a reasonable time.

Important factors which must be taken into account when selecting an
appropriate method of analysis include (a) the nature of the information which
is sought, (b) the size of sample available and the proportion of the constituent
to be determined, and (c) the purpose for which the analytical data are required.

The nature of the information sought may involve requirement for very
detailed data, or alternatively, results of a general character may suffice. With
respect to the information which is furnished, different types of chemical analysis
may be classified as follows:

1. proximate analysis, in which the amount of each element in a sample is
determined with no concern as to the actual compounds present;

2. partial analysis, which deals with the determination of selected constituents
in the sample;

3. trace constituent analysis, a specialised instance of partial analysis in which
we are concerned with the determination of specified components present in
very minute quantity;

4. complete analysis, when the proportion of each component of the sample is
determined.

On the basis of sample size, analytical methods are often classified as:

. macro, the analysis of quantities of 0.1 g or more;

. meso (semimicro), dealing with quantities ranging from 10 2 g to 107! g;
. micro, for quantities in the range 1073 g to 1072 g;

. submicro, for samples in the range 10 *gto 1073 g;

. ultramicro, for quantities below 104 g.

DR W —

The term ‘semimicro’ given as an alternative name for classification (2) is not
very apt, referring as it does to samples larger than micro.

A major constituent is one accounting for 1-100 per cent of the sample under
investigation; a minor constituent is one present in the range 0.01-1 per cent;
a trace constituent is one present at a concentration of less than 0.01 per cent.
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With the development of increasingly sophisticated analytical techniques it has
become possible to determine substances present in quantities much lower than
the 0.01 per cent upper level set for trace constituents. It is therefore necessary to
make further subdivisions: trace corresponds to 102-10* ug per gram, or
102-10* parts per million (ppm), microtrace to 102-10"!pg per gram,
(1074-10"" ppm), nanotrace to 102—-10~! fm per gram (10~ "-10"° ppm).

When the sample weight is small (0.1-1.0 mg), the determination of a trace
component at the 0.01 per cent level may be referred to as subtrace analysis. If the
trace component is at the microtrace level, the analysis is termed sub-
microtrace. With a still smaller sample (not larger than 0.1 mg) the determination
of a component at the trace level is referred to as ultratrace analysis, whilst
with a component at the microtrace level, the analysis is referred to as
ultra-microtrace.

The purpose for which the analytical data are required may perhaps be
related to process control and quality control. In such circumstances the
objective is checking that raw materials and finished products conform to
specification, and it may also be concerned with monitoring various stages in
a manufacturing process. For this kind of determination methods must be
employed which are quick and which can be readily adapted for routine work:
in this area instrumental methods have an important role to play, and in certain
cases may lend themselves to automation. On the other hand, the problem may
be one which requires detailed consideration and which may be regarded as
being more in the nature of a research topic.

1.5 USE OF LITERATURE

Faced with a research-style problem, the analyst will frequently be dealing with
a situation which is outside his normal experience and it will be necessary to
seek guidance from published data. This will involve consultation of multi-
volume reference works such as Kolthoff and Elving, Treatise on Analytical
Chemistry; Wilson and Wilson, Comprehensive Analytical Chemistry; Fresenius
and Jander, Handbuch der analytischen Chemie; of a compendium of methods
such as Meites, Handbook of Analytical Chemistry; or of specialised monographs
dealing with particular techniques or types of material. Details of recognised
procedures for the analysis of many materials are published by various official
bodies, as for example the American Society for Testing Materials (ASTM), the
British Standards Institution and the Commission of European Communities.
It may be necessary to seek more up-to-date information than that available
in the books which have been consulted and this will necessitate making use
of review publications (e.g. Annual Reports of the Chemical Society; reviews in
The Analyst and Analytical Chemistry), and of abstracts (e.g. Arnalytical
Abstracts; Chemical Abstracts), and referring to journals devoted to analytical
chemistry and to specific techniques: see Section 1.7.*

Such a literature survey may lead to the compilation of a list of possible
procedures and the ultimate selection must then be made in the light of the
criteria previously enunciated, and with special consideration being given to
questions of possible interferences and to the equipment available.

* Selected Bibliographies and References are given at the end of each part of the book; for Part A,
see Sections 3.38 and 3.39.
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1.6 COMMON TECHNIQUES

The main techniques employed in quantitative analysis are based upon (a) the
quantitative performance of suitable chemical reactions and either measuring
the amount of reagent needed to complete the reaction, or ascertaining the
amount of reaction product obtained; (b} appropriate electrical measurements
(e.g. potentiometry); (c) the measurement of certain optical properties (e.g.
absorption spectra). In some cases, a combination of optical or electrical
measurements and quantitative chemical reaction (e.g. amperometric titration)
may be used.

The quantitative execution of chemical reactions is the basis of the traditional
or ‘classical’ methods of chemical analysis: gravimetry, titrimetry and volumetry.
In gravimetric analysis the substance being determined is converted into an
insoluble precipitate which is collected and weighed, or in the special case of
electrogravimetry electrolysis is carried out and the material deposited on one
of the electrodes is weighed.

In titrimetric analysis (often termed volumetric analysis in certain books),
the substance to be determined is allowed to react with an appropriate reagent
added as a standard solution, and the volume of solution needed for complete
reaction is determined. The common types of reaction which are used in
titrimetry are (a) neutralisation (acid—base) reactions; (b) complex-forming
reactions; (c¢) precipitation reactions; (d) oxidation—reduction reactions.

Volumetry is concerned with measuring the volume of gas evolved or
absorbed in a chemical reaction.

Electrical methods of analysis (apart from electrogravimetry referred to
above)involve the measurement of current, voltage or resistance in relation to the
concentration of a certain species in solution. Techniques which can be included
under this general heading are (i) voltammetry (measurement of current at a
micro-electrode at a specified voltage); (ii) coulometry (measurement of current
and time needed to complete an electrochemical reaction or to generate sufficient
material to react completely with a specified reagent); (iii) potentiometry
(measurement of the potential of an electrode in equilibrium with an ion to be
determined); (iv) conductimetry (measurement of the electrical conductivity of
a solution).

Optical methods of analysis are dependent either upon (i) measurement of
the amount of radiant energy of a particular wavelength absorbed by the sample,
or (ii) the emission of radiant energy and measurement of the amount of energy
of a particular wavelength emitted. Absorption methods are usually classified
according to the wavelength involved as (a) visible spectrophotometry
(colorimetry), (b) ultraviolet spectrophotometry, and (c) infrared spectro-
photometry.

Atomic absorption spectroscopy involves atomising the specimen, often by
spraying a solution of the sample into a flame, and then studying the absorption
of radiation from an electric lamp producing the spectrum of the element to be
determined.

Although not strictly absorption methods in the sense in which the term is
usually employed, turbidimetric and nephelometric methods which involve
measuring the amount of light stopped or scattered by a suspension should also
be mentioned at this point.

Emission methods involve subjecting the sample to heat or electrical treatment
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so that atoms are raised to excited states causing them to emit energy:
it is the intensity of this emitted energy which is measured. The common
excitation techniques are:

(a) emission spectroscopy, where the sample is subjected to an electric arc or
spark plasma and the light emitted (which may extend into the ultraviolet
region) is examined;

(b) flame photometry, in which a solution of the sample is injected into a flame;

(¢) Afluorimetry, in which a suitable substance in solution (commonly a metal—
fluorescent reagent complex) is excited by irradiation with visible or
ultraviolet radiation.

Chromatography is a separation process employed for the separation of
mixtures of substances. It is widely used for the identification of the components
of mixtures, but as explained in Chapters 8 and 9, it is often possible to use
the procedure to make quantitative determinations, particularly when using
Gas Chromatography (GC) and High Performance Liquid Chromatography
(HPLC).

1.7 INSTRUMENTAL METHODS

The methods dependent upon measurement of an electrical property, and those
based upon determination of the extent to which radiation is absorbed or upon
assessment of the intensity of emitted radiation, all require the use of a suitable
instrument, e.g. polarograph, spectrophotometer, etc., and in consequence such
methods are referred to as ‘instrumental methods’. Instrumental methods are
usually much faster than purely chemical procedures, they are normally
applicable at concentrations far too small to be amenable to determination by
classical methods, and they find wide application in industry. In most cases a
microcomputer can be interfaced to the instrument so that absorption curves,
polarograms, titration curves, etc., can be plotted automatically, and in fact, by
the incorporation of appropriate servo-mechanisms, the whole analytical process
may, in suitable cases, be completely automated.

Despite the advantages possessed by instrumental methods in many directions,
their widespread adoption has not rendered the purely chemical or ‘classical’
methods obsolete; the situation is influenced by three main factors.

1. The apparatus required for classical procedures is cheap and readily available
in all laboratories, but many instruments are expensive and their use will
only be justified if numerous samples have to be analysed, or when dealing
with the determination of substances present in minute quantities (trace,
subtrace or ultratrace analysis).

2. With instrumental methods it is necessary to carry out a calibration operation
using a sample of material of known composition as reference substance.

3. Whilst an instrumental method is ideally suited to the performance of a large
number of routine determinations, for an occasional, non-routine, analysis
it is often simpler to use a classical method than to go to the trouble of
preparing requisite standards and carrying out the calibration of an
instrument.

Clearly, instrumental and classical methods must be regarded as supplementing
each other.
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1.8 OTHER TECHNIQUES

In addition to the main general methods of analysis outlined above there are
also certain specialised techniques which are applied in special circumstances.
Among these are X-ray methods, methods based upon the measurement of
radioactivity, mass spectrometry, the so-called kinetic methods, and thermal
methods.

X-ray methods. When high-speed electrons collide with a solid target (which
can be the material under investigation), X-rays are produced. These are often
referred to as primary X-rays, and arise because the electron beam may displace
an electron from the inner electron shells of an atom in the target, and the
electron lost is then replaced by one from an outer shell; in this process energy
is emitted as X-rays. In the resultant X-ray emission it is possible to identify
certain emission peaks which are characteristic of elements contained in the
target. The wavelengths of the peaks can be related to the atomic number of
the elements producing them, and thus provide a means of identifying elements
present in the target sample. Further, under controlled conditions, the intensity
of the peaks can be used to determine the amounts of the various elements
present. This is the basis of electron probe microanalysis, in which a small target
area of the sample is pinpointed for examination. This has important applications
in metallurgical research, in the examination of geological samples, and in
determining whether biological materials contain metallic elements.

When a beam of primary X-rays of short wavelength strikes a solid target,
by a similar mechanism to that described above, the target material will emit
X-rays at wavelengths characteristic of the atoms involved: the resultant
emission is termed secondary or fluorescence radiation. The sample area can
be large, and quantitative results obtained by examining the peak heights of
the fluorescence radiation can be taken as indicative of sample composition.
X-ray fluorescence analysis is a rapid process which finds application in
metallurgical laboratories, in the processing of metallic ores, and in the cement
industry.

Crystalline material will diffract a beam of X-rays, and X-ray powder
diffractometry can be used to identify components of mixtures. These X-ray
procedures are examples of non-destructive methods of analysis.

Radioactivity. Methods based on the measurement of radioactivity belong to
the realm of radiochemistry and may involve measurement of the intensity of
the radiation from a naturally radioactive material; measurement of induced
radioactivity arising from exposure of the sample under investigation to a
neutron source (activation analysis); or the application of what is known as the
isotope dilution technique.

Typical applications of such methods are the determination of trace elements
in (a) the investigation of pollution problems; (b) the examination of geological
specimens; (c) quality control in the manufacture of semiconductors.

Mass spectrometry. In this technique, the material under examination is
vaporised under a high vacuum and the vapour is bombarded by a high-energy
electron beam. Many of the vapour molecules undergo fragmentation and
produce ions of varying size. These ions can be distinguished by accelerating
them in an electric field, and then deflecting them in a magnetic field where they
follow paths dictated by their mass/charge ratio (m/e) to detection and recording
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equipment: each kind of ion gives a peak in the mass spectrum. Non-volatile
inorganic materials can be examined by vaporising them by subjecting them
to a high-voltage electric spark.

Mass spectrometry can be used for gas analysis, for the analysis of petroleum
products, and in examining semiconductors for impurities. It is also a very useful
tool for establishing the structure of organic compounds.

Kinetic methods. These methods of quantitative analysis are based upon the
fact that the speed of a given chemical reaction may frequently be increased by
the addition of a small amount of a catalyst, and within limits, the rate of the
catalysed reaction will be governed by the amount of catalyst present. If a
calibration curve is prepared showing variation of reaction rate with amount
of catalyst used, then measurement of reaction rate will make it possible to
determine how much catalyst has been added in a certain instance. This provides
a sensitive method for determining sub-microgram amounts of appropriate
substances.

The method can also be adapted to determine the amount of a substance in
solution by adding a catalyst which will destroy it completely, and measuring
the concomitant change in for example, the absorbance of the solution for visible
or ultraviolet radiation. Such procedures are applied in clinical chemistry.

Optical methods. Those of particular application to organic compounds are:

1. Use of a refractometer to make measurements of the refractive index of liquids.
This will often provide a means of identifying a pure compound, and can
also be used (in conjunction with a calibration curve) to analyse a mixture
of two liquids.

2. Measurement of the optical rotation of optically active compounds.
Polarimetric measurements can likewise be used as a method of identifying
pure substances, and can also be employed for quantitative purposes.

Thermal methods. Changes in weight, or changes in energy, recorded as a
function of temperature (or of time) can provide valuable analytical data. For
example, the conditions can be established under which a precipitate produced
in a gravimetric determination can be safely dried. Common techniques include
the recording as a function of temperature or time of (a) change in weight
(Thermogravimetry, TG); (b) the difference in temperature between a test
substance and an inert reference material (Differential Thermal Analysis, DTA);
(c) the energy necessary to establish a zero temperature difference between a
test substance and a reference material (Differential Scanning Calorimetry,
DSC).

1.9 FACTORS AFFECTING THE CHOICE OF ANALYTICAL
METHODS

An indication has been given in the preceding sections of a number of techniques
available to the analytical chemist. The techniques have differing degrees of
sophistication, of sensitivity, of selectivity, of cost and also of time requirements,
and an important task for the analyst is the selection of the best procedure for
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a given determination. This will require careful consideration of the following
criteria.

(a) The type of analysis required: elemental or molecular, routine or occasional.
(b) Problems arising from the nature of the material to be investigated,

e.g. radioactive substances, corrosive substances, substances affected by
water.

Possible interference from components of the material other than those of
interest.

The concentration range which needs to be investigated.

The accuracy required.

(f) The facilities available; this will refer particularly to the kinds of

instrumentation which are at hand.

The time required to complete the analysis; this will be particularly relevant
when the analytical results are required quickly for the control of a
manufacturing process. This may mean that accuracy has to be a secondary
rather than a prime consideration, or it may require the use of expensive
instrumentation.

The number of analyses of similar type which have to be performed; in
other words, does one have to deal with a limited number of determinations
or with a situation requiring frequent repetitive analyses?

Does the nature of the specimen, the kind of information sought, or the
magnitude of the sample available indicate the use of non-destructive
methods of analysis as opposed to the more commonly applied destructive
methods involving dissolution of the sample (possibly in acid) prior to the
application of normal analytical techniques?

Some information relevant to the choice of appropriate methods is given in

condensed form in Table 1.1, which is divided into three sections: the ‘classical’

tec

hniques; a selection of instrumental methods; some ‘non-destructive’ methods.

Table 1.1 Conspectus of some common guantitative analytical methods

Method Speed Relative Concentration Accuracy
cost range (pC)*
Gravimetry N L 1-2 H
Titrimetry M L 1-4 H
Coulometry S-M L-M 1-4 H
Voltammetry M M 3-10 M
Potentiometry M-F L-M 1-7 M
Spectrophotometry M-F L-M 3-6 M
Atomic spectrometry F M-H 3-9 M
Emission (plasma) spectrometry F H 5-9 M
Chromatography (GLC; HPLC) F M-H 3-9 M
Neutron activation S H t(a) M
X-ray fluorescence F H t(b) H

1 L. . .
*pC =log,,———, where Concentration is expressed in moles per litre.

Concn

+ Concentration range has little significance: detection values are (a) 107°-10" 12 g; () 1073-10"°g.
Abbreviations: F, Fast; H, High; L, Low; M, Moderate; S, Slow.

11



1 INTRODUCTION

1.10 INTERFERENCES

Whatever the method finally chosen for the required determination, it should
ideally be a specific method; that is to say, it should be capable of measuring
the amount of desired substance accurately, no matter what other substances
may be present. In practice few analytical procedures attain this ideal, but many
methods are selective; in other words, they can be used to determine any of a
small group of ions in the presence of certain specified ions. In many instances
the desired selectivity is achieved by carrying out the procedure under carefully
controlled conditions, particularly with reference to the pH of the solution.

Frequently, however, there are substances present that prevent direct
measurement of the amount of a given ion; these are referred to as interferences,
and the selection of methods for separating the interferences from the substance
to be determined are as important as the choice of the method of determination.
Typical separation procedures include the following:

(a) Selective precipitation. The addition of appropriate reagents may convert
interfering ions into precipitates which can be filtered off, careful pH control
is often necessary in order to achieve a clean separation, and it must be
borne in mind that precipitates tend to adsorb substances from solution
and care must be taken to ensure that as little as possible of the substance
to be determined is lost in this way.

(b) Masking. A complexing agent is added, and if the resultant complexes are
sufficiently stable they will fail to react with reagents added in a subsequent
operation: this may be a titrimetric procedure or a gravimetric precipitation
method.

(c) Selective oxidation (reduction). The sample is treated with a selective
oxidising or reducing agent which will react with some of the ions present:
the resultant change in oxidation state will often facilitate separation. For
example, to precipitate iron as hydroxide, the solution is always oxidised
so that iron(III) hydroxide is precipitated: this precipitates at a lower pH
than does iron(II) hydroxide and the latter could be contaminated with
the hydroxides of many bivalent metals.

(d) Solvent extraction. When metal ions are converted into chelate compounds
by treatment with suitable organic reagents, the resulting complexes are
soluble in organic solvents and can thus be extracted from the aqueous
solution. Many ion-association complexes containing bulky ions which are
largely organic in character (e.g. the tetraphenylarsonium ion (CgHs),As ")
are soluble in organic solvents and can thus be utilised to extract appropriate
metals ions from aqueous solution. Such treatment may be used to isolate
the ion which is to be determined, or alternatively, to remove interfering
substances.

(e) Ion exchange. Ion exchange materials are insoluble substances containing
ions which are capable of replacement by ions from a solution containing
electrolytes. The phosphate ion is an interference encountered in many
analyses involving the determination of metals; in other than acidic solutions
the phosphates of most metals are precipitated. If, however, the solution is
passed through a column of an anion exchange resin in the chloride form,
then phosphate ions are replaced by chloride ions. Equally, the determination
of phosphates is difficult in the presence of a variety of metallic ions, but

12



OATA ACQUISITION AND TREATMENT 1.11

if the solution is passed through a column of a cation exchange resin in the
protonated form, then the interfering cations are replaced by hydrogen ions.
(f) Chromatography. The term chromatography is applied to separation
techniques in which the components of solutions travel down a column at
different rates, the column being packed with a suitable finely divided solid
termed the stationary phase, for which such diverse materials as cellulose
powder, silica gel and alumina are employed. Having introduced the test
solution to the top of the column, an appropriate solvent (the mobile phase)
is allowed to flow slowly through the column. In adsorption chromatography
the solutes are adsorbed on the column material and are then eluted by
the mobile phase: the less easily adsorbed components are eluted first and
the more readily adsorbed components are eluted more slowly, thus effecting
separation. In partition chromatography the solutes are partitioned between
the mobile phase and a film of liquid (commonly water) firmly absorbed
on the surface of the stationary phase. A typical example is the separation
of cobalt from nickel in solution in concentrated hydrochloric acid: the
stationary phase is cellulose powder, the mobile phase, acetone containing
hydrochloric acid; the cobalt is eluted whilst the nickel remains on the
column. If compounds of adequate volatility are selected, then ‘gas
chromatography may be carried out in which the mobile phase is a current
of gas, e.g. nitrogen. For liquids it is frequently possible to dispense with a
column and to use the adsorbent spread as a thin layer on a glass plate
(thin layer chromatography) and in some cases a roll or a sheet of filter
paper without any added adsorbent may be used (paper chromatography):
these techniques are especially useful for handling small amounts of material.
Of particular interest in this field are the developments associated with high
performance liquid chromatography (HPLC) and with ion chromatography.

1.11 DATA ACQUISITION AND TREATMENT

Once the best method of dealing with interferences has been decided upon and
the most appropriate method of determination chosen, the analysis should be
carried out in duplicate and preferably in triplicate. For simple classical
determinations the experimental results must be recorded in the analyst’s
notebook. However, many modern instruments employed in instrumental
methods of cnalysis are interfaced with computers and the analytical results
may be displayed on a visual display unit, whilst a printer will provide a printout
of the pertinent data which can be used as a permanent record.

A simple calculation will then convert the experimental data into the
information which is sought: this will usually be the percentage of the relevant
component in the analytical sample. When using computer-interfaced instruments
the printout will give the required percentage value. The results thus obtained
will be subject to a degree of uncertainty as is true for every physical
measurement, and it is necessary to establish the magnitude of this uncertainty
in order that meaningful results of the analysis can be presented.

It is, therefore, necessary to establish the precision of the results, by which
we mean the extent to which they are reproducible. This is commonly expressed
in terms of the numerical difference between a given experimental value and
the mean value of all the experimental results. The spread or range in a set of
results is the numerical difference between the highest and lowest results: this
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figure is also an indication of the precision of the measurements. However, the
most important measures of precision are the standard deviation and the
variance: these are discussed in Chapter 4.

The difference between the most probable analytical result and the true value
for the sample is termed the systematic error in the analysis: it indicates the
accuracy of the analysis.

1.12 SUMMARY

Summarising, the following steps are necessary when confronted with an
unfamiliar quantitative determination.

1. Sampling.
2. Literature survey and selection of possible methods of determination.
3. Consideration of interferences and procedures for their removal.

Pooling the information gathered under headings (2) and (3), a final selection
will be made of the method of determination and of the procedure for eliminating
interferences.

4. Dissolution of sample.

5. Removal or suppression of interferences.
6. Performance of the determination.

7. Statistical analysis of the results.

For References and Bibliography see Sections 3.38 and 3.39.
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CHAPTER 2

FUNDAMENTAL THEORETICAL
PRINCIPLES OF REACTIONS IN
SOLUTION

Many of the reactions of qualitative and quantitative chemical analysis take
place in solution; the solvent is most commonly water but other liquids may
also be used. It is, therefore, necessary to have a general knowledge of the
conditions which exist in solutions, and also of the factors which influence
chemical reactions.

2.1 CHEMICAL EQUILIBRIUM

If a mixture of hydrogen and iodine vapour is heated to a temperature of about
450 °C in a closed vessel, the two elements combine and hydrogen iodide is
formed. It is found, however, that no matter how long the duration of the
experiment, some hydrogen and iodine remain uncombined. If pure hydrogen
iodideis heated in a closed vessel to a temperature of about 450 °C, the substance
decomposes to form hydrogen and iodine, but again, no matter how prolonged
the heating, some hydrogen iodide remains unchanged. This is an example of
a reversible reaction in the gaseous phase.

H,(g) +1,(g) = 2HI(g)

An example of a reversible reaction in the liquid phase is afforded by the
esterification reaction between ethanol and acetic (ethanoic) acid forming ethyl
acetate and water. Since, however, ethyl acetate undergoes conversion to acetic
acid and ethanol when heated with water, the esterification reaction never
proceeds to completion.

C,H,OH + CH,COOH = CH,COOC,H + H,0

It is found that after the elapse of a sufficient time interval, all reversible
reactions reach a state of chemical equilibrium. In this state the composition
of the equilibrium mixture remains constant, provided that the temperature
(and for some gaseous reactions, the pressure also) remains constant.
Furthermore, provided that the conditions (temperature and pressure) are
maintained constant, the same state of equilibrium may be obtained from either
direction of a given reversible reaction. In the equilibrium state, the two opposing
reactions are taking place at the same rate so that the system is in a state of
dynamic equilibrium.

It must be emphasised that the composition of a given equilibrium system
can be altered by changing the conditions under which the system is maintained
and it is necessary to consider the effect of changes in (a) the temperature,
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(b) the pressure and (c) the concentration of the components. According to the
Le Chatelier—Braun Principle: ‘If a constraint is applied to a system in
equilibrium, the system will adjust itself so as to nullify the effect of the
constraint’, and the effect of the factors referred to can be considered in the
light of this statement.

(a) Temperature. The formation of ammonia from its elements is a reversible
process:

N,(g) + 3H,(g) = 2NH,(g)

in which the forward reaction is accompanied by the evolution of heat (energy),
and is said to be an exothermic reaction; the reverse reaction absorbs heat and
is said to be endothermic. If the temperature of an equilibrium mixture of
nitrogen, hydrogen and ammonia is increased, then the reaction which absorbs
heat will be favoured, and so ammonia is decomposed.

(b) Pressure. Referring to the hydrogen iodide equilibrium system, the
stoichiometric coefficients of the molecules on each side of the equation for the
reaction are equal, and there is no change in volume when reaction occurs.
Therefore, if the pressure of the system is doubled, thus halving the total volume,
the two sides of the equation are equally affected, and so the composition of
the equilibrium mixture remains unchanged.

In the nitrogen, hydrogen, ammonia equilibrium system, there is a decrease
in volume when ammonia is produced, and hence an increase in pressure will
favour the formation of ammonia. Any gaseous equilibrium in which a change
in volume takes place will be affected by a change in pressure. For equilibrium
in the liquid phase, moderate changes in pressure have practically no effect on
the volume owing to the small compressibility of liquids, and so moderate
pressure changes do not affect the equilibrium.

(¢) Concentration of reagents. If hydrogen is added to the equilibrium mixture
resulting from the thermal decomposition of hydrogen iodide, it is found that
more hydrogen iodide is present when equilibrium is restored. In accordance
with the Le Chatelier—Braun Principle, the system has reacted to remove some
of the added hydrogen.

2.2 THE LAW OF MASS ACTION

Guldberg and Waage (1867) clearly stated the Law of Mass Action (sometimes
termed the Law of Chemical Equilibrium) in the form: ‘The velocity of a chemical
reaction is proportional to the product of the active masses of the reacting
substances’. ‘Active mass’ was interpreted as concentration and expressed in
moles per litre. By applying the law to homogeneous systems, that is to systems
in which all the reactants are present in one phase, for example in solution, we
can arrive at a mathematical expression for the condition of equilibrium in a
reversible reaction.
Consider first the simple reversible reaction at constant temperature:

A+B=C+D
The rate of conversion of A and B is proportional to their concentrations, or
riy =ky x[A]x[B]
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where k, is a constant known as the rate constant or rate coefficient, and the
square brackets (see footnote Section 2.21) denote the concentrations (mol L ~1)
of the substances enclosed within the brackets.

Similarly, the rate of conversion of C and D is given by:

r, =k, x[C]x[D]

At equilibrium, the two rates of conversion will be equal:

ry=r,

or ki x[A]x[B] =k, x[C]x[D]
[CIx[D] _k; _

o [AIx[B] &k,

K is the equilibrium constant of the reaction at the given temperature.
The expression may be generalised. For a reversible reaction represented by:

P1A1+p2A; +p3As+ ... =q;B; +¢,B,+g3B5+ ...

where py, p,,p3 and q,, q,, g5 are the stoichiometric coefficients of the reacting
species, the condition for equilibrium is given by the expression:

[B,]" x[B,]% x [B3]%...
[A;]" x [A,]72 x [A3]™...

This result may be expressed in words: when equilibrium is reached in a reversible
reaction, at constant temperature, the product of the concentrations of the
resultants (the substances on the right-hand side of the equation) divided by
the product of the concentrations of the reactants (the substances on the
left-hand side of the equation), each concentration being raised to a power equal
to the stoichiometric coefficient of the substance concerned in the equation for
the reaction, is constant.

The equilibrium constant of a reaction can be related to the changes in Gibbs
Free Energy (AG), enthalpy (AH) and entropy (AS) which occur during the
reaction by the mathematical expressions:

AG® = —RTInK® = —2.303RTlog,,K®
dinK® AH®

dT ~ RT?
AG® = AH® — TAS®

In these expressions, the superscript symbol (&) indicates that the quantities
concerned relate to a so-called ‘standard state’. For the derivation and the
significance of these expressions, a textbook of physical chemistry! should
be consulted, but briefly a reaction will be spontaneous when AG is negative,
it will be at equilibrium when AG is zero, and when AG is positive the reverse
reaction will be spontaneous. It follows that a reaction is favoured when heat
is produced, i.e. it is an exothermic reaction so that the enthalpy change AH is
negative. It is also favoured by an increase in entropy, that is when AS is positive.
A knowledge of the values of the equilibrium constants of certain selected systems
can be of great value to the analyst; for example in dealing with acid—base
interactions, with solubility equilibria, with systems involving complex ions,

=K

17



2 FUNDAMENTAL THEORETICAL PRINCIPLES OF REACTIONS IN SOLUTION

with oxidation—reduction systems, and with many separation problems: note
however that equilibrium constants do not give any indication of the rate of
reaction. These matters are dealt with in detail in succeeding sections of this
chapter, and in other pertinent chapters.

2.3 FACTORS AFFECTING CHEMICAL REACTIONS IN
SOLUTION

There are three main factors whose influence on chemical reactions in solution
need to be considered: (a) the nature of the solvent; (b) temperature; and
(c) the presence of catalysts.

(a) Nature of the solvent. Reactions in aqueous solution generally proceed
rapidly because they involve interaction between ions. Thus the precipitation
of silver chloride from a chloride solution by the addition of silver nitrate
solution can be formulated

Ag* +Cl~ = AgCl(solid)

Reactions between molecules in solution, for example the formation of ethyl
acetate from acetic acid and ethanol, are generally comparatively slow. It is
therefore convenient to classify solvents as ionising solvents if they tend to
produce solutions in which the solute is ionised, and as non-ionising solvents
if they give solutions in which the solute is not ionised. Common ionising
solvents include water, acetic acid, hydrogen chloride, ammonia, amines,
bromine trifluoride and sulphur dioxide. Of these solvents, the first four are
characterised by a capability of giving rise to hydrogen ions, as for example
with water:

2H,0=H,;0*"+O0OH"
and with ammonia;
2NH; = NH; + NH;

These four solvents can thus be termed protogenic solvents, whilst bromine
trifluoride and sulphur dioxide which do not contain hydrogen are non-protonic
solvents. Non-ionising solvents include hydrocarbons, ethers, esters and higher
alcohols; the lower alcohols, especially methanol and ethanol, do show slight
ionising properties with appropriate solutes.

(b) Temperature. Reaction rates increase rapidly with rising temperature, and
in some analytical procedures it is necessary to heat the solution to ensure that
the required reaction takes place with sufficient rapidity.

An example of such behaviour is the titration of acidified oxalate solutions
with potassium permanganate solution. When potassium permanganate solution
is added to a solution of an oxalate containing sulphuric acid at room
temperature, reaction proceeds very slowly, and the solution sometimes acquires
a brown tinge due to the formation of manganese(IV) oxide. If, however, the
solution is heated to about 70 °C before adding any permanganate solution,
then the reaction becomes virtually instantaneous, and no manganese(IV)oxide
is produced.

(c) Catalysts. The rates of some reactions can be greatly increased by the
presence of a catalyst. This is a substance that alters the rate of a reaction
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without itself undergoing any net change: it follows that a small amount of the
catalyst can influence the conversion of large quantities of the reactants. If the
reaction under consideration is reversible, then the catalyst affects both the
forward and back reactions, and although the reaction is speeded up, the position
of equilibrium is unchanged.

An example of catalytic action is provided by the titration of oxalates with
potassium permanganate solution referred to above. It is found that even though
the oxalate solution is heated, the first few drops of permanganate solution are
only slowly decolorised, but as more permanganate solution is added the
decoloration becomes instantaneous. This is because the reaction between
oxalate ions and permanganate ions is catalysed by the Mn?* ions formed by
the reduction of permanganate ions:

MnO; +8H" +5¢~ = Mn?* +4H,0

Other examples are the use of osmium(VIII) oxide (osmium tetroxide) as
catalyst in the titration of solutions of arsenic(III) oxide with cerium(IV)
sulphate solution, and the use of molybdate(VI) ions to catalyse the formation
of iodine by the reaction of iodide ions with hydrogen peroxide. Certain reactions
of various organic compounds are catalysed by several naturally occurring
proteins known as enzymes.

The determination of trace quantities of many substances can be accomplished
by examining the rate of a chemical reaction for which the substance to be
determined acts as a catalyst. By comparing the observed rate of reaction with
rates determined for the same reaction, with known quantities of the same
catalyst present, the unknown concentration can be calculated. Likewise a
catalyst may be used to convert a substance for which no suitable analytical
reaction exists for the conditions under which the substance is present, to a
product which can be determined. Alternatively, the substance to be determined
may be destroyed by adding a catalyst, and the resultant change in some
measured property, for example the absorption of light, enables the amount of
substance present to be evaluated. Thus, uric acid in blood can be determined
by measurement of the absorption of ultraviolet radiation at a wavelength of
292 nm, but the absorption is not specific. The absorption meter reading is
recorded, and then the uric acid is destroyed by addition of the enzyme uricase.
The absorption reading is repeated, and from the difference between the two
results, the amount of uric acid present can be calculated.

2.4 ELECTROLYTIC DISSOCIATION

Aqueous solutions of many salts, of the common ‘strong acids’ (hydrochloric,
nitric and sulphuric), and of bases such as sodium hydroxide and potassium
hydroxide are good conductors of electricity, whereas pure water shows only a
very poor conducting capability. The above solutes are therefore termed
electrolytes. On the other hand, certain solutes, for example ethane-1,2-diol
(ethylene glycol) which is used as ‘antifreeze’, produce solutions which show a
conducting capability only little different from that of water: such solutes are
referred to as non-electrolytes. Most reactions of analytical importance occurring
in aqueous solution involve electrolytes, and it is necessary to consider the
nature of such solutions.

19



2 FUNOAMENTAL THEORETICAL PRINCIPLES OF REACTIONS IN SOLUTION

Salts. The structure of numerous salts in the solid state has been investigated
by means of X-rays and by other methods, and it has been shown that they are
composed of charged atoms or groups of atoms held together in a crystal lattice;
they are said to be ionic compounds. When these salts are dissolved in a solvent
of high dielectric constant such as water, or are heated to the melting point,
the crystal forces are weakened and the substances dissociate into the pre-existing
charged particles or ions, so that the resultant liquids are good conductors of
electricity; they are referred to as strong electrolytes. Some salts, however,
exemplified by cyanides, thiocyanates, the halides of mercury and cadmium,
and by lead acetate, give solutions which show a significant electrical conductance,
but which is not as great as that shown by solutions of strong electrolytes of
comparable concentration. Solutes showing this behaviour are referred to as
weak electrolytes: they are generally covalent compounds which undergo only
limited ionisation when dissolved in water:

BA=B*"+A"~
Acids and bases. An acid may be defined as a substance which, when dissolved

in water, undergoes dissociation with the formation of hydrogen ions as the
only positive ions:

HCl=H"* +Cl-
HNO,=H"* +NOj3

Actually the hydrogen ion H* (or proton) does not exist in the free state in
aqueous solution; each hydrogen ion combines with one molecule of water to
form the hydroxonium ion, H; O *. The hydroxonium ion is a hydrated proton.
The above equations are therefore more accurately written:

HCl+H,0=H,0* +Cl~
HNO, + H,0 = H,0* + NOj;

The ionisation may be attributed to the great tendency of the free hydrogen
ions H* to combine with water molecules to form hydroxonium ions.
Hydrochloric and nitric acids are almost completely dissociated in aqueous
solution in accordance with the above equations; this is readily demonstrated
by freezing-point measurements and by other methods.

Polyprotic acids ionise in stages. In sulphuric acid, one hydrogen atom is
almost completely ionised:

H,S0,+H,0 =H,0" + HSO;

The second hydrogen atom is only partially ionised, except in very dilute
solution:

HSO; +H,0=H,;0"* +502"
Phosphoric(V) acid also ionises in stages:
H;PO,+ H,0=H;0" + H,PO,;
H,PO; +H,0=H,;0" + HPO;~
HPO2Z™ +H,0=H,;0" +PO3~

The successive stages of ionisation are known as the primary, secondary, and
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tertiary ionisations respectively. As already mentioned, these do not take place
to the same degree. The primary ionisation is always greater than the secondary,
and the secondary very much greater than the tertiary.

Acids of the type of acetic acid (CH;COOH) give an almost normal
freezing-point depression in aqueous solution; the extent of dissociation is
accordingly small. It is usual, therefore, to distinguish between acids which are
completely or almost completely ionised in solution and those which are only
slightly ionised. The former are termed strong acids (examples: hydrochloric,
hydrobromic, hydriodic, iodic(V), nitric and perchloric [chloric(VII)] acids,
primary ionisation of sulphuric acid), and the latter are called weak acids
(examples: nitrous acid, acetic acid, carbonic acid, boric acid, phosphorous
(phosphoric(III)) acid, phosphoric(V) acid, hydrocyanic acid, and hydrogen
sulphide). There is, however, no sharp division between the two classes.

A base was originally defined as a substance which, when dissolved in water,
undergoes dissociation with the formation of hydroxide ions OH ™ as the only
negative ions. Thus sodium hydroxide, potassium hydroxide, and the hydroxides
of certain bivalent metals are almost completely dissociated in aqueous solution:

NaOH - Na* +OH "~
Ba(OH), —» Ba’?* +20H "

These are strong bases. Aqueous ammonia solution, however, is a weak base.
Only a small concentration of hydroxide ions is produced in aqueous solution:

NH, + H,0 = NH; + OH"~

General concept of acid and bases. The Bronsted—Lowry theory. The simple
concept given in the preceding paragraphs suffices for many of the requirements
of quantitative inorganic analysis in aqueous solution. It is, however, desirable
to have some knowledge of the general theory of acids and bases proposed
independently by J. N. Bronsted and by T. M. Lowry in 1923, since this is
applicable to all solvents. According to this theory, an acid is a species having
a tendency to lose a proton, and a base is a species having a tendency to add
on a proton. This may be represented as:
Acid = Proton + Conjugate base
A=H'"+B (a)
It must be emphasised that the symbol H™ represents the proton and not the
‘hydrogen ion’ of variable nature existing in different solvents (OH;, NH/,
CH;CO,H;, C,H;OHJ, etc.); the definition is therefore independent of
solvent. The above equation represents a hypothetical scheme for defining A
and B and not a reaction which can actually occur. Acids need not be neutral
molecules (e.g., HCl, H,SO,, CH;CO,H), but may also be anions (e.g., HSO ,
H,PO;, HOOC-COO ") and cations (e.g. NH;, CcH,NH7, Fe(H,0)3).
The same is true of bases where the three classes can be illustrated by NH,,
Ce¢Hs;NH,, H,0; CH;COO~, OH ", HPO} ™, OC,HjJ; Fe(H,0)5(OH)?*.
Since the free proton cannot exist in solution in measurable concentration,
reaction does not take place unless a base is added to accept the proton from
the acid. By combining the equations A, =B, +H"* and B,+ H*=A,, we
obtain
A;+B,=A,+B, (b)
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A, —B; and A, — B, are two conjugate acid—base pairs. This is the most
important expression for reactions involving acids and bases; it represents the
transfer of a proton from A, to B, or from A, to B,. The stronger the acid A,
and the weaker A,, the more complete will be the reaction (b). The stronger
acid loses its proton more readily than the weaker; similarly, the stronger base
accepts a proton more readily than does the weaker base. It is evident that the
base or acid conjugate to a strong acid or a strong base is always weak, whereas
the base or acid conjugate to a weak acid or weak base is always strong.
In aqueous solution a Brensted—Lowry acid A

A+H,0=H;0"+B

is strong when the above equilibrium is virtually complete to the right so that
[A] is almost zero. A strong base is one for which [B], the equilibrium
concentration of base other than hydroxide ion, is almost zero.

Acids may thus be arranged in series according to their relative combining
tendencies with a base, which for aqueous solutions (in which we are largely
interested) is water:

HCl+ H,0 = H,0* +Cl™
Acid, Base, Acid, Base,

This process is essentially complete for all typical ‘strong’ (i.e. highly ionised)
acids, such as HCl, HBr, HI, HNO,, and HCIO,. In contrast with the ‘strong’
acids, the reactions of a typical ‘weak’ or slightly ionised acid, such as acetic
acid or propionic (propanoic) acid, proceeds only slightly to the right in the
equation:

CH;COOH + H,0 =H;0" + CH;CO0"~
Acid, Base, Acid, Base,

The typical strong acid of the water system is the hydrated proton H;0 7,
and the role of the conjugate base is minor if it is a sufficiently weak base, e.g.
Cl™, Br, and ClO, . The conjugate bases have strengths that vary inversely
as the strengths of the respective acids. It can easily be shown that the basic
ionisation constant of the conjugate base Ky .,,; is equal to K, /K 4 conj., Where
K, is the ionic product of water.

Scheme (b) includes reactions formerly described by a variety of names, such
as dissociation, neutralisation, hydrolysis and buffer action (see below). One
acid—base pair may involve the solvent (in water H;O* —H,00orH,0 - OH ™),
showing that ions such as H;O" and OH ™ are in principle only particular
examples of an extended class of acids and bases though, of course, they do
occupy a particularly important place in practice. It follows that the properties
of an acid or base may be greatly influenced by the nature of the solvent
employed.

Another definition of acids and bases is due to G. N. Lewis (1938). From
the experimental point of view Lewis regarded all substances which exhibit
‘typical” acid—base properties (neutralisation, replacement, effect on indicators,
catalysis), irrespective of their chemical nature and mode of action, as acids or
bases. He related the properties of acids to the acceptance of electron pairs, and
bases as donors of electron pairs, to form covalent bonds regardless of whether
protons are involved. On the experimental side Lewis’ definition brings
together a wide range of qualitative phenomena, e.g. solutions of BF 5, BCl,,
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AICl;, or SO, in an inert solvent cause colour changes in indicators similar to
those produced by hydrochloric acid, and these changes are reversed by bases
so that titrations can be carried out. Compounds of the type of BF; are usually
described as Lewis acids or electron acceptors. The Lewis bases (e.g. ammonia,
pyridine) are virtually identical with the Breonsted—Lowry bases. The great
disadvantage of the Lewis definition of acids is that, unlike proton-transfer
reactions, it is incapable of general quantitative treatment.

The implications of the theory of the complete dissociation of strong
electrolytes in aqueous solution were considered by Debye, Hiickel and Onsager,
and they succeeded in accounting quantitatively for the increasing molecular
conductivity of a strong electrolyte producing singly charged ions with decreasing
concentration of the solution over the concentration range 0—0.002M. For full
details, textbooks of physical chemistry must be consulted.

It is important to realise that whilst complete dissociation occurs with
strong electrolytes in aqueous solution, this does not mean that the effective
concentrations of the ions are identical with their molar concentrations in any
solution of the electrolyte: if this were the case the variation of the osmotic
properties of the solution with dilution could not be accounted for. The variation
of colligative, e.g. osmotic, properties with dilution is ascribed to changes in the
activity of the ions; these are dependent upon the electrical forces between the
ions. Expressions for the variations of the activity or of related quantities,
applicable to dilute solutions, have also been deduced by the Debye—Hiickel
theory. Further consideration of the concept of activity follows in Section 2.5.

25 ACTIVITY AND ACTIVITY COEFFICIENT

In the deduction of the Law of Mass Action it was assumed that the effective
concentrations or active masses of the components could be expressed by the
stoichiometric concentrations. According to thermodynamics, this is not strictly
true. The rigorous equilibrium equation for, say, a binary electrolyte:
AB=A"+B"~
. ap+ X dg-
y (aaxaw) _

B

where a, ., ag-, and a,, represent the activities of A*, B~, and AB respectively,
and K, is the true or thermodynamic, dissociation constant. The concept of
activity, a thermodynamic quantity, is due to G. N. Lewis. The quantity is
related to the concentration by a factor termed the activity coefficient:

Activity = Concentration x Activity coefficient

Thus at any concentration

ar = ya-[AT]),a5- = yp-.[B7], and a5 = y,s.[AB]

where y refers to the activity coefficients,* and the square brackets to the

* The symbol used is dependent upon the method of expressing the concentration of the solution.
The recommendations of the [IUPAC Commision on Symbols, Terminology and Units (1969) are
as follows: concentration in moles per litre (molarity), activity coefficient represented by y,
concentration in mols per kilogram (molality), activity coefficient represented by y, concentration
expressed as mole fraction, activity coefficient represented by f.
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concentrations. Substituting in the above equation, we obtain:

yar-[A"]xys--[B7] [A"].[B”] L YA X V-
Vas-[AB] [AB] Yan

This is the rigorously correct expression for the Law of Mass Action as applied
to weak electrolytes.

The activity coefficient varies with the concentration. For ions it also varies
with the ionic charge, and is the same for all dilute solutions having the same
jonic strength, the latter being a measure of the electrical field existing in the
solution. The term ionic strength, designated by the symbol 1, is defined as equal
to one half of the sum of the products of the concentration of each ion multiplied
by the square of its charge number, or I =0.5Zc;z?, where c; is the ionic
concentration in moles per litre of solution and z; is the charge number of the
ion concerned. An example will make this clear. The ionic strength of
0.1 M HNOj; solution containing 0.2M Ba(NO,), is given by:

0.5{0.1 (for H*)+0.1 (for NO3)
+02 x 22 (for Ba2*) +0.2 x 2 (for NO3)} = 0.5{1.4} = 0.7

It can be shown on the basis of the Debye—Hiickel theory that for aqueous
solutions at room temperature:

0.505z2.1°%
14+33x107q.1°3
where y; is the activity coefficient of the ion, z; is the charge number of the ion
concerned, I is the ionic strength of the solution, and a is the average ‘effective

diameter’ of all the ions in the solution. For very dilute solutions (I°> <0.1)
the second term of the denominator is negligible and the equation reduces to:

logy;, = —0.505z2.1°3

For more concentrated solutions (1% > 0.3) an additional term BI is added to
the equation; B is an empirical constant. For a more detailed treatment of the
Debye—Hiickel theory a textbook of physical chemistry should be consulted.!

=Kt

logy; =

2.6 SOLUBILITY PRODUCT

For sparingly soluble salts (i.e. those of which the solubility is less than
0.01 mol per L} it is an experimental fact that the mass action product of the
concentrations of the ions is a constant at constant temperature. This product
K is termed the ‘solubility product’. For a binary electrolyte:

AB=A*+B"~
Ks(AB) =[A*]x[B7]
In general, for an electrolyte A ,B,, which ionises into pA?* and gB”~ ions:
A,B, = pA’" 4+ ¢qB"~
Ks(A,,B,) =[A"]Px[B" ]!

A plausible deduction of the solubility product relation is the following. When
excess of a sparingly soluble electrolyte, say silver chloride, is shaken up with

24



SOLUBILITY PRODUCT 2.6

water, some of it passes into solution to form a saturated solution of the salt
and the process appears to cease. The following equilibrium is actually present
(the silver chloride is completely ionised in solution):

AgCl(solid) = Ag* +Cl~

The rate of the forward reaction depends only upon the temperature, and at
any given temperature:

r1=k1

where k, is a constant. The rate of the reverse reaction is proportional to the
activity of each of the reactants; hence at any given temperature:

r, =ky X ay X ag-

where k, is another constant. At equilibrium the two rates are equal, i.e.
ky =k, x ap X ag-

or angr X da- = ki/ky = K aga

In the very dilute solutions with which we are concerned, the activities may be
taken as practically equal to the concentrations so that [Ag™ ] x [Cl~ ] = const.

It is important to note that the solubility product relation applies with
sufficient accuracy for purposes of quantitative analysis only to saturated
solutions of slightly soluble electrolytes and with small additions of other salts.
In the presence of moderate concentrations of salts, the ionic concentration,
and therefore the ionic strength of the solution, will increase. This will, in general,
lower the activity coefficients of both ions, and consequently the ionic
concentrations (and therefore the solubility) must increase in order to maintain
the solubility product constant. This effect, which is most marked when the
added electrolyte does not possess an ion in common with the sparingly soluble
salt, is termed the salt effect.

It will be clear from the above short discussion that two factors may come
into play when a solution of a salt containing a common ion is added to a
saturated solution of a slightly soluble salt. At moderate concentrations of the
added salt, the solubility will generally decrease, but with higher concentrations
of the soluble salt, when the ionic strength of the solution increases considerably
and the activity coefficients of the ions decrease, the solubility may actually
increase. This is one of the reasons why a very large excess of the precipitating
agent is avoided in quantitative analysis.

The following examples illustrate the method of calculating solubility
products from solubility data and also the reverse procedure.

Example 1. The solubility of silver chloride is 0.0015 g per L. Calculate the
solubility product.

The relative molecular mass of silver chloride is 143.3. The solubility is
therefore 0.0015/143.3 = 1.05 x 10~ > mol per L. In a saturated solution, 1 mole
of AgCl will give 1 mole each of Ag* and Cl~. Hence [Ag*]=1.05x10""°
and [C1"]=1.05x 10">mol L~ 1.

Kyagey = [AB* T x [C17] = (1.05 x 107 %) x (105 x 107%)

=11x10"""mol> L2
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Example 2. Calculate the solubility product of silver chromate, given that its
solubility is 2.5 x 1072 gL 1,

Ag,CrO, =2Ag" +CrO%~

The relative molecular mass of Ag,CrO, is 331.7; hence the solubility =
25x1072/331.7=75x 10" 3mol L™ 1.

Now 1 mole of Ag,CrO, gives 2 moles of Ag* and 1 mole of CrO}~;
therefore

K ag,croy = [AgT T x [CrO;™] = (2x 7.5 x 107°) x (7.5 x 107°)
=17x10"?molP L3

Example 3. The solubility product of magnesium hydroxide is 3.4 x
10~ mol®* L 3. Calculate its solubility in grams per L.

Mg(OH), = Mg2?* +20H "
[Mg2*]x [OH"]? = 3.4 x 101!

The relative molecular mass of magnesium hydroxide is 58.3. Each mole of
magnesium hydroxide, when dissolved, yields 1 mole of magnesium ions and 2
moles of hydroxyl ions. If the solubility is xmolL™!, [Mg?*]=x and
[OH ~ ] = 2x. Substituting these values in the solubility product expression:

x x(2x)? = 3.4 x 10711

or x=20x10"*molL"!
=20x10"%x 583
=12x10"2gL"!

The great importance of the solubility product concept lies in its bearing
upon precipitation from solution, which is, of course, one of the important
operations of quantitative analysis. The solubility product is the ultimate value
which is attained by the ionic concentration product when equilibrium has been
established between the solid phase of a difficultly soluble salt and the solution.
If the experimental conditions are such that the ionic concentration product is
different from the solubility product, then the system will attempt to adjust itself
in such a manner that the ionic and solubility products are equal in value. Thus
if, for a given electrolyte, the product of the concentrations of the ions in solution
is arbitrarily made to exceed the solubility product, as for example by the
addition of a salt with a common ion, the adjustment of the system to equilibrium
results in precipitation of the solid salt, provided supersaturation conditions
are excluded. If the ionic concentration product is less than the solubility product
or can arbitrarily be made so, as (for example) by complex salt formation or by
the formation of weak electrolytes, then a further quantity of solute can pass
into solution until the solubility product is attained, or, if this is not possible,
until all the solute has dissolved.

2.7 QUANTITATIVE EFFECTS OF A COMMON 10N

An important application of the solubility product principle is to the calculation
of the solubility of sparingly soluble salts in solutions of salts with a common
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ion. Thus the solubility of a salt MA in the presence of a relatively large amount
of the common M™* ions,* supplied by a second salt MB, follows from the
definition of solubility products:

[M*]x [A7] = Ks(MA)
or [A7] = Ks(MA)/[M+]

The solubility of the salt is represented by the [A~] which it furnishes in
solution. It is clear that the addition of a common ion will decrease the solubility
of the salt.

Example 4. Calculate the solubility of silver chloride in (a) 0.001 M and (b)
0.01 M sodium chloride solutions respectively (K agzcp = 1.1 x 1071%mol> L™ 2).

In a saturated solution of silver chloride [Cl1™]=./1.1 x 10719 =1.05 x
107° mol L ~*; this may be neglected in comparison with the excess of C1~ ions
added.

For (@) [C17] =1x 1073 [Ag*] = 1.1 x 1071°/1 x 103
=11x10""mol L1

1.1 x 10719/1 x 1072

1.1 x 1078 mol L !

Thus the solubility is decreased 100 times in 0.001M sodium chloride and
1000 times in 0.01 M sodium chloride. Similar results are obtained for 0.001 M
and 0.01 M silver nitrate solutions.

For (b)) [C1™] = 1 x 1072 [Ag*]

Example 5. Calculate the solubilities of silver chromate in 0.001M and
0.01 M silver nitrate solutions, and in 0.001 M and 0.01 M potassium chromate
solutions (Ag,CrO,: K,=1.7 x 1072 mol® L 3, solubility in water = 7.5 x
10 5mol L~1),

[Ag*]? x [CrO2~] = 1.7 x 10712

or [CrO2"] = 1.7 x 107 12/[Ag*]?

For 0.001 M silver nitrate solution: [Ag*] = 1 x 1073

S[CrO37 1 =17x10712/1x107% = 1.7 x 10 ®mol L™ L.

For 0.01 M silver nitrate solution: [Ag*] = 1 x 1072

[CrO2" ] =17x10712/1 x107* = 1.7 x 10 8 mol L™ ..

The solubility product equation gives:

[Ag*] = /1.7 x 107 12/[CrO2™]

For [CrO3~] = 0.001, [Ag*] = /1.7 x 10712/1 x 103
=41x10"3mol L!

*This enables us to neglect the concentration of M ™ ions supplied by the sparingly soluble salt
itself, and thus to simplify the calculation.
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For [CrO%™] = 0.01,[Ag*] = \/1.7x 10712/1 x 1072
=13x10"3molL"!

This decrease in solubility by the common ion effect is of fundamental
importance in gravimetric analysis. By the addition of a suitable excess of a
precipitating agent, the solubility of a precipitate is usually decreased to so small
a value that the loss from solubility influences is negligible. Consider a specific
case — the determination of silver as silver chloride. Here the chloride solution
is added to the solution of the silver salt. If an exactly equivalent amount is
added, the resultant saturated solution of silver chloride will contain 0.0015 g per L
(Example 1). If 0.2 g of silver chloride is produced and the volume of the solution
and washings is 500 mL, the loss, owing to solubility, will be 0.00075 g or
0.38 per cent of the weight of the salt; the analysis would then be 0.38 per cent
too low. By using an excess of the precipitant, say, to a concentration of 0.01 M,
the solubility of the silver chloride is reduced to 1.5 x 1073 g L~ (Example 4),
and the loss will be 1.5 x 1075 x 0.5 x 100/0.2 = 0.0038 per cent. Silver chloride
is therefore very suitable for the quantitative determination of silver with high
accuracy.

It should, however, be noted that as the concentration of the excess of
precipitant increases, so too does the ionic strength of the solution. This leads
to a decrease in activity coefficient values with the result that to maintain the
value of K more of the precipitate will dissolve. In other words there is a limit
to the amount of precipitant which can be safely added in excess. Also, addition
of excess precipitant may sometimes result in the formation of soluble complexes
causing some precipitate to dissolve.

2.8 FRACTIONAL PRECIPITATION

In the previous section the solubility product principle has been used in
connection with the precipitation of one sparingly soluble salt. It is now necessary
to examine the case where two slightly soluble salts may be formed. For
simplicity, consider the situation which arises when a precipitating agent is
added to a solution containing two anions, both of which form slightly soluble
salts with the same cation, e.g. when silver nitrate solution is added to a solution
containing both chloride and iodide ions. The questions which arise are: which
salt will be precipitated first, and how completely will the first salt be precipitated
before the second ion begins to react with the reagent?

The solubility products of silver chloride and silver iodide are respectively
12x10 " °mol?L "2 and 1.7 x 10" **mol2 L " 2; i.e.

[Ag*]x[Cl"] = 12 x 10710 (1)
[Ag*]x[I"] =17 x10"16 (2)

It is evident that silver iodide, being less soluble, will be precipitated first since
its solubility product will be first exceeded. Silver chloride will be precipitated
when the Ag™ ion concentration is greater than

Ks(AgCl) _ 12 X 10_10
[Cl"] ~ [C7]

and then both salts will be precipitated simultaneously. When silver chloride
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commences to precipitate, silver ions will be in equilibrium with both salts, and
equations (1) and (2) will be simultaneously satisfied, or

K K
[A +1 = S(fgl) - s(AgCl) (3)
e =117 “ta
[17] _ Kag _ L7x1071
[CI-] ~ Kungey 12 x 1010

Hence when the concentration of the iodide ion is about one-millionth part of
the chloride ion concentration, silver chloride will be precipitated. If the initial
concentration of both chloride and iodide ions is 0.1 M, then silver chloride will
be precipitated when

[[T]=01x14x10"=14x10""M =18x10"5gL"*

Thus an almost complete separation is theoretically possible. The separation is
feasible in practice if the point at which the iodide precipitation is complete can
be detected. This may be done: (a) by the use of an adsorption indicator (see
Section 10.75(c)), or (b) by a potentiometric method with a silver electrode (see
Chapter 15).

For a mixture of bromide and iodide:
[17] Koagy 1.7x10718 1

[Br-] Kyagy 35x107'3 20x103

Precipitation of silver bromide will occur when the concentration of the bromide
ion in the solution is 2.0 x 103 times the iodide concentration. The separation
is therefore not so complete as in the case of chloride and iodide, but can
nevertheless be effected with fair accuracy with the aid of adsorption indicators
(Section 10.75(c)).

and =14x10"°% (4)

2.9 EFFECT OF ACIDS ON THE SOLUBILITY OF A PRECIPITATE

For sparingly soluble salts of a strong acid the effect of the addition of an acid
will be similar to that of any other indifferent electrolyte but if the sparingly
soluble salt MA is the salt of a weak acid HA, then acids will, in general, have
a solvent effect upon it. If hydrochloric acid is added to an aqueous suspension
of such a salt, the following equilibrium will be established:

M*4+A +HT=HA+M*

If the dissociation constant of the acid HA is very small, the anion A~ will be
removed from the solution to form the undissociated acid HA. Consequently
more of the salt will pass into solution to replace the anions removed in this
way, and this process will continue until equilibrium is established (i.e. until
[M™*] x [A~] has become equal to the solubility product of MA) or, if sufficient
hydrochloric acid is present, until the sparingly soluble salt has dissolved
completely. Similar reasoning may be applied to salts of acids, such as
phosphoric(V) acid (K;=75x10"3molL™!; K,=6.2x 10"8mol L™ !;
K3=5x10""*mol L), oxalic acid (K; =59 x 10" 2molL"!; K, =6.4 x
107> mol L~!), and arsenic(V) acid. Thus the solubility of, say, silver
phosphate(V) in dilute nitric acid is due to the removal of the PO}~ ion as
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HPO2Z™ and/or H,PO; :
PO}~ +H* =HPOZ"; HPO? +H*'=H,PO,

With the salts of certain weak acids, such as carbonic, sulphurous, and nitrous
acids, an additional factor contributing to the increased solubility is the actual
disappearance of the acid from solution either spontaneously, or on gentle
warming. An explanation is thus provided for the well-known solubility of the
sparingly soluble sulphites, carbonates, oxalates, phosphates(V), arsenites(III),
arsenates(V), cyanides (with the exception of silver cyanide, which is actually
a salt of the strong acid H[ Ag(CN),]), fluorides, acetates, and salts of other
organic acids in strong acids.

The sparingly soluble sulphates (e.g. those of barium, strontium, and lead)
also exhibit increased solubility in acids as a consequence of the weakness of
the second-stage ionisation of sulphuric acid (K, =1.2 x 10"2mol L " 1):

SO2~ +H* = HSO;

Since, however, K, is comparatively large, the solvent effect is relatively small;
this is why in the quantitative separation of barium sulphate, precipitation may
be carried out in slightly acid solution in order to obtain a more easily filterable
precipitate and to reduce co-precipitation (Section 11.5).

The precipitation of substances within a controlled range of pH is discussed
in Section 11.10.

2.10 EFFECT OF TEMPERATURE ON THE SOLUBILITY OF A PRECIPITATE

The solubility of the precipitates encountered in quantitative analysis increases
with rise of temperature. With some substances the influence of temperature is
small, but with others it is quite appreciable. Thus the solubility of silver chloride
at 10 and 100°C is 1.72 and 21.1 mg L ~! respectively, whilst that of barium
sulphate at these two temperatures is 2.2 and 3.9 mg L ! respectively. In many
instances, the common ion effect reduces the solubility to so.small a value that
the temperature effect, which is otherwise appreciable, becomes very small.
Wherever possible it is advantageous to filter while the solution is hot; the rate
of filtration is increased, as is also the solubility of foreign substances, thus
rendering their removal from the precipitate more complete. The double
phosphates of ammonium with magnesium, manganese or zinc, as well as lead
sulphate and silver chloride, are usually filtered at the laboratory temperature
to avoid solubility losses.

2.11 EFFECT OF THE SOLVENT ON THE SOLUBILITY OF A PRECIPITATE

The solubility of most inorganic compounds is reduced by the addition of
organic solvents, such as methanol, ethanol, propan-l-ol, acetone, etc. For
example, the addition of about 20 per cent by volume of ethanol renders the
solubility of lead sulphate practically negligible, thus permitting quantitative
separation. Similarly calcium sulphate separates quantitatively from 50 per cent
ethanol. Other examples of the influence of solvents will be found in Chapter 11.

30



STRENGTHS OF ACIDS AND BASES  2.13

2.12 ACID-BASE EQUILIBRIA IN WATER

Consider the dissociation of a weak electrolyte, such as acetic acid, in dilute
aqueous solution:

CH,COOH + H,0=H,;0" + CH;COO0"~
This will be written for simplicity in the conventional manner:
CH;COOH =H" +CH,CO0~

where H* represents the hydrated hydrogen ion. Applying the Law of Mass
Action, we have:

[CH;COO0"]x[H*]/[CH;COOH] = K

K is the equilibrium constant at a particular temperature and is usually known
as the ionisation constant or dissociation constant. If 1 mole of the electrolyte
is dissolved in V litres of solution (V' =1/c, where ¢ is the concentration in
moles per litre), and if o is the degree of ionisation at equilibrium, then the
amount of un-ionised electrolyte will be (1 — «) moles, and the amount of each
of the ions will be a moles. The concentration of un-ionised acetic acid will
therefore be (1 — a)/ ¥, and the concentration of each of the ions o/ V. Substituting
in the equilibrium equation, we obtain the expression:

«?/(1—a)V = K or a?c/(1—a)=K

This is known as Ostwald’s Dilution Law.

Interionic effects are, however, not negligible even for weak acids and the
activity coefficient product must be introduced into the expression for the
ionisation constant:

a’c yy-Ya-,
(1—=a) yua ’

Reference must be made to textbooks of physical chemistry (see Bibliography,
Section 3.39) for details of the methods used to evaluate true dissociation
constants of acids.

From the point of view of quantitative analysis, sufficiently accurate values
for the ionisation constants of weak monoprotic acids may be obtained by using
the classical Ostwald Dilution Law expression: the resulting ‘constant’ is
sometimes called the ‘concentration dissociation constant’.

A~ = CH,COO"

2.13 STRENGTHS OF ACIDS AND BASES

The Bronsted—Lowry expression for acid—base equilibria (see Section 2.4)

A, +B,=A,+B, (b)
leads, upon application of the Law of Mass Action, to the expression:
A
« _ [A2] [B,] )
[A,] [B,]

where the constant K depends on the temperature and the nature of the solvent.
This expression is strictly valid only for extremely dilute solutions: when ions
are present the electrostatic forces between them have appreciable effects on
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the properties of their solutions, and deviations are apparent from ideal laws
(which are assumed in the derivation of the Mass-Action Law by thermodynamic
or kinetic methods); the deviations from the ideal laws are usually expressed
in terms of activities or activity coefficients. For our purpose, the deviations due
to interionic attractions and ionic activities will be regarded as small for small
ionic concentrations and the equations will be regarded as holding in the same
form at higher concentrations, provided that the total ionic concentration does
not vary much in a given set of experiments.

To use the above expression for measuring the strength of an acid, a standard
acid—base pair, say A,—B,, must be chosen, and it is usually convenient to
refer acid—base strength to the solvent. In water the acid—base pair H;O"-H,0
is taken as the standard. The equilibrium defining acids is therefore:

A+H,0=B+H,;0" (c)
and the constant
,_ [BI[H,0"] ©)
[A][H,0]

gives the strength of A, that of the ion H;O* being taken as unity. Equation (¢)
represents what is usually described as the dissociation of the acid A in water,
and the constant K’ is closely related to the dissociation constant of A in water
as usually defined and differing only in the inclusion of the term [H,O] in the
denominator. The latter term represents the ‘concentration’ of water molecules
in liquid water (55.5 moles per litre on the ordinary volume concentration scale).
When dealing with dilute solutions, the value of [H,O] may be regarded as
constant, and equation (6) may be expressed as:

[BI[H"]
K =-—"="-""-
‘ [A] (7)
by writing H* for H;O* and remembering that the hydrated proton is meant.
This equation defines the strength of the acid A. If A is an uncharged molecule
(e.g. a weak organic acid), B is the anion derived from it by the loss of a proton,
and (7) is the usual expression for the ionisation constant. If A is an anion such
as H,PO , the dissociation constant [HPO3~ ]J[H*]/[H,PO ] is usually
referred to as the second dissociation constant of phosphoric(V) acid. f Ais a
cation acid, for example the ammonium ion, which interacts with water as shown
by the equation

NH; + H,0 =NH,; +H;0"

the acid strength is given by [NH3]J[H*]/[NH; ].

On the above basis it is, in principle, unnecessary to treat the strength of
bases separately from acids, since any protolytic reaction involving an acid must
also involve its conjugate base. The basic properties of ammonia and various
amines in water are readily understood on the Bronsted—Lowry concept.

H,0=H*'+OH"
NH,+H* = NH}
NH, +H,0=NH; + OH"
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The basic dissociation constant K, is given by:
_ [NH}][OH"]

K, = 8
b [NH,] (8)

Since [H*]J[OH ] =K, (the ionic product of water), we have

Kb = Kw/Ka

The values of K, and K, for different acids and bases vary through many
powers of ten. It is often convenient to use the dissociation constant exponent
pK defined by

pK =log,,1/K = —log,o K

The larger the pK, value is, the weaker is the acid and the stronger the base.

For very weak or slightly ionised electrolyes, the expression a?/(1 — a)V = K
reduces to a2 = KV or a = ./ KV, since « may be neglected in comparison with
unity. Hence for any two weak acids or bases at a given dilution V (in L), we
have o, = /K,V and a,=./K,V, or a,/0,=+/K,//K,. Expressed in
words, for any two weak or slightly dissociated electrolytes at equal dilutions, the
degrees of dissociation are proportional to the square roots of their ionisation
constants. Some values for the dissociation constants at 25 °C for weak acids
and bases are collected in Appendix 7.

2.14 DISSOCIATION OF POLYPROTIC ACIDS

When a polyprotic acid is dissolved in water, the various hydrogen atoms
undergo ionisation to different extents. For a diprotic acid H, A, the primary
and secondary dissociations can be represented by the equations:

H,A=H"+HA"~
HA " =H" +A?%"

If the acid is a weak electrolyte, the Law of Mass Action may be applied, and
the following expressions obtained:

[H*]J[HAT]/[H,A] = K, 9)
[H*][A?7]/[HAT] = K, (10)

K, and K, are known as the primary and secondary dissociation constants
respectively. Each stage of the dissociation process has its own ionisation
constant, and the magnitudes of these constants give a measure of the extent
to which each ionisation has proceeded at any given concentration. The greater
the value of K, relative to K ,, the smaller will be the secondary dissociation,
and the greater must be the dilution before the latter becomes appreciable. It
is therefore possible that a diprotic (or polyprotic) acid may behave, so far as
dissociation is concerned, as a monoprotic acid. This is indeed characteristic of
many polyprotic acids.

A triprotic acid H3A (e.g. phosphoric(V) acid) will similarly yield three
dissociation constants, K, K,, and K5, which may be derived in an analogous
manner:

[H*][H,A"]/[H;A] = K, (9)
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[H*][HA?"]/[H,A"] = K, (10%)
[HT][A®7]/[HA?’"] = K, (11)

Application of these theoretical considerations to situations encountered in
practice may be illustrated by numerical examples.

Example 6. Calculate the concentrations of HS™ and S2~ in a solution of
hydrogen sulphide.

A saturated aqueous solution of hydrogen sulphide at 25 °C, at atmospheric
pressure, is approximately 0.1M, and for H,S the primary and secondary
dissociation constants may be taken as 1.0 x 10" "molL~"*and 1 x 10" *mol L ™!

respectively.

In the solution the following equilibria are involved:
H,S+H,0=HS  +H,0*;, K, =[H*"]J[HS ]/[H,S] (d)
HS™ +H,0=S52" +H,0"; K, =[H*][S? ]/[HS ] (e)

H,0=H"+OH"

Electroneutrality requires that the total cation concentration must equal total
anion concentration and hence, taking account of charge numbers,

[H*] =[HS"]+2[S*"]+[OH"] )

but since in fact we are dealing with an acid solution, [H*]>10"7>[OH 7]
and we can simplify equation (e) to read

[H"] = [HS"]+2[8*"] (9)

The 0.1 mol H,S is present partly as undissociated H,S and partly as the ions
HS ™ and S?7, and it follows that

[H,S]+[HS ]+[S2"] =01 (h)

The very small value of K, indicates that the secondary dissociation and
therefore [S?~] are extremely minute, and ignoring [S2~] in equation (g)
we are left with the result

[H*]~ [HS"]

Since K, is also small, [H*] « [H,S] and so equation (k) can be reduced to
[H,S]~ 0.1

Using these results in equation (d) we find

[H*]%/0.1 =1x1077; [H*]=[HS ] =10x10"*molL"1

From equation (e) it then follows that

(1.0x 1074)[S2~J/(1.0x 107 %) = 1 x 10714

and [S?2 ] =1x10""“molL"".

2.15 COMMON 10N EFFECT

The concentration of a particular ion in an ionic reaction can be increased by
the addition of a compound which produces that ion upon dissociation. The
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particular ion is thus derived from the compound already in solution and also
from the added reagent, hence the name ‘common ion’. If the original compound
is a weak electrolyte, the Law of Mass Action will be applicable. The result is
that there is a higher concentration of this ion in solution than that derived
from the original compound alone, and new equilibrium conditions will be
produced. Examples of the calculation of the common ion effect are given below.
In general, it may be stated that if the total concentration of the common ion
is only slightly greater than that which the original compound alone would
furnish, the effect is small; if, however, the concentration of the common ion is
very much increased (e.g. by the addition of a completely dissociated salt), the
effect is very great, and may be of considerable practical importance. Indeed,
the common ion effect provides a valuable method for controlling the concentration
of the ions furnished by a weak electrolyte.

Example 7. Calculate the sulphide ion concentration in a 0.25M hydrochloric
acid solution saturated with hydrogen sulphide.

This concentration has been chosen since it is that at which the sulphides of
certain heavy metals are precipitated. The total concentration of hydrogen
sulphide may be assumed to be approximately the same as in aqueous solution,
ie. 0.1M; the [H*] will be equal to that of the completely dissociated HCI,
ie. 0.25M, but the [S2~ ] will be reduced below 1 x 10~ 1* (see Example 6).

Substituting in equations (d) and (e) (Example 6), we find:

K, x[H,8] 10x1077x0.1

[HS™] = fH 05 =40x10"8molL !
K HS "™ 1 x107 14 -8
[$27] = ZEH[+15 ]_(x10 3;5(4“0 ) o 16x 10~ mol L-!

Thus by changing the acidity from 1.0 x 10 ~*M (that present in saturated H,S
water) to 0.25M, the sulphide ion concentration is reduced from 1 x 10714 to
1.6 x 10721,

Example 8. What effect has the addition of 0.1 mol of anhydrous sodium acetate
to 1 L of 0.1 M acetic acid upon the degree of dissociation of the acid?

The dissociation constant of acetic acid at 25°Cis 1.75 x 10 " >mol L ™! and
the degree of ionisation « in 0.1 M solution may be computed by solving the
quadratic equation:

H*] x - 2
[ []CHE%I:)g:}%O 1_ ( la_ca) = 1.75x 1075
For our purpose it is sufficiently accurate to neglect « in (1 — «) since o is small:
sa=./K/c = /175x10"* = 0.0132
Hence in 0.1 M acetic acid,
[H*] = 0.00132, [CH,COO~] = 0.00132,
and [CH;COOH] = 0.0987 mol L !

The concentrations of sodium and acetate ions produced by the addition of the
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completely dissociated sodium acetate are:
[Na*] = 0.1, and [CH;COO "] = 0.1 mol L ™! respectively.

The acetate ions from the salt will tend to decrease the ionisation of the acetic
acid, and consequently the acetate ion concentration derived from it. Hence we
may write [CH;COO ™ ] =0.1 for the solution, and if « is the new degree of
ionisation, [H*]=a’c =0.1a’, and [CH;COOH] = (1 —«’)c = 0.1, since o’ is
negligibly small.

Substituting in the mass action equation:

[H"]x[CH,;COO0"] 0.« x0.1

= = 175x 105
[CH,COOH] 0.1 5x 10

or o = 1.75x10"%
[H*] =a'c=175x10">mol L !

The addition of a tenth of a mole of sodium acetate to a 0.1 M solution of
acetic acid has decreased the degree of ionisation from 1.32 to 0.018 per cent,
and the hydrogen ion concentration from 0.00132 to 0.000018 mol L~ 1.

Example 9. What effect has the addition of 0.5 mol of ammonium chloride
to 1L of 0.1 M aqueous ammonia solution upon the degree of dissociation of
the base?

(Dissociation constant of NH; in water = 1.8 x 10">mol L 1)

In 0.1 M ammonia solution « = ,/1.8 x 1073/0.1 = 0.0135. Hence [OH "] =
0.00135,[NH; ] =0.00135,and [NH;] =0.0986 mol L. Let «’ be the degree
of ionisation in the presence of the added ammonium chloride. Then
[OH ]=0a'c=0.1a, and [NH;]=(1 —a')c=0.1, since ' may be taken as
negligibly small. The addition of the completely ionised ammonium chloride
will, of necessity, decrease the [NH; ] derived from the base and increase
[NH,], and as a first approximation [NH; ] =0.5.

Substituting in the equation:

[NH/]x[OH"] 05x0.1qa
[NH,] ool
o =36x10"%and [OH"] = 3.6 x 10" *mol L !

=18x107°

The addition of half a mole of ammonium chloride to 1litre of a 0.1 M
solution of aqueous ammonia has decreased the degree of ionisation from 1.35
to 0.0036 percent, and the hydroxide ion concentration from 0.00135 to
0.0000036 mol L™ 1.

2.16 THE 10NIC PRODUCT OF WATER

Kohlrausch and Heydweiller (1894) found that the most highly purified water
that can be obtained possesses a small but definite conductivity. Water must
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therefore be slightly ionised in accordance with the equation:
H,O=H*"+OH*

Applying the Law of Mass Action to this equation, we obtain, for any given
temperature:

Ay+ X Aoy - _ [H+]'[OH_] x Yu+-You-
ay,o [H,0] YH,0

Since water is only slightly ionised, the ionic concentrations will be small, and
their activity coefficients may be regarded as unity; the activity of the un-ionised
molecules may also be taken as unity. The expression thus becomes:

[H"]x[OH"]
[H,0]

In pure water or in dilute aqueous solutions, the concentration of the
undissociated water may be considered constant. Hence:

[H']x[OH"] =K,

where K, is the iomic product of water. It must be pointed out that the
assumption that the activity coefficients of the ions are unity and that the activity
coefficient of water is constant applies strictly to pure water and to very dilute
solutions (ionic strength < 0.01); in more concentrated solutions, i.e. in solutions
of appreciable ionic strength, the activity coefficients of the ions are affected
(compare Section 2.5), as is also the activity of the un-ionised water. The ionic
product of water will then not be constant, but will depend upon the ionic
strength of the solution. It is, however, difficult to determine the activity
coefficients, except under specially selected conditions, so that in practice the
ionic product K, although not strictly constant, is employed.

The ionic product varies with the temperature, but under ordinary
experimental conditions (at about 25 °C) its value may be taken as 1 x 10714
with concentrations expressed in mol L ~'. This is sensibly constant in dilute
aqueous solutions. If the product of [H*] and [OH ~] in aqueous solution
momentarily exceeds this value, the excess ions will immediately combine to
form water. Similarly, if the product of the two ionic concentrations is
momentarily less than 1074 more water molecules will dissociate until the
equilibrium value is attained.

The hydrogen and hydroxide ion concentrations are equal in pure water;

therefore [H*]=[OH ]=./K,=10""mol L ™! at about 25 °C. A solution
in which the hydrogen and hydroxide ion concentrations are equal is termed
an exactly neutral solution. If [H* ] is greater than 107, the solution is acid,
and if less than 1077, the solution is alkaline (or basic). It follows that at
ordinary temperatures [OH ~] is greater than 10”7 in alkaline solution and
less than this value in acid solution.

= a constant

= a constant

*Strictly speaking the hydrogen ion H* exists in water as the hydroxonium jon H;O* (Section
2.4). The electrolytic dissociation of water should therefore be written:

2H,0 =H,0* +OH"

For the sake of simplicity, the more familiar symbol H* will be retained.
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In all cases the reaction of the solution can be quantitatively expressed by
the magnitude of the hydrogen ion (or hydroxonium ion) concentration, or,
less frequently, of the hydroxide ion concentration, since the following simple
relations between [H* ] and [OH 7] exist:

K,
[H*]

+9 K, -1 —
[H ]_[OH_]’ and [OH ] =

The variation of K, with temperature is shown in Table 2.1.

Table 2.1 lonic product of water at various temperatures

Temp. (°C) K, x 1014 Temp. (°C) K, x 104
0 0.12 35 2.09
5 0.19 40 2.92

10 0.29 45 402

15 045 50 5.47

20 0.68 55 7.30

25 1.01 60 9.61

30 147

2.17 THE HYDROGEN 10N EXPONENT

For many purposes, especially when dealing with small concentrations, it is
cumbersome to express concentrations of hydrogen and hydroxyl ions in terms
of moles per litre. A very convenient method was proposed by S. P. L. Sgrensen
(1909). He introduced the hydrogen ion exponent pH defined by the relationships:

pH = log;o1/[H*] = —log;,[H*], or [H*]=10""H

The quantity pH is thus the logarithm (to the base 10) of the reciprocal of the
hydrogen ion concentration, or is equal to the logarithm of the hydrogen ion
concentration with negative sign. This method has the advantage that all states
of acidity and alkalinity between those of solutions containing, on the one hand,
1mol L ™! of hydrogen ions, and on the other hand, 1 mol L ™! of hydroxide
ions, can be expressed by a series of positive numbers between 0 and 14. Thus
a neutral solution with [H*]=10""7 has a pH of 7; a solution with a
hydrogen ion concentration of 1 molL ™! has a pH of 0 ((H*]=10°); and a
solution with a hydroxide-ion concentration of 1molL~! has [H*] =
K,/[OH~]=10"14/10° = 10~ !4, and possesses a pH of 14. A neutral solution
is therefore one in which pH = 7, an acid solution one in which pH < 7, and an
alkaline solution one in which pH > 7. An alternative defimition for a neutral
solution, applicable to all temperatures, is one in which the hydrogen ion and
hydroxide ion concentrations are equal. In an acid solution the hydrogen ion
concentration exceeds the hydroxide ion concentration, whilst in an alkaline or
basic solution, the hydroxide ion concentration is greater.

Example 10. (i) Find the pH of a solution in which[H*]=4.0 x 10 3 mol L 1.
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pH = log;o1/[H"] = log1 —log[H™]
=logl—log40x 1075
= 0—5.602
= 4.398
(ii) Find the hydrogen ion concentration corresponding to pH = 5.643.
pH =log,, 1/[H*] = logl —log[H*] = 5.643
Slog[HT] = —5.643

This must be written in the usual form containing a negative characteristic and
a positive mantissa:

log[H*] = —5.643 = 6.357

By reference to a calculator or to tables of antilogarithms we find [H*] =
228 x 10 ®mol L1,

(iii) Calculate the pH of a 0.01 M solution of acetic acid in which the degree
of dissociation is 12.5 per cent.

The hydrogen ion concentration of the solution is 0.125 x 0.01
=125x10"3mol L1
logl —log[H*]
= 0-3.097
= 2903
The hydroxide ion concentration may be expressed in a similar way:
pOH = —log,,[OH ] = log,, l/[OH " ],- or [OH™] = 107P°H
If we write the equation:
[H*]x[OH ] =K, =101
in the form: ‘
log[H*]+1log[OH"] = logK, = —14
then pH+pOH =pK,, = 14

This relationship should hold for all dilute solutions at about 25°C.

Figure 2.1 will serve as a useful mnemonic for the relation between [H * ], pH,
[OH ], and pOH in acid and alkaline solution.

The logarithmic or exponential form has also been found useful for expressing
other small quantities which arise in quantitative analysis. These include:
(i) dissociation constants (Section 2.13), (ii) other ionic concentrations, and
(iii) solubility products (Section 2.6).

(i) For any acid with a dissociation constant of K:

pK, =logl/K, = —logK,
Similarly for any base with dissociation constant K,:
pK, =log1/K, = —logK,

pH = log,, 1/[H"]
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[H*] 1(10° 107" 1072 107% 107* 1075 107° 1077 10"® 107° 107'°10-'' 107 '2 107 '3 107 '¢
pH 0 1 2 3 4 5 6 7 8 9 10 1 12 13 14

NN
[ L A A O A e e B

pOH 14 13 12 11 10 9 8 7 6 S 4 3 2 1 0
[OH"]107'"4 107" 1072 107" 107'° 107° 107® 1077 107° 107% 107% 1073 1072 107" 1(10°)
Acid Neutral Alkaline
Fig. 2.1

(ii) For any ion I of concentration [I]:
pl = log1/[1] = —log[I]

Thus, for [Na*]=8 x 107 >mol L !, pNa =4.1.
(iii) For a salt with a solubility product K:

pK, = logl1/K, = —log K,.

2.18 THE HYDROLYSIS OF SALTS
Salts may be divided into four main classes:

(1) those derived from strong acids and strong bases, e.g. potassium chloride;

(2) those derived from weak acids and strong bases, e.g. sodium acetate;

(3) those derived from strong acids and weak bases, e.g. ammonium chloride;
and

(4) those derived from weak acids and weak bases, e.g. ammonium formate or
aluminium acetate.

When any of these from classes (2) to (4) is dissolved in water, the solution,
as is well known, is not always neutral in reaction. Interaction may occur with
the ions of water, and the resulting solution will be neutral, acid, or alkaline
according to the nature of the salt.

With an aqueous solution of a salt of class (1), neither do the anions have
any tendency to combine with the hydrogen ions nor do the cations with the
hydroxide ions of water, since the related acids and bases are strong electrolytes.
The equilibrium between the hydrogen and hydroxide ions in water:

H,O=H"'+OH" (i)

is therefore not disturbed and the solution remains neutral.
Consider, however, a salt MA derived from a weak acid HA and a strong
base BOH {class (2)}. The salt is completely dissociated in aqueous solution:

MA - M*+A~

A very small concentration of hydrogen and hydroxide ions, originating from
the small but finite ionisation of water, will be initially present. HA is a weak
acid, i.e. it is dissociated only to a small degree; the concentration of A~ ions
which can exist in equilibrium with H* ions is accordingly small. In order to
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maintain the equilibrium, the large initial concentration of A~ ions must be
reduced by combination with H* ions to form undissociated HA:
H*+A~"=HA ()
The hydrogen ions required for this reaction can be obtained only from the
further dissociation of the water; this dissociation produces simultaneously an
equivalent quantity of hydroxyl ions. The hydrogen ions are utilised in the
formation of HA; consequently the hydroxide ion concentration of the solution
will increase and the solution will react alkaline.

It is usual in writing equations involving equilibria between completely
dissociated and slightly dissociated or sparingly soluble substances to employ
the ions of the former and the molecules of the latter. The reaction is therefore
written:

A~ +H,0=O0H" +HA (k)

This equation can also be obtained by combining (i) and (j), since both
equilibria must co-exist. This interaction between the ion (or ions) of a salt and
water is called ‘hydrolysis’.

Consider now the salt of a strong acid and a weak base {class (3)}. Here
the initial high concentration of cations M* will be reduced by combination
with the hydroxide ions of water to form the little-dissociated base MOH until
the equilibrium:

M* +OH™ = MOH

is attained. The hydrogen ion concentration of the solution will thus be
increased, and the solution will react acid. The hydrolysis is here represented by:

M*+H,0=MOH+H"*

For salts of class (4), in which both the acid and the base are weak, two
reactions will occur simultaneously

M*+H,0=MOH+H*; A-+H,0=HA+OH"~

The reaction of the solution will clearly depend upon the relative dissociation
constants of the acid and the base. If they are equal in strength, the solution
will be neutral; if K, > K,, it will be acid, and if K, > K, it will be alkaline.

Having considered all the possible cases, we are now in a position to give a
more general definition of hydrolysis. Hydrolysis is the interaction between an
ion (or ions) of a salt and water with the production of (a) a weak acid or a
weak base, or (b) of both a weak acid and a weak base.

The phenomenon of salt hydrolysis may be regarded as a simple application
of the general Bronsted—Lowry equation

A;+B,=A,+B,;
Thus the equation for the hydrolysis of ammonium salts
NH; + H,O=NH,; + H;0"*

is really identical with the expression used to define the strength of the
ammonium ion as a Brensted—Lowry acid (see Section 2.4} and the constant
K, for NH] is in fact what is usually termed the hydrolysis constant of an
ammonium salt.
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The hydrolysis of the sodium salt of a weak acid can be treated similarly.
Thus for a solution of sodium acetate

CH,CO0” +H,0=CH;COOH +OH "~
the hydrolysis constant is
[CH;COOH][OH ]/[CH;CO0 ] = K, = K, /K,

where K, is the dissociation constant of acetic (ethanoic) acid.

2.19 HYDROLYSIS CONSTANT AND DEGREE OF HYDROLYSIS

Case 1. Salt of a weak acid and a strong base. The equilibrium in a solution of
salt MA may be represented by:

AT +H,0=0H" +HA
Applying the Law of Mass Action, we obtain:
Gon- X Qua _ [OH ].[HA] % You--YHa

aa- [A7] Ya-
where K, is the hydrolysis constant. The solution is assumed to be dilute so
that the activity of the un-ionised water may be taken as constant, and the
approximation that the activity coefficient of the un-ionised acid is unity
and that both ions have the same activity coefficient may be introduced.
Equation (12) then reduces to:

[OH ] x[HA]
K, = —
[A7]

This is often written in the form:

K. — [Base] x [Acid]
" 7 [Unhydrolysed salt]

= K, (12)

(13)

The free strong base and the unhydrolysed salt are completely dissociated and
the acid is very little dissociated.

The degree of hydrolysis is the fraction of each mole of anion A~ hydrolysed
at equilibrium. Let 1 mole of salt be dissolved in VL of solution, and let x
be the degree of hydrolysis. The concentrations in mol L ™! are:

[HA]=[OH ] =x/V; [AT]=(1-x)/V
Substituting these values in equation (13):

K _[OH ]x[HA] x/Vxx/V _ x*
"TUUAT] S (=x/V o (1=xV

This expression enables us to calculate the degree of hydrolysis at the dilution
V; it is evident that as V increases, the degree of hydrolysis x must increase.
The two equilibria:

H,O=H"+OH~ and HA=H"+A"~
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must co-exist with the hydrolytic equilibrium:
A”+H,0=HA+OH~

Hence the two relationships:

[H*]x[OH " ]=K, and [H*']x[A"]/[HA] =K,
must hold in the same solution as:

[OH™]1x [HA]/[A"] = K,

K, [H']x[OH ]x[HA] [OH ]x[HA] _
K, [H"]x[A7] [A7]
therefore K,/K, = K,

or pK, = pK, —pK,

But

K,

The hydrolysis constant is thus related to the ionic product of water and
the ionisation constant of the acid. Since K, varies slightly and K, varies
considerably with temperature, K, and consequently the degree of hydrolysis
will be largely influenced by changes of temperature.

The hydrogen ion concentration of a solution of a hydrolysed salt can be
readily calculated. The amounts of HA and of OH ~ ions formed as a result of
hydrolysis are equal; therefore, in a solution of the pure salt in water,
[HA]=[OH ]. If the concentration of the salt is c mol L ™%, then:

[HA]x[OH™] _[OH ] _  _K,
[A~] c "TK

and [OH"]=./c.K,/K,

or [H*]=K,.K,/c, since [H*]=K,/[OH ]

and pH = }pK, +3pK,+}logc

a

To be consistent we should use pc = —log ¢ so that the equation becomes:
pH = 3pK,, +3pK,— ipc (14)

Equation (14) can be employed for the calculation of the pH of a solution
of a salt of a weak acid and a strong base. Thus the pH of a solution of sodium
benzoate (0.05 mol L ~1) is given by:

pH = 7.0 + 2.10 — 1(1.30) = 8.45
(Benzoic acid: K, = 6.37 x 10" *mol L™ !; pK, = 4.20)

Such a calculation will provide useful information as to the indicator which
should be employed in the titration of a weak acid and a strong base (see
Section 10.13).

Example 11. Calculate: (i) the hydrolysis constant, (ii) the degree of hydrolysis,
and (iii) the hydrogen ion concentration of a solution of sodium acetate
(0.01 mol L ~!) at the laboratory temperature.

K, 10x1071
w = 57x 1071

K=—=—____,
PTK,  1.75x10

43



2 FUNDAMENTAL THEQRETICAL PRINCIPLES OF REACTIONS IN SOLUTION

The degree of hydrolysis x is given by:

X2

(1-x)v
Substituting for K, and V (= 1/c), we obtain:
x2 x 0.01
(1—x)
Solving this quadratic equation, x = 0.0002 38 or 0.0238 per cent.
If the solution were completely hydrolysed, the concentration of acetic
(ethanoic) acid produced would be 0.01 mol L 1. But the degree of hydrolysis

is 0.0238 per cent, therefore the concentration of acetic acid is 2.38 x 10" ®mol L1,
This is also equal to the hydroxide ion concentration produced, i.e. pPOH = 5.62.

pH = 140 —5.62 = 8.38
The pH may also be calculated from equation (14):
pH = 1pK, +ipK,—ipc = 70+ 238 —1(2) = 838

K, =

57x1071° =

Case 2. Salt of a strong acid and a weak base. The hydrolytic equilibrium is
represented by:

M*+H,0=MOH+H"
By applying the Law of Mass Action along the lines of Case 1, the following
equations are obtained:

_[H']x[MOH]  [Acid] x[Base] K,

K = =
g [M*] [Unhydrolysed salt] K,

X2

(1=x)V

K, is the dissociation constant of the base. Furthermore, since [MOH] and
[H™*] are equal:

_ [H"]x[MOH] _ [H*]? _ K,

K, =
’ [M*] ¢ K,
[H*] = /c.K,/K,,
or pH =J}pK, —ipK,+3pc (15)

Equation (15) may be applied to the calculation of the pH of solutions of
salts of strong acids and weak bases. Thus the pH of a solution of ammonium
chloride (0.2 mol L ™1} is:

pH = 7.0 — 2.37 + 1(0.70) = 4.98
(Ammonia in water: K, = 1.8 x 10 >mol L™!; pK, = 4.74)

Case 3. Salt of a weak acid and a weak base. The hydrolytic equilibrium is
expressed by the equation:

M*+A~+H,0=MOH + HA
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Applying the Law of Mass Action and taking the activity of un-ionised water
as unity, we have:
K. = dvon X dua _ [MOH].[HA] » YMoH VHA

h — - =

Am+ X Ap- [MT].[A7] IYM+ YA~

By the usual approximations, i.e. by assuming that the activity coefficients of
the un-ionised molecules and, less justifiably, of the ions are unity, the following
approximate equation is obtained:
K. — [MOH] x [HA]  [Base] x [Acid]

"7 [M*]1x[A~]  [Unhydrolysed salt]?
If x is the degree of hydrolysis of 1 mole of the salt dissolved in V litres of
solution, then the individual concentrations are:

[MOH] = [HA] = x/V; [M*]=[A"]=(1-x)/V
leading to the result
K. - x/V.x/V Xt

T (l=x)/V.(1-x)/V  (1-x)?

The degree of hydrolysis and consequently the pH is independent of the
concentration of the solution.*
It may be readily shown that:

K, =K,/K,x K,
or pK, = pK, —pK,—pK,

This expression enables us to calculate the value of the degree of hydrolysis
from the dissociation constants of the acid and the base.
The hydrogen ion concentration of the hydrolysed solution is calculated in
the following manner:
ax—[H/}] = ax—x/V = Kax—~x
[A7] (1-x)/V (1-x)

But x/(1-x)=./K,
Hence [H*] =K, /K, = /K, x K,/K,
or pH = %pKW-‘_%pKa_%pr (16)

If the ionisation constants of the acid and the base are equal, that is K, = K,
pH=1pK, =70 and the solution is neutral, although hydrolysis may be
considerable. If K, > K,, pH < 7 and the solution is acid, but when K, > K,
pH > 7 and the solution reacts alkaline.

The pH of a solution of ammonium acetate is given by:

pH = 7.0+238 —237 = 7.1

ie. the solution is approximately neutral. On the other hand, for a dilute

[H'] =K

*This applies only if the original assumptions as to activity coefficients are justified. In solutions
of appreciable ionic strength, the activity coefficients of the ions will vary with the total ionic strength.
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solution of ammonium formate:
pH = 7.0+ 1.88 —2.37 = 6.51
(Formic acid: K, = 1.77 x 10 *mol L ~1; pK, = 3.75)

i.e. the solution has a slightly acid reaction.

2.20 BUFFER SOLUTIONS

A solution of hydrochloric acid (0.0001 mol L ™) should have a pH equal to 4,
but the solution is extremely sensitive to traces of alkali from the glass of the
containing vessel and to ammonia from the air. Likewise a solution of sodium
hydroxide (0.0001 mol L ~!), which should have a pH of 10, is sensitive to traces
of carbon dioxide from the atmosphere. Aqueous solutions of potassium chloride
and of ammonium acetate have a pH of about 7. The addition to 1 L of these
solutions of 1 mL of a solution of hydrochloric acid (1 mol L™!) results in a
change of pH to 3 in the former case and in very little change in the latter. The
resistance of a solution to changes in hydrogen ion concentration upon the
addition of small amounts of acid or alkali is termed buffer action; a solution
which possesses such properties is known as a buffer solution. It is said to
possess ‘reserve acidity’ and ‘reserve alkalinity’. Buffer solutions usually consist
of solutions containing a mixture of a weak acid HA and its sodium or potassium
salt (A7), or of a weak base B and its salt (BH ™). A buffer, then, is usually a
mixture of an acid and its conjugate base. In order to understand buffer action,
consider first the equilibrium between a weak acid and its salt. The dissociation
of a weak acid is given by:

HA=H"'+A"~
and its magnitude is controlled by the value of the dissociation constant K :
aH* X aA‘

aua
=K, or ay-=—xK
aya aa-

(17)

a

The expression may be approximated by writing concentrations for activities:
[HA]

[H"] = ——5 xK, (18)
[A7]

This equilibrium applies to a mixture of an acid HA and its salt, say MA. If

the concentration of the acid be ¢, and that of the salt be c,, then the

concentration of the undissociated portion of the acid is (c,— [H*]). The

solution is electrically neutral, hence [A~] = ¢, + [H * ] (the salt is completely

dissociated). Substituting these values in the equilibrium equation (18), we have:

Ca— [H+]

() = v

K, (19)

This is a quadratic equation in [H* ] and may be solved in the usual manner.
It can, however, be simplified by introducing the following further approximations.
In a mixture of a weak acid and its salt, the dissociation of the acid is repressed
by the common ion effect, and [H*] may be taken as negligibly small by
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comparison with ¢, and c,. Equation (19) then reduces to:

+1 _ Ca ++ _ [Acid]
[H*] = Z.Ka, or [H'] = [Sait] x K, (20)
Sal
or pH = pK, +log [[A:i:i]] (21)

The equations can be readily expressed in a somewhat more general form
when applied to a Brensted—Lowry acid A and its conjugate base B:

A=H"+B
(e.g. CH;COOH and CH;COO 7, etc.). The expression for pH is:

[B]
pH = pK,+log——
p g [A]
where K, = [H"][B]/[A].
Similarly for a mixture of a weak base of dissociation constant K, and its
salt with a strong acid:

_, _ [Base]
[OH™] = [Sal] x K, (22)
_ [Salt]
or pOH = pK,+ log [Base] (23)

Confining attention to the case in which the concentrations of the acid and
its salt are equal, i.e. of a half-neutralised acid then pH = pK,. Thus the pH of
a half-neutralised solution of a weak acid is equal to the negative logarithm
of the dissociation constant of the acid. For acetic (ethanoic) acid, K, =
1.75 x 103 mol L™ !, pK, = 4.76; a half-neutralised solution of, say 0.1M acetic
acid will have a pH of 4.76. If we add a small concentration of H* ions to such
a solution, the former will combine with acetate ions to form undissociated
acetic acid:

H* + CH,COO~ = CH,COOH

Similarly, if a small concentration of hydroxide ions be added, the latter will
combine with the hydrogen ions arising from the dissociation of the acetic acid
and form water; the equilibrium will be disturbed, and more acetic acid will
dissociate to replace the hydrogen ions removed in this way. In either case, the
concentration of the acetic acid and acetate ion (or salt) will not be appreciably
changed. It follows from equation (21) that the pH of the solution will not be
materially affected.

Example 12. Calculate the pH of the solution produced by adding 10 mL of
1 M hydrochloric acid to 1L of a solution which is 0.1 M in acetic (ethanoic)
acid and 0.1 M in sodium acetate (K,=1.75 x 10" >mol L™ 1).
The pH of the acetic acid-sodium acetate buffer solution is given by the
equation:
[Salt]

Lt RS 0 =4
CAcia] = +76+00 =476

pH = pK, +log
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The hydrogen ions from the hydrochloric acid react with acetate ions forming
practically undissociated acetic acid, and neglecting the change in volume from
1000 mL to 1010 mL we can say

CH;CO0O™ =0.1-0.01 = 0.09
CH;COOH = 0.1+0.01 = 0.11
and pH = 4.76 +10g0.09/0.11 = 4.76 — 0.09 = 4.67

Thus the pH of the acetic acid—sodium acetate buffer solution is only altered
by 0.09 pH unit on the addition of the hydrochloric acid. The same volume of
hydrochloric acid added to 1litre of water (pH = 7) would lead to a solution
with pH = —log(0.01)=2; a change of SpH units. This example serves to
illustrate the regulation of pH exercised by buffer solutions.

A solution containing equal concentrations of acid and its salt, or a
half-neutralised solution of the acid, has the maximum ‘buffer capacity’. Other
mixtures also possess considerable buffer capacity, but the pH will differ slightly
from that of the half-neutralised acid. Thus in a quarter-neutralised solution of
acid, [Acid] =3 [Salt]:

pH = pK,+logi = pK,+1.52 = pK,— 048
For a three-quarter-neutralised acid, [Salt] =3 [Acid]:
pH = pK,+log3 = pK,+0.48

In general, we may state that the buffering capacity is maintained for mixtures
within the range 1 acid:10 salt and 10 acid:1 salt and the approximate pH
range of a weak acid buffer is:

pH = pK,+ 1

The concentration of the acid is usually of the order 0.05-0.2 mol L ~'. Similar
remarks apply to weak bases. It is clear that the greater the concentrations of
acid and conjugate base in a buffer solution, the greater will be the buffer
capacity. A quantitative measure of buffer capacity is given by the number of
moles of strong base required to changé the pH of 1litre of the solution by
1 pH unit.

The preparation of a buffer solution of a definite pH is a simple process once
the acid (or base) of appropriate dissociation constant is found: small variations
in pH are obtained by variationsin the ratios of the acid to the salt concentration.
One example is given in Table 2.2.

Before leaving the subject of buffer solutions, it is necessary to draw attention
to a possible erroneous deduction from equation (21), namely that the
hydrogen-ion concentration of a buffer solution is dependent only upon the
ratio of the concentrations of acid and salt and upon K,, and not upon the
actual concentrations; otherwise expressed, that the pH of such a buffer mixture
should not change upon dilution with water. This is approximately although
not strictly true. In deducing equation (18), concentrations have been substituted
for activities, a step which is not entirely justifiable except in dilute solutions.
The exact expression controlling buffer action is:
ay. = dua o K, = Lada,

- Cs-Va-

x K (24)

a
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Table 2.2 pH of acetic acid—sodium acetate buffer
mixtures

10 mL mixtures of x mL of 0.2M acetic acid and ymL of
0.2M sodium acetate

Acetic acid (x mL) Sodium acetate (y mL) pH

9.5 0.5 3.48
2.0 1.0 3.80
8.0 2.0 4.16
7.0 3.0 4.39
6.0 4.0 4.58
5.0 5.0 4.76
40 6.0 493
3.0 7.0 5.13
20 8.0 5.36
1.0 9.0 5.71
0.5 9.5 6.04

The activity coefficient y, of the undissociated acid is approximately unity in
dilute aqueous solution. Expression (24) thus becomes:
[Acid]

= ————T"—x K
M TSalt] x yas

or pH = pK,+log[Salt]/[Acid] + log y,- (26)

This is known as the Henderson—Hasselbalch equation.

If a buffer solution is diluted, the ionic concentrations are decreased and so,
as shown in Section 2.5, the ionic activity coefficients are increased. It follows
from equation (26) that the pH is increased.

Buffer mixtures are not confined to mixtures of monoprotic acids or monoacid
bases and their salts. We may employ a mixture of salts of a polyprotic acid,
e.g. NaH,PO, and Na,HPO,. The salt NaH, PO, is completely dissociated:
NaH,PO,=Na™* + H,PO,

The ion H, PO, acts as a monoprotic acid:

H,PO; = H* + HPO}~

for which K (= K, for phosphoric acid) is 6.2 x 10 "8 mol L ~!. The addition
of the salt Na,HPO, is analogous to the addition of, say, acetate ions to a
solution of acetic acid, since the tertiary ionisation of phosphoric acid
(HPO; =H™* + PO} ") is small (K;=5x 10"13mol L~ '). The mixture of
NaH,PO, and Na,HPO, is therefore an effective buffer over the range
pH 72+10 (=pK +1). It will be noted that this is a mixture of a
Bronsted—Lowry acid and its conjugate base.

Buffer solutions find many applications in quantitative analysis, e.g. many
precipitations are quantitative only under carefully controlled conditions of pH,
as are also many compleximetric titrations: numerous examples of their use will
be found throughout the book.

2.21 COMPLEX 10NS

The increase in solubility of a precipitate upon the addition of excess of the
precipitating agent is frequently due to the formation of a complex ion. A

(25)

a
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complex ion is formed by the union of a simple ion with either other ions of
opposite charge or with neutral molecules as shown by the following examples.

When potassium cyanide solution is added to a solution of silver nitrate, a
white precipitate of silver cyanide is first formed because the solubility product
of silver cyanide:

[Ag"]x [CN7] = K ageny (27)
is exceeded. The reaction is expressed:

CN™ +Ag* = AgCN

The precipitate dissolves upon the addition of excess of potassium cyanide, the
complex ion [Ag(CN),]~ being produced:

AgCN(solid) + CN ~(excess) == [Ag(CN),] *

(or AgCN + KCN = K[Ag(CN),] - a soluble complex salt)

This complex ion dissociates to give silver ions, since the addition of
sulphide ions yields a precipitate of silver sulphide (solubility product
1.6 x 107** mol3 L ~3), and also silver is deposited from the complex cyanide

solution upon electrolysis. The complex ion thus dissociates in accordance with
the equation:

[Ag(CN),]”" = Ag* +2CN~

Applying the Law of Mass Action, we obtain the dissociation constant of the
complex ion:
[Ag"] x[CN"]?

[{Ag(CN),} "]

which has a value of 1.0 x 10 2! mol*> L ~2 at the ordinary temperature. By
inspection of this expression, and bearing in mind that excess of cyanide ion is
present, it is evident that the silver ion concentration must be very small, so
small in fact that the solubility product of silver cyanide is not exceeded.

The inverse of equation (28) gives us the stability constant or formation
constant of the complex ion:

« _ _L{Ag(CN),} 7]
[Ag"]x[CN7]?
Consider now a somewhat different type of complex ion formation, viz. the

production of a complex ion with constituents other than the common ion

present in the solution. This is exemplified by the solubility of silver chloride
in ammonia solution. The reaction is:

AgCl +2NH; = [Ag(NH;),]* + Cl~

Here again, electrolysis, or treatment with hydrogen sulphide, shows that silver

= Kdiss, (28)

= 102! mol 2 L? (29)

*Square brackets are commonly used for two purposes: to denote concentrations and also to
include the whole of a complex ion; for the latter purpose curly brackets (braces) are sometimes
used. With careful scrutiny there should be no confusion regarding the sense in which the square
brackets are used: with complexes there will be no charge signs inside the brackets.
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ions are present in solution. The dissociation of the complex ion is represented by:
[Ag(NH;),]" = Ag" +2NH,
and the dissociation constant is given by:
_ [Ag*]x [NH,)
7 [{Ag(NH;),} "]
The stability constant K =1/K 4, = 1.5 x 107 mol =2 L?

The magnitude of the dissociation constant clearly shows that only a very small
silver ion concentration is produced by the dissociation of the complex ion.

The stability of complex ions varies within very wide limits. It is quantitatively
expressed by means of the stability constant. The more stable the complex, the
greater is the stability constant, i.e. the smaller is the tendency of the complex
ion to dissociate into its constituent ions. When the complex ion is very stable,
e.g. the hexacyanoferrate(II) ion [Fe(CN)¢]*", the ordinary ionic reactions of
the components are not shown.

The application of complex-ion formation in chemical separations depends
upon the fact that one component may be transformed into a complex ion which
no longer reacts with a given reagent, whereas another component does react.
One example may be mentioned here. This is concerned with the separation of
cadmium and copper. Excess of potassium cyanide solution is added to the
solution containing the two salts when the complex ions [Cd(CN),]*>~ and
[Cu(CN),]*" respectively are formed. Upon passing hydrogen sulphide into
the solution containing excess of CN ~ ions, a precipitate of cadmium sulphide
is produced. Despite the higher solubility product of CdS (1.4 x 10~ 2® mol* L ™2
as against 6.5 x 107**mol? L ™2 for copper(Il) sulphide), the former is
precipitated because the complex cyanocuprate(I) ion has a greater stability
constant (2 x 102 mol~*L* as compared with 7 x 10!°mol~*L* for the
cadmium compound).

= 6.8x10"8mol?L "2

2.22 COMPLEXATION

The processes of complex-ion formation referred to above can be described by
the general term complexation. A complexation reaction with a metal ion
involves the replacement of one or more of the coordinated solvent molecules
by other nucleophilic groups. The groups bound to the central ion are called
ligands and in aqueous solution the reaction can be represented by the
equation:

M(H,0),+L = M(H,0),-,L +H,0

Here the ligand (L) can be either a neutral molecule or a charged ion, and
successive replacement of water molecules by other ligand groups can occur
until the complex ML, is formed; n is the coordination number of the metal
ion and represents the maximum number of monodentate ligands that can be
bound to it.

Ligands may be conveniently classified on the basis of the number of points
of attachment to the metal ion. Thus simple ligands, such as halide ions or the
molecules H, O or NH 3, are monodentate, i.e. the ligand is bound to the metal
ion at only one point by the donation of a lone pair of electrons to the metal.
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When, however, the ligand molecule or ion has two atoms, each of which has
a lone pair of electrons, then the molecule has two donor atoms and it may be
possible to form two coordinate bonds with the same metal ion; such a ligand
is said to be bidentate and may be exemplified by consideration of the
tris(ethylenediamine)cobalt(III) complex, [Co(en);]**. In this six-coordinate
octahedral complex of cobalt(III), each of the bidentate ethylenediamine*
molecules is bound to the metal ion through the lone pair electrons of the two
nitrogen atoms. This results in the formation of three five-membered rings, each
including the metal ion; the process of ring formation is called chelation.
Multidentate ligands contain more than two coordinating atoms per molecule,
e.g. 1,2-diaminoethanetetra-acetic acid (ethylenediaminetetra-acetic acid, EDTA),T
which has two donor nitrogen atoms and four donor oxygen atoms in the
molecule, can be hexadentate.
In the foregoing it has been assumed that the complex species does not contain
more than one metal ion, but under appropriate conditions a binuclear complex,
i.e. one containing two metal ions, or even a polynuclear complex, containing
more than two metal ions may be formed. Thus interaction between Zn?* and
Cl~ ions may result in the formation of binuclear complexes, e.g. [Zn,Cl¢]? ",
in addition to simple species such as ZnCl; and ZnCl; ™. The formation of
bi- and poly-nuclear complexes will clearly be favoured by a high concentration
of the metal ion; if the latter is present as a trace constituent of a solution,
polynuclear complexes are unlikely to be formed.

2.23 STABILITY OF COMPLEXES

The thermodynamic stability of a species is a measure of the extent to which
this species will be formed from other species under certain conditions, provided
that the system is allowed to reach equilibrium. Consider a metal ion M in
solution together with a monodentate ligand L, then the system may be described
by the following stepwise equilibria, in which, for convenience, coordinated
water molecules are not shown:

M+L=ML; K, = [ML]/[M][L]
ML + L = ML,; K, = [ML,]/[ML][L]
ML(n—l) + L: MLm Kn = [MLn]/[ML(n—l)][L]

The equilibrium constants K, K,,...,K, are referred to as stepwise stability
constants.
An alternative way of expressing the equilibria is as follows:

M+L=ML; f, =[ML]/[M][L]
M+2L=ML,; B, =[ML,]/[M][L]?
M+nL =ML, §,=[ML,]/[M][L]"

The equilibrium constants f,, f,,...,, are called the overall stability constants
and are related to the stepwise stability constants by the general expression

p,=K,xK,x...K,

* Ethane-1,2-diamine.
t1,2-Bis[ bis(carboxymethyl)amino Jethane.

52



FACTORS INFLUENCING THE STABILITY OF COMPLEXES ~ 2.25

In the above equilibria it has been assumed that no insoluble products are
formed nor any polynuclear species.

A knowledge of stability constant values is of considerable importance in
analytical chemistry, since they provide information about the concentrations
of the various complexes formed by a metal in specified equilibrium mixtures;
this is invaluable in the study of complexometry, and of various analytical
separation procedures such as solvent extraction, ion exchange, and chromato-
graphy.?3

2.24 METAL ION BUFFERS
Consider the equation for complex formation
M+L=ML; K=[ML]/[M][L]

and assume that ML is the only complex to be formed by the particular system.
The equilibrium constant expression can be rearranged to give:

[M] =1/K x[ML]/[L]
log[M] = log1/K +log[ML]/[L]
pM = log K — log[ ML]/[L]

This shows that the pM value of the solution is fixed by the value of K and the
ratio of complex-ion concentration to that of the free ligand. If more of M is
added to the solution, more complex will be formed and the value of pM will
not change appreciably. Likewise, if M is removed from the solution by some
reaction, some of the complex will dissociate to restore the value of pM. This
recalls the behaviour of buffer solutions encountered with acids and bases
(Section 2.20), and by analogy, the complex-ligand system may be termed a
metal ion buffer.

2.25 FACTORS INFLUENCING THE STABILITY OF COMPLEXES

The stability of a complex will obviously be related to (a) the complexing ability
of the metal ion involved, and (b) characteristics of the ligand, and it is important
to examine these factors briefly.

(a) Complexing ability of metals. The relative complexing ability of metals is
conveniently described in terms of the Schwarzenbach classification, which is
broadly based upon the division of metals into Class A and Class B Lewis acids,
i.e. electron acceptors. Class A metals are distinguished by an order of affinity
(in aqueous solution) towards the halogens F~ > Cl~ >Br~ >1", and form
their most stable complexes with the first member of each group of donor atoms
in the Periodic Table (i.e. nitrogen, oxygen and fluorine). Class B metals
coordinate much more readily with I~ than with F~ in aqueous solution, and
form their most stable complexes with the second (or heavier) donor atom from
each group (ie. P, S, Cl). The Schwarzenbach classification defines three
categories of metal ion acceptors:

1. Cations with noble gas configurations. The alkali metals, alkaline earths and
aluminium belong to this group which exhibit Class A acceptor properties.
Electrostatic forces predominate in complex formation, so interactions
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between small ions of high charge are particularly strong and lead to stable
complexes.

2. Cations with completely filled d sub-shells. Typical of this group are copper(I),
silver(I) and gold(I) which exhibit Class B acceptor properties. These ions
have high polarising power and the bonds formed in their complexes have
appreciable covalent character.

3. Transition metal ions with incomplete d sub-shells. In this group both
Class A and Class B tendencies can be distinguished. The elements with
Class B characteristics form a roughly triangular group within the Periodic
Table, with the apex at copper and the base extending from rhenium to
bismuth. To the left of this group, elements in their higher oxidation states
tend to exhibit Class A properties, while to the right of the group, the higher
oxidation states of a given element have a greater Class B character.

The concept of ‘hard” and “soft’ acids and bases is useful in characterising
the behaviour of Class A and Class B acceptors. A soft base may be defined
as one in which the donor atom is of high polarisability and of low
electronegativity, is easily oxidised, or is associated with vacant, low-lying
orbitals. These terms describe, in different ways, a base in which the donor
atom electrons are not tightly held, but are easily distorted or removed. Hard
bases have the opposite properties, i.e. the donor atom is of low polarisability
and high electronegativity, is difficult to reduce, and is associated with vacant
orbitals of high energy which are inaccessible.

On this basis, it is seen that Class A acceptors prefer to bind to hard bases,
e.g. with nitrogen, oxygen and fluorine donor atoms, whilst Class B acceptors
prefer to bind to the softer bases, e.g. P, As, S, Se, Cl, Br, I donor atoms.
Examination of the Class A acceptors shows them to have the following
distinguishing features; small size, high positive oxidation state, and the
absence of outer electrons which are easily excited to higher states. These
are all factors which lead to low polarisability, and such acceptors are called
hard acids. Class B acceptors, however, have one or more of the following
properties: low positive or zero oxidation state, large size, and several easily
excited outer electrons (for metals these are the d electrons). These are all
factors which lead to high polarisability, and Class B acids may be called
soft acids.

A general principle may now be stated which permits correlation of the
complexing ability of metals: ‘Hard acids tend to associate with hard bases
and soft acids with soft bases’. This statement must not, however, be regarded
as exclusive, ie. under appropriate conditions soft acids may complex with
hard bases or hard acids with soft bases.

(b) Characteristics of the ligand. Among the characteristics of the ligand
which are generally recognised as influencing the stability of complexes in
which it is involved are (i) the basic strength of the ligand, (ii) its chelating
properties (if any), and (iii) steric effects. From the point of view of the
analytical applications of complexes, the chelating effect is of paramount
importance and therefore merits particular attention.

The term chelate effect refers to the fact that a chelated complex, i.e. one
formed by a bidentate or a multidenate ligand, is more stable than the
corresponding complex with monodentate ligands: the greater the number of
points of attachment of ligand to the metal ion, the greater the stability of
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the complex. Thus the complexes formed by the nickel(II) ion with (a) the
monodentate NH; molecule, (b) the bidentate ethylenediamine (1,2-diamino-
ethane), and (c) the hexadentate ligand ‘penten’ {(H,N-CH,-CH,),N-
CH, CH, N(CH,-CH, NH,),} show an overall stability constant value
for the ammonia complex of 3.1 x 108, which is increased by a factor of about
10'° for the complex of ligand (b), and is approximately ten times greater
still for the third complex.

The most common steric effect is that of inhibition of complex formation
owing to the presence of a large group either attached to, or in close proximity
to, the donor atom.

A further factor which must also be taken into consideration from the
point of view of the analytical applications of complexes and of complex-
formation reactions is the rate of reaction: to be analytically useful it is usually
required that the reaction be rapid. An important classification of complexes is
based upon the rate at which they undergo substitution reactions, and leads to
the two groups of labile and inert complexes. The term labile complex is
applied to those cases where nucleophilic substitution is complete within the
time required for mixing the reagents. Thus, for example, when excess of aqueous
ammonia is added to an aqueous solution of copper(II) sulphate, the change
in colour from pale to deep blue is instantaneous; the rapid replacement of
water molecules by ammonia indicates that the Cu(II) ion forms kinetically
labile complexes. The term inert is applied to those complexes which undergo
slow substitution reactions, i.e. reactions with half-times of the order of hours
or even days at room temperature. Thus the Cr(III) ion forms kinetically inert
complexes, so that the replacement of water molecules coordinated to Cr(III)
by other ligands is a very slow process at room temperature.

Kinetic inertness or lability is influenced by many factors, but the following
general observations form a convenient guide to the behaviour of the complexes
of various elements.

(i) Main group elements usually form labile complexes.

(ii) With the exception of Cr(III) and Co(III), most first-row transition
elements form labile complexes.

(ii1) Second- and third-row transition elements tend to form inert complexes.

For a full discussion of the topics introduced in this section a textbook of
inorganic chemistry (e.g. Ref. 4) or one dealing with complexes (e.g. Ref. 2),
should be consulted.

2.26 COMPLEXONES

The formation of a single complex species rather than the stepwise production
of such species will clearly simplify complexometric titrations and facilitate the
detection of end points. Schwarzenbach? realised that the acetate ion is
able to form acetato complexes of low stability with nearly all polyvalent cations,
and that if this property could be reinforced by the chelate effect, then much
stronger complexes would be formed by most metal cations. He found that the
aminopolycarboxylic acids are excellent complexing agents: the most important
of these is 1,2-diaminoethanetetra-acetic acid (ethylenediaminetetra-acetic acid).
The formula (I) is preferred to (II), since it has been shown from measurements
of the dissociation constants that two hydrogen atoms are probably held in the
form of zwitterions. The values of pK are respectively pK, =20, pK, =27,
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pK;=6.2, and pK, =10.3 at 20 °C; these values suggest that it behaves as a
dicarboxylic acid with two strongly acidic groups and that there are two
ammonium protons of which the first ionises in the pH region of about 6.3 and
the second at a pH of about 11.5. Various trivial names are used for
ethylenediaminetetra-acetic acid and its sodium salts, and these include Trilon B,
Complexone III, Sequestrene, Versene, and Chelaton 3; the disodium salt is
most widely employed in titrimetric analysis. To avoid the constant use of the
long name, the abbreviation EDTA is utilised for the disodium salt.
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Other complexing agents (complexones) which are sometimes used include
(a)nitrilotriacetic acid (IIT) (NITA or NTA or Complexone I; this has pK, = 1.9,
pK, =25, and pK; =9.7), (b) trans-1,2-diaminocyclohexane-N,N,N’,N'-tetra-
acetic acid (IV): this should presumably be formulated as a zwitterion structure
like (I); the abbreviated name is CDTA, DCyTA, DCTA or Complexone IV,
(c) 2,2'-ethylenedioxybis { ethyliminodi(acetic acid) } (V) also known as ethylene
glycolbis(2-aminoethyl ether)N,N,N',N’-tetra-acetic acid (EGTA), and (d)
triethylenetetramine-N,N,N',N”",N"’ ,N'"-hexa-acetic acid (TTHA) (VI). CDTA
often forms stronger metal complexes than does EDTA and thus finds
applications in analysis, but the metal complexes are formed rather more slowly
than with EDTA so that the end-point of the titration tends to be drawn out
with the former reagent. EGTA finds analytical application mainly in the
determination of calcium in a mixture of calcium and magnesium and is probably
superior to EDTA in the calcium/magnesium water-hardness titration
(Section 10.61) TTHA forms 1:2 complexes with many trivalent cations and
with some divalent metals, and can be used for determining the components of
mixtures of certain ions without the use of masking agents (see Section 10.47).

However, EDTA has the widest general application in analysis because of
its powerful complexing action and commercial availability. The spatial structure
of its anion, which has six donor atoms, enables it to satisfy the coordination
number of six frequently encountered among the metal ions and to form
strainless five-membered rings on chelation. The resulting complexes have
similar structures but differ from one another in the charge they carry.

To simplify the following discussion EDTA is assigned the formula H,Y:
the disodium salt is therefore Na,H,Y and affords the complex-forming ion
H,Y?" in aqueous solution; it reacts with all metals in a 1:1 ratio. The reactions
with cations, e.g. M2*, may be written as:

M?* +H,Y?" = MY?" +2H" (1)
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For other cations, the reactions may be expressed as:

M3* +H,Y?" =MY 4+2H* (m)
M** +H,Y?" =MY+2H" (n)
or M"" +H,Y?" =(MY)" ¥+ £ 2H"* (0)

One mole of the complex-forming H,Y?~ reacts in all cases with one mole of
the metal ion and in each case, also, two moles of hydrogen ion are formed. It
is apparent from equation (o) that the dissociation of the complex will be
governed by the pH of the solution; lowering the pH will decrease the stability
of the metal-EDTA complex. The more stable the complex, the lower the pH
at which an EDTA titration of the metal ion in question may be carried out.
Table 2.3 indicates minimum pH values for the existence of EDTA complexes
of some selected metals.

Table 2.3 Stability with respect to pH of some metal-EDTA complexes

Minimum pH at which Selected metals

complexes exist

1-3 Zr**, Hf**; Th**; Bi3*; Fe3*

4-6 Pb2*; Cu?*; Zn?*; Co?*; Ni%*; Mn?*; Fe?*; AI**; Cd?*; Sn?*
8-10 Ca?*; Sr?*; Ba?*; Mg?*

It is thus seen that, in general, EDTA complexes with metal ions of the charge
number 2 are stable in alkaline or slightly acidic solution, whilst complexes with
ions of charge numbers 3 or 4 may exist in solutions of much higher acidity.

2.27 STABILITY CONSTANTS OF EDTA COMPLEXES

The stability of a complex is characterised by the stability constant (or formation
constant) K:

M 4 Y4 = (MY)" 9+ (p)
K = [(MY)"= "]/ [M"*][Y*"] ()

Some values for the stability constants (expressed as log K) of metal-EDTA
complexes are collected in Table 2.4: these apply to a medium of ionic strength
I=0.1 at 20°C.

Table 2.4 Stability constants (as log K) of metal-EDTA

complexes

Mg?+ 8.7 Zn?* 16.7 La3+ 15.7
Ca?* 10.7 Cd?* 16.6 Lu3* 20.0
Sr2* 8.6 Hg?* 219 Sc3* 231
Ba?* 7.8 Pb2* 18.0 Gal* 20.5
Mn?* 13.8 A 16.3 In3* 249
Fe2* 14.3 Fe3* 25.1 Th4* 232
Co?* 16.3 Y3+ 18.2 Ag?t 7.3
Ni?+* 18.6 Cr3* 240 Li* 2.8
Cu?* 18.8 Ce3* 159 Na* 1.7
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In equation (q) only the fully ionised form of EDTA, i.e. the ion Y*~, has
been taken into account, but at low pH values the species HY? ", H,Y?",H, Y~
and even undissociated H,Y may well be present; in other words, only a part
of the EDTA uncombined with metal may be present as Y*~. Further, in
equation (q) the metal ion M"* is assumed to be uncomplexed, i.e. in aqueous
solution it is simply present as the hydrated ion. If, however, the solution also
contains substances other than EDTA which can complex with the metal ion,
then the whole of this ion uncombined with EDTA may no longer be present
as the simple hydrated ion. Thus, in practice, the stability of metal-EDTA
complexes may be altered (a) by variation in pH and (b) by the presence of
other complexing agents. The stability constant of the EDTA complex will then
be different from the value recorded for a specified pH in pure aqueous solution;
the value recorded for the new conditions is termed the ‘apparent’ or
‘conditional’ stability constant. It is clearly necessary to examine the effect of
these two factors in some detail.

(a) pH effect. The apparent stability constant at a given pH may be calculated
from the ratio K/a, where « is the ratio of the total uncombined EDTA (in all
forms) to the form Y*~. Thus K, the apparent stability constant for the
metal-EDTA complex at a given pH, can be calculated from the expression

log Ky = log K —loga (30)

The factor a« can be calculated from the known dissociation constants of EDTA,
and since the proportions of the various ionic species derived from EDTA will
be dependent upon the pH of the solution, o will also vary with pH; a plot of
log o against pH shows a variation of loga =18 at pH=1 to loga=0 at
pH = 12: such a curve is very useful for dealing with calculations of apparent
stability constants. Thus, for example, from Table 2.4, log K of the EDTA
complex of the Pb2* ion is 18.0 and from a graph of log« against pH, it is
found that at a pH of 5.0, log o = 7. Hence from equation (30), at a pH of 5.0
the lead—EDTA complex has an apparent stability constant given by:

logKy = 180—-7.0 = 11.0

Carrying out a similar calculation for the EDTA complex of the Mg?* ion
(log K = 8.7), for the same pH (5.0), it is found:

log K 4(Mg(II) — EDTA) = 87— 7.0 = 1.7

These results imply that at the specified pH the magnesium complex is
appreciably dissociated, whereas the lead complex is stable, and clearly titration
of an Mg(II) solution with EDTA at this pH will be unsatisfactory, but titration
of the lead solution under the same conditions will be quite feasible. In practice,
for a metal ion to be titrated with EDTA at a stipulated pH the value of log K 5
should be greater than 8 when a metallochromic indicator is used.

As indicated by the data quoted in the previous section, the value of log «
is small at high pH values, and it therefore follows that the larger values of
log K 4 are found with increasing pH. However, by increasing the pH of the
solution the tendency to form slightly soluble metallic hydroxides is enhanced
owing to the reaction:

(MY)"~4* 4 nOH™ = M(OH), + Y*~
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The extent of hydrolysis of (MY)"~#* depends upon the characteristics of the
metal ion, and is largely controlled by the solubility product of the metallic
hydroxide and, of course, the stability constant of the complex. Thus iron(III)
is precipitated as hydroxide (K ,; = 1 x 10~ 36) in basic solution, but nickel(II),
for which the relevant solubility product is 6.5 x 10~ '®, remains complexed.
Clearly the use of excess EDTA will tend to reduce the effect of hydrolysis in
basic solutions. It follows that for each metal ion there exists an optimum pH
which will give rise to a maximum value for the apparent stability constant.

(b) The effect of other complexing agents. If another complexing agent (say
NH,)is also present in the solution, then in equation (g) [M"*] will be reduced
owing to complexation of the metal ions with ammonia molecules. It is
convenient to indicate this reduction in effective concentration by introducing
a factor f, defined as the ratio of the sum of the concentrations of all forms of
the metal ion not complexed with EDTA to the concentration of the simple
(hydrated) ion. The apparent stability constant of the metal-EDTA complex,.
taking into account the effects of both pH and the presence of other complexing
agents, is then given by:

log Ky, = log K —log o — log f8. (31)

228 ELECTRODE POTENTIALS

When a metal is immersed in a solution containing its own ions, say, zinc in
zinc sulphate solution, a potential difference is established between the metal
and the solution. The potential difference E for an electrode reaction

M"" + ne=M

is given by the expression:
RT
E = Ee+;}—:—1n (VT (32)

where R is the gas constant, T is the absolute temperature, F the Faraday
constant, n the charge number of the ions, ay. the activity of the ions in the
solution, and E® is a constant dependent upon the metal. Equation (32) can
be simplified by introducing the known values of R and F, and converting
natural logarithms to base 10 by multiplying by 2.3026; it then becomes:

0.0001984T
E=E®+ — log ay.-

For a temperature of 25 °C (T = 298K):

£ _ po 4 00991

log app (33)

For many purposes in quantitative analysis, it is sufficiently accurate to replace
aye+ by cypr, the ion concentration (in moles per litre):

0.0591

E =E®°+ log cpee (34)
The latter is a form of the Nernst equation.
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If in equation (33), ay.- is put equal to unity, E is equal to E®. E® is called
the standard electrode potential of the metal; both E and E® are expressed in
volts.

In order to determine the potential difference between an electrode and a
solution, it is necessary to have another electrode and solution of accurately
known potential difference. The two electrodes can then be combined to form
a voltaic cell, the e.m.f. of which can be directly measured. The e.m.f. of the cell
is the difference of the electrode potentials at zero current; the value of the
unknown potential can then be calculated. The primary reference electrode is
the normal or standard hydrogen electrode (see also Section 15.2). This consists
of a piece of platinum foil, coated electrolytically with platinum black, and
immersed in a solution of hydrochloric acid containing hydrogen ions at unit
activity. (This corresponds to 1.18 M hydrochloric acid at 25 °C.) Hydrogen gas
at a pressure of one atmosphere is passed over the platinum foil through the
side tube C (Fig. 2.2) and escapes through the small holes B in the surrounding
glass tube A. Because of the periodic formation of bubbles, the level of the liquid
inside the tube fluctuates, and a part of the foil is alternately exposed to the
solution and to hydrogen. The lower end of the foil is continuously immersed
in the solution to avoid interruption of the electric current. Connection between
the platinum foil and an external circuit is made with mercury in D. The platinum
black has the property of adsorbing large quantities of atomic hydrogen, and
it permits the change from the gaseous to the ionic form and the reverse process
to occur without hindrance; it therefore behaves as though it were composed
entirely of hydrogen, that is, as a hydrogen electrode. Under fixed conditions,
viz. hydrogen gas at atmospheric pressure and unit activity of hydrogen ions
in the solution in contact with the electrode, the hydrogen electrode possesses
a definite potential. By convention, the potential of the standard hydrogen
electrode is equal to zero at all temperatures. Upon connecting the standard
hydrogen electrode with a metal electrode consisting of a metal in contact with
a solution of its ions of unit activity and measuring the cell em.f. the standard
electrode potential of the metal may be determined. The cell is usually written as

PLH,H"(a = DiM""(a = )M

D

C N
Hz_"

>

Fig. 2.2
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In this scheme, a single vertical line represents a metal—electrolyte boundary at
which a potential difference is taken into account: the double vertical broken
lines represent a liquid junction at which the potential is to be disregarded or
is considered to be eliminated by a salt bridge.

When reference is made to the electrode potential of a zinc electrode, it is
the em.f. of the cell:

Pt,H,|H"(a = 1)§Zn2*|Zn
or the em.f. of the half-cell Zn?"|Zn which is meant. The cell reaction is:
H,+Zn?* 5 2H*(a = 1)+Zn
and the half-cell reaction is written as:
Zn** +2e=17Zn
The electrode potential of the Fe3*,Fe2™* |Pt electrode is the e.m.f. of the cell:
Pt,H,|H*(a = 1)} Fe3* Fe?*|Pt
or the em.f. of the half-cell Fe3* ,Fe2*|Pt. The cell reaction is:
1H, +Fe** > H"(a = 1)+ Fe?*
and the half-cell reaction is written:
Fe3* + e = Fe?*
The convention is adopted of writing all half-cell reactions as reductions:
M"* +ne - M
eg Zn?* +2e—>Zn; E® = —0.76 volt

When the activity of the ion M"* is equal to unity (approximately true for a
1 M solution), the electrode potential E is equal to the standard potential E®.
Some important standard electrode potentials referred to the standard hydrogen
electrode at 25 °C (in aqueous solution) are collected in Table 2.5.3

Table 2.5 Standard electrode potentials at 25°C

Electrode reaction  E© (volts) Electrode reaction  E© (volts)

Lit +e=Li —3.045 TI* +e=TIi —0.336
K*+e=K —2.925 Co?* +2e=Co —0277
Ba?* +2e¢=Ba —2.90 Ni?* +2e=Ni -0.25

Sr2* +2e=Sr —2.89 Sn2* +2e=Sn —-0.136
Ca?* +2e=Ca —2.87 Pb2* +2e=Pb —0.126
Na' +e=Na —-2.714 2H* +2e=H, 0.000
Mg?*t +2e=Mg  —237 Cu?* +2e=Cu +0.337
AP 43¢ = Al —1.66 Hg?* +2e=Hg +0.789
Mn2* +2e=Mn —118 Ag* +e=Ag +0.799
Zn?* +2e=7Zn —0.763 Pd?* +2e=Pd +0.987
Fe?* +2e=Fe —0.440 Pt2* +2e=Pt +1.2

Cd?** +2e=Cd —0.403 Audt +3e=Au +1.50

It may be noted that the standard hydrogen electrode is rather difficult to
manipulate. In practice, electrode potentials on the hydrogen scale are usually
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determined indirectly by measuring the e.m.f. of a cell formed from the electrode
in question and a convenient reference electrode whose potential with respect
to the hydrogen electrode is accurately known. The reference electrodes generally
used are the calomel electrode and the silver-silver chloride electrode (see
Sections 15.3—4).

When metals are arranged in the order of their standard electrode potentials,
the so-called electrochemical series of the metals is obtained. The greater the
negative value of the potential, the greater is the tendency of the metal to pass
into the ionic state. A metal will normally displace any other metal below it in
the series from solutions of its salts. Thus magnesium, aluminium, zinc, or iron
will displace copper from solutions of its salts; lead will displace copper, mercury,
or silver; copper will displace silver.

The standard electrode potential is a quantitative measure of the readiness
of the element to lose electrons. It is therefore a measure of the strength of the
element as a reducing agent in aqueous solution; the more negative the potential
of the element, the more powerful is its action as a reductant.

It must be emphasised that standard electrode potential values relate to an
equilibrium condition between the metal electrode and the solution. Potentials
determined under, or calculated for, such conditions are often referred to as
‘reversible electrode potentials’, and it must be remembered that the Nernst
equation is only strictly applicable under such conditions.

2.29 CONCENTRATION CELLS

An electrode potential varies with the concentration of the ions in the solution.
Hence two electrodes of the same metal, but immersed in solutions containing
different concentrations of its ions, may form a cell. Such a cell is termed a
concentration cell. The em.f. of the cell will be the algebraic difference of the
two potentials, if a salt bridge be inserted to eliminate the liquid—liquid junction
potential. It may be calculated as follows. At 25°C:

0.0591 0591
E = logcl+E6‘—<00 logc2+Ee>
0591
= 00 log C—l, where ¢, > ¢,
n sy

As an example consider the cell:

- +

AgNOj; agq. i AgNO; aq.
Ag + " + Ag
[Ag*] = 0.00475M i [Ag*] = 0.043M
- -
E, E,

Assuming that there is no potential difference at the liquid junction:

00591, 0.043
E=E,—E, = 1

1 og 000475 0.056 volt
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2.30 CALCULATION OF THE e.m.f. OF A VOLTAIC CELL

An interesting application of electrode potentials is to the calculation of the
e.m.f. of a voltaic cell. One of the simplest of galvanic cells is the Daniell cell.
It consists of a rod of zinc dipping into zinc sulphate solution and a strip of
copper in copper sulphate solution; the two solutions are generally separated
by placing one inside a porous pot and the other in the surrounding vessel. The
cell may be represented as:

Zn|ZnS0O,aq.CuS0O,aq.|Cu

At the zinc electrode, zinc ions pass into solution, leaving an equivalent negative
charge on the metal. Copper ions are deposited at the copper electrode, rendering
it positively charged. By completing the external circuit, the current (electrons)
passes from the zinc to the copper. The chemical reactions in the cell are as
follows:

(a) zinc electrode: Zn = Zn?" + 2e;
(b) copper electrode: Cu?* + 2¢ = Cu.

The net chemical reaction is:
Zn+Cu?* = Zn?* +Cu

The potential difference at each electrode may be calculated by the formula
given above, and the e.m.f. of the cell is the algebraic difference of the two
potentials, the correct sign being applied to each.

As an example we may calculate the e.m.f. of the Daniell cell with molar
concentrations of zinc ions and copper(II) ions:

E = EQ,—ES, = +0.34—(—0.76) = 1.10 volts

The small potential difference produced at the contact between the two solutions
(the so-called liquid—junction potential) is neglected.

2.3t OXIDATION-REDUCTION CELLS

Reduction is accompanied by a gain of electrons, and oxidation by a loss of
electrons. In a system containing both an oxidising agent and its reduction
product, there will be an equilibrium between them and electrons. If an inert
electrode, such as platinum, is placed in a redox system, for example, one
containing Fe(III) and Fe(II) ions, it will assume a definite potential indicative
of the position of equilibrium. If the system tends to act as an oxidising agent,
then Fe** —» Fe?™" and it will take electrons from the platinum, leaving the latter
positively charged; if, however, the system has reducing properties (Fe?* — Fe3*),
electrons will be given up to the metal, which will then acquire a negative charge.
The magnitude of the potential will thus be a measure of the oxidising or
reducing properties of the system.

To obtain comparative values of the ‘strengths’ of oxidising agents, it is
necessary, as in the case of the electrode potentials of the metals, to measure
under standard experimental conditions the potential difference between the
platinum and the solution relative to a standard of reference. The primary
standard is the standard or normal hydrogen electrode (Section 2.28) and its
potential is taken as zero. The standard experimental conditions for the redox
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system are those in which the ratio of the activity of the oxidant to that of the
reductant is unity. Thus for the Fe>* — Fe?* electrode, the redox cell would be:

iFe’*(a=1)

+ —
PLH,|H"(a = l)éipeﬂ(a 1)

Pt
The potential measured in this way is called the standard reduction potential.
A selection of standard reduction potentials is given in Table 2.6.

The standard potentials enable us to predict which ions will oxidise or reduce
other ions at unit activity (or molar concentration). The most powerful oxidising
agents are those at the upper end of the table, and the most powerful reducing
agents at the lower end. Thus permanganate ion can oxidise C1 7, Br—, 17, Fe2*
and [Fe(CN)g¢]* ™ ; Fe** can oxidise H;AsO; and I~ but not Cr,O2~ or Cl .
It must be emphasised that for many oxidants the pH of the medium is of great
importance, since they are generally used in acidic media. Thus in measuring
the standard potential of the MnO; -Mn?* system; MnO; +8H" + Se =
Mn2* +4H, 0, it is necessary to state that the hydrogen-ion activity is unity;
this leads to E€ = + 1.52 volts. Similarly, the value of E® for the Cr,0% ™ -Cr>*
system is +1.33 volts. This means that the MnO; ~Mn?* system is a better
oxidising agent than the Cr,02~ —Cr3** system. Since the standard potentials
for C1,-2C1~ and Fe**-Fe2* systems are + 1.36 and 0.77 volt respectively,
permanganate and dichromate will oxidise Fe(II) ions but only permanganate
will oxidise chloride ions; this explains why dichromate but not permanganate
(except under very special conditions) can be used for the titration of Fe(II) in
hydrochloric acid solution. Standard potentials do not give any information as
to the speed of the reaction: in some cases a catalyst is necessary in order that
the reaction may proceed with reasonable velocity.

Standard potentials are determined with full consideration of activity effects,
and are really limiting values. They are rarely, if ever, observed directly in a
potentiometric measurement. In practice, measured potentials determined
under defined concentration conditions (formal potentials) are very useful for
predicting the possibilities of redox processes. Further details are given in
Section 10.90.

2.32 CALCULATION OF THE STANDARD REDUCTION POTENTIAL

A reversible oxidation-reduction system may be written in the form
Oxidant + ne = Reductant

or

Ox + ne = Red

(oxidant = substance in oxidised state, reductant = substance in reduced state).
The electrode potential which is established when an inert or unattackable
electrode is immersed in a solution containing both oxidant and reductant is
given by the expression:
E, = E© 4RI dox

nF  ageq

where E, is the observed potential of the redox electrode at temperature T
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Table 2.6 Standard reduction potentials at 25°C

Half-reaction E®, volts
F,+2e=2F" +2.65
S,027 +2e+=2803" +2.01
Co3* +e=Co?* +1.82
Pb** +2e = Pb?* +1.70
MnO; +4H" + 3¢ = MnO, + 2H,0 +1.69
Ce** + e=Ce3* (nitrate medium) +1.61
BrO; + 6H"* + 5¢ = 1Br, + 3H,0 +1.52
MnO; +8H* + 5¢e = Mn?* +4H,0 +1.52
Ce** + e = Ce3* (sulphate medium) +1.44
Cl, +2e = 2CI~ +1.36
Cr,02” + 14H* + 6e = 2Cr** + 7H,0 +1.33
T3+ +2e =TI +1.25
MnO, +4H* +2¢ = Mn?* +2H,0 +1.23
O,+4H"* +4e=2H,0 +1.23
I0; +6H " + 5e =4I, + 3H,0 +1.20
Br, +2e=2Br~ +1.07
HNO, +H* +e=NO +H,0 +1.00
NOj; +4H* +3e =NO +2H,0 +0.96
2Hg?* +2e = Hg2* +0.92
CIO” +H,0+2e=CI~ +20H" +0.89
Cu?* +1” +e=Cul +0.86
Hgl* +2e=2Hg +0.79
Fe3* +e=Fe?* +0.77
BrO™ +H,O+2¢e=Br~ +20H"~ +0.76
BrO; +3H,0+6e=Br~ +60H" +0.61
MnO3~ +2H,0 +2e = MnO, +40H" +0.60
MnO; +e=MnO2" +0.56
H,;AsO, + 2H* +2e = H,;AsO, + H,0 +0.56
Cu?* +CI™ +e= CuCl +0.54
I,+2e=2I" +0.54
IO +H,0+2e=1" +20H" +0.49
[Fe(CN)s1*~ +e <5 [Fe(CN)g]*" +0.36
UO3* +4H* +2e=U** +2H,0 +0.33
I0; +3H,0+6e=1" +60H " +0.26
Cu®**+e=Cu* +0.15
Sn** +2e+=Sn2* +0.15
TiO?* +2H* +e=Ti** +H,0 +0.10
S,02™ +2¢=125,0%" +0.08
2H* +2e=H, 0.00
V3t e v2? -0.26
Cr3*t +e=Cr?* —0.41
Bi(OH), + 3e = Bi + 30H " —044
Fe(OH), + e = Fe(OH), + OH "~ —0.56
Ut +e=U3" —0.61
AsO3~ +3H,0 +2¢ = H,AsO; +40H" —0.67
[Sn(OH)¢1?~ +2¢=[HSnO,]” +H,0 +30H~  —0.90
[Zn(OH),]?>~ +2e=Zn+40H" —1.22
[H,Al0,]” +H,O + 3¢ = Al + 4OH "~ —235

relative to the standard or normal hydrogen electrode taken as zero potential,
E® is the standard reduction potential,* n the number of electrons gained by

* E© is the value of E ; at unit activities of the oxidant and reductant. If both activities are variable,
e.g. Fe?* and Fe?*, E® corresponds to an activity ratio of unity.
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the oxidant in being converted into the reductant, and ao, and ag.q are the
activities of the oxidant and reductant respectively.

Since activities are often difficult to determine directly, they may be replaced
by concentrations; the error thereby introduced is usually of no great importance.
The equation therefore becomes:

RT. ¢
E; = E®4+ —-In-
T nF  Creq

Substituting the known values of R and F, and changing from natural to common
logarithms, at a temperature of 25°C (T = 298K):

0.0591 [Ox]
E,s. = E®
25 + n log[Red]

If the concentrations (or, more accurately, the activities) of the oxidant and
reductant are equal, E,;- = E®, i.e. the standard reduction potential. It follows
from this expression that, for example, a ten-fold change in the ratio of the
concentrations of the oxidant to the reductant will produce a change in the
potential of the system of 0.0591/n volts.

2.33 EQUILIBRIUM CONSTANTS OF OXIDATION—REDUCTION REACTIONS

The general equation for the reaction at an oxidation-reduction electrode may
be written:

PA+gB+rC...+ne=sX+tY+uZ + ...
The potential is given by:
E— Ee+£7_"naﬁ.a‘{,.a'c...
nF ay.ay.d...
where a refers to activities, and n to the number of electrons involved in the
oxidation—reduction reaction. This expression reduces to the following for a

temperature of 25 °C (concentrations are substituted for activities to permit
ease of application in practice):

E - Ee+0.0591 log cR.ck.ct...
n ck.cy.ch. ..

It is, of course, possible to calculate the influence of the change of concentration
of certain constituents of the system by the use of the latter equation. Consider,
for example, the permanganate reaction:
MnO; +8H" +Se= Mn?* +4H,0
0.0591 MnO, H*]®
400591 [MnO;] x [H*]
5 [Mn?*]

E = E® (at 25°C)

The concentration (or activity) of the water is taken as constant, since it is
assumed that the reaction takes place in dilute solution, and the concentration
of the water does not change appreciably as the result of the reaction. The
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equation may be written in the form:

o, 00591 [MnO,] 00591 +8

E =E®+ 5 log [Mn* ] + 5 log[H™]

This enables us to calculate the effect of change in the ratio [MnO; ]/[Mn?*]
at any hydrogen ion concentration, other factors being maintained constant. In
this system, however, difficulties are experienced in the calculation owing to the
fact that the reduction products of the permanganate ion vary at different
hydrogen ion concentrations. In other cases no such difficulties arise, and the
calculation may be employed with confidence. Thus in the reaction:

H,AsO, + 2H* + 2e = H,AsO, + H,0
00591, [H,AsO,]x[H*]?

E = E® 1 25°
E= + > og [H,AsO,] (at 25°C)
0.0591 [H3;AsO,] 0.0591
— S 1 3 4 1 +72
or E=E"+ > og[H3AsO3]+ > og[H™']

It is now possible to calculate the equilibrium constants of oxidation—reduction
reactions, and thus to determine whether such reactions can find application in
quantitative analysis. Consider first the simple reaction:

Cl, +2Fe?* = 2Cl1~ + 2Fe3*

The equilibrium constant is given by:
[Cl17]? x [Fe3*]?
[Cl,] x [Fe?*]?
The reaction may be regarded as taking place in a voltaic cell, the two half-cells
being a Cl,,2Cl~ system and a Fe3*,Fe?* system. The reaction is allowed to

proceed to equilibrium, and the total voltage or e.m.f. of the cell will then be zero,
i.e. the potentials of the two electrodes will be equal:

3+
Egz,zcr + 0'02591 log [[C(ljl_z]]z = ERs perr + 0'01591 108E§:2+%
Now E§ ,q- = 1.36 volts and E§:. .+ = 0.75 volt, hence
[Fe’*12x[CI ]2 _ 06l
[Fe2* 12 x [Cl,] _ 0.02965
or K=47x10%°

The large value of the equilibrium constant signifies that the reaction will proceed
from left to right almost to completion, i.e. an iron(II) salt is almost completely
oxidised by chlorine.

Consider now the more complex reaction:

MnO; + SFe?* + 8H* = Mn?* + 5Fe3* 4+ 4H,0
The equilibrium constant K is given by:
B [Mn“]x[Fe“]S
[MnO; ] x [Fe2*]® x[H*]®

=K

log = 20.67 = logK
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The term 4H,0 is omitted, since the reaction is carried out in dilute solution,
and the water concentration may be assumed constant. The hydrogen ion
concentration is taken as molar. The complete reaction may be divided into
two half-cell reactions corresponding to the partial equations:

MnO; +8H™" + 5¢e= Mn?" +4H,0 (35)
and Fe?’* =Fe** +e¢ (36)
For (35) as an oxidation—reduction electrode, we have:

0.0591 . [MnO;]x[H*]®

- F©
E=E®+ 5 log [Mn2*]
00591, [MnO;]x[H*]®
= 1.52 1
1.52 4+ —5—log [Mn?*]

The partial equation (36) may be multiplied by S in order to balance (35)
electrically:

SFe?* = 5Fe3* + Se (37)
For (37) as an oxidation—reduction electrode:
0.0591, [Fe3*]?® 0.0591 . [Fe3*]?
E = E® =0.77 1
+ 5 IOg[Fez+]5 0 + 5 Og[Fez+]5

Combining the two electrodes into a cell, the e.m.f. will be zero when equilibrium
is attained, i.e.

00591, [MnO;]x[H*]® 00591, [Fe3*]®
. 1 =0
1.52 + 5 log [MnZ¥] 077 + 5 log[FeH]5
[Mn2*] x [Fe3*]5 5(1.52 - 0.77)
1 = = 63.5
O OB MnO. Jx[Fe2 P x[H*]° 0.0591 3

B [Mn2+] X [Fe3+]5
T [MnO;]x[Fe**]°x[H*]®

This result clearly indicates that the reaction proceeds virtually to completion.
It is a simple matter to calculate the residual Fe(II) concentration in any
particular case. Thus consider the titration of 10 mL of a 0.1 M solution of
iron(II) ions with 0.02 M potassium permanganate in the presence of hydrogen
ions, concentration 1 M. Let the volume of the solution at the equivalence point
be 100mL. Then [Fe3*]=0.01M, since it is known that the reaction is
practically complete, [Mn?*] =1 x [Fe3*]=0.002M, and [Fe**]=x. Let
the excess of permanganate solution at the end-point be one drop or 0.05 mL;
its concentration will be 0.05 x 0.1/100 =5 x 107> M = [MnO/ ]. Substituting
these values in the equation:

(2x1073) x (1 x1072)°
107° x x5 x 18
or x=[Fe?*]=58x10""molL"!

Itis clear from what has already been stated that standard reduction potentials
may be employed to determine whether redox reactions are sufficiently complete

= 3x 1093

K = = 3 x 1063
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for their possible use in quantitative analysis. It must be emphasised, however,
that these calculations provide no information as to the speed of the reaction,
upon which the application of that reaction in practice will ultimately depend.
This question must form the basis of a separate experimental study, which may
include the investigation of the influence of temperature, variation of pH and
of the concentrations of the reactants, and the influence of catalysts. Thus,
theoretically, potassium permanganate should quantitatively oxidise oxalic acid
in aqueous solution. It is found, however, that the reaction is extremely slow
at the ordinary temperature, but is more rapid at about 80 °C, and also increases
in velocity when a little manganese(II) ion has been formed, the latter apparently
acting as a catalyst.

It is of interest to consider the calculation of the equilibrium constant of the
general redox reaction, viz.:

a Ox, + b Red;; = b Oxy + a Red,

The complete reaction may be regarded as composed of two oxidation—reduction
electrodes. a Ox,, a Red; and b Ox,;, b Red,, combined together into a cell; at
equilibrium, the potentials of both electrodes are the same:

0.0591 [Ox,]°
E, T+ " IOg[Redlj"

00591,  [Ox,]*
E, = ES
2= Er ot g, TP

At equilibrium, E; = E,, and hence:
0.0591 [Ox,]* 0.0591 [Ox4]°

E® 1 - ES 1
Tt T O Red - P T %8 Red, TP
[Ox4]® x [Red,]* n
1 — logK = ES—ES
or logrp e d TP x[ox ] ~ 28K = goser (BT ~E7)

This equation may be employed to calculate the equilibrium constant of any
redox reaction, provided the two standard potentials E¢ and ES are known;
from the value of K thus obtained, the feasibility of the reaction in analysis may
be ascertained.

It can readily be shown that the concentrations at the equivalence point,
when equivalent quantities of the two substances Ox, and Red,; are allowed to
react, are given by:

R (a+b)
[Red,] _ [Oxy] _ \/E
[Ox,] [Redy]
This expression enables us to calculate the exact concentration at the equivalence

point in any redox reaction of the general type given above, and therefore the
feasibility of a titration in quantitative analysis.

For References and Bibliography see Sections 3.38 and 3.39.
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CHAPTER 3
COMMON APPARATUS AND
BASIC TECHNIQUES

3.1 INTRODUCTION

In this chapter the more important basic techniques and the apparatus
commonly used in analytical operations will be described. It is essential that
the beginner should become familiar with these procedures, and also acquire
dexterity in handling the various pieces of apparatus. The habit of clean, orderly
working must also be cultivated, and observance of the following points will
be helpful in this direction.

1.

The bench must be kept clean and a bench-cloth must be available so that
any spillages of solid or liquid chemicals (solutions) can be removed
immediately.

. All glassware must be scrupulously clean (see Section 3.8), and if it has been

standing for any length of time, must be rinsed with distilled or de-ionised
water before use. The outsides of vessels may be dried with a lint-free
glass-cloth which is reserved exclusively for this purpose, and which is
frequently laundered, but the cloth should not be used on the insides of the
vessels.

. Under no circumstances should the working surface of the bench become

cluttered with apparatus. All the apparatus associated with some particular
operation should be grouped together on the bench; this is most essential to
avoid confusion when duplicate determinations are in progress. Apparatus
for which no further immediate use is envisaged should be returned to the
locker, but if it will be needed at a later stage, it may be placed at the back
of the bench.

. If a solution, precipitate, filtrate, etc., is set aside for subsequent treatment,

the container must be labelled so that the contents can be readily identified,
and the vessel must be suitably covered to prevent contamination of the
contents by dust: in this context, bark corks are usually unsuitable; they
invariably tend to shed some dust. For temporary labelling, a ‘Chinagraph’
pencil or a felt tip pen which will write directly on to glass is preferable to
the gummed labels which are used when more permanent labelling is required.

. Reagent bottles must never be allowed to accumulate on the bench; they

must be replaced on the reagent shelves immediately after use.

. Itshould be regarded as normal practice that all determinations are performed

in duplicate.

. A stiff covered notebook of A4 size must be provided for recording

experimental observations as they are made. A double page should be devoted
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to each determination, the title of which, together with the date, must be
clearly indicated. One of the two pages must be reserved for the experimental
observations, and the other should be used for a brief description of the
procedure followed, but with a full account of any special features associated
with the determination, In most cases it will be found convenient to divide
the page on which the experimental observations are to be recorded into two
halves by a vertical line, and then to halve the right-hand column thus created
with a second vertical line. The left-hand side of the page can then be used
to indicate the observations to be made, and the data for duplicate
determinations can be recorded side by side in the two right-hand columns.

The record must conclude with the calculation of the result of the analyses,
and in this connection the equation(s) for the principal chemical reaction(s)
involved in the determination should be shown together with a clear
exposition of the procedure used for calculating the result. Finally, appropriate
comments should be made upon the degree of accuracy and the precision
achieved.

Many modern instruments used in the analytical laboratory are interfaced
with a computer and a printer provides a permanent record of the
experimental data and the final result may even be given. This printout should
be permanently attached to the observations page of the laboratory record
book, and it should be regarded as normal practice to perform a ‘rough’
calculation to confirm that the printed result is of the right order.

8. Safety procedures must be observed in the laboratory at all times. Many
chemicals encountered in analysis are poisonous and must be carefully
handled. Whereas the dangerous properties of concentrated acids and of
widely recognised poisons such as potassium cyanide are well known, the
dangers associated with organo-chlorine solvents, benzene and many other
chemicals are less apparent.

Many operations involving chemical reactions are potentially dangerous,
and in such cases recommended procedures must be carefully followed and
obeyed. All laboratory workers should familiarise themselves with local safety
requirements (in some laboratories, the wearing of safety spectacles may be
compulsory), and with the position of first-aid equipment.

For further guidance it is recommended that some study should be made
of books devoted to hazards and safe practices in chemical laboratories.
Some institutions and organisations issue booklets dealing with these matters
and further information will be found in citations 12—17 of the Bibliography,
Section 3.39.

BALANCES
32 THE ANALYTICAL BALANCE

One of the commonest procedures carried out by the analyst is the measurement
of mass. Many chemical analyses are based upon the accurate determination
of the mass of a sample, and that of a solid substance produced from it
(gravimetric analysis), or upon ascertaining the volume of a carefully prepared
standard solution (which contains an accurately known mass of solute) which
is required to react with the sample (titrimetric analysis). For the accurate
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measurement of mass in such operations, an analytical balance is employed;
the operation is referred to as weighing, and invariably reference is made to the
weight of the object or material which is weighed.

The weight of an object is the force of attraction due to gravity which is
exerted upon the object:

w=mg

where w is the weight of the object, m its mass, and g is the acceleration due
to gravity. Since the attraction due to gravity varies over the earth’s surface
with altitude and also with latitude, the weight of the object is variable, whereas
its mass is constant. It has however become the custom to employ the term
‘weight’ synonymously with mass, and it is in this sense that ‘weight’ is employed
in quantitative analysis.

The analytical balance is thus one of the most important tools of the analytical
chemist, and it is one which of recent years has undergone radical changes.
These changes have been prompted by the desire to produce an instrument
which is more robust, less dependent upon the experience of the operator, less
susceptible to the environment, and above all, one which will hasten the weighing
operation. In meeting these requirements, the design of the balance has been
fundamentally altered, and the conventional free-swinging, equal-arm, two-pan
chemical balance together with its box of weights is now an uncommon sight.

An important development was the replacement of the two-pan balance with
its three knife edges by a two-knife single-pan balance. In this instrument one
balance pan and its suspension is replaced by a counterpoise, and dial-operated
ring weights are suspended from a carrier attached to the remaining pan support:
see Fig. 3.1. In this system all the weights are permanently in position on the
carrier when the beam is at rest, and when an object to be weighed is placed
upon the balance pan, weights must be removed from the carrier to compensate
for the weight of the object. Weighing is completed by allowing the beam to
assume its rest position, and then reading the displacement of the beam on an
optical scale which is calibrated to read weights below 100 mg. Weighing is thus
accomplished by substitution; many such manually operated balances are still
in service in analytical laboratories.

i i—DiaI-operaled weights
o] Graticule

Fig. 3.1

The standard modern instrument however is the electronic balance, which
provides convenience in weighing coupled with much greater freedom from
mechanical failure, and greatly reduced sensitivity to vibration. The operations
of selecting and removing weights, smooth release of balance beam and pan
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support, noting the reading of weight dials and of an optical scale, returning
the beam to rest, and replacing weights which have been removed, are eliminated.
With an electronic balance, operation of a single on—off control permits the
operator to read the weight of an object on the balance pan immediately from
a digital display: most balances of this type can be coupled to a printer which
gives a printed record of the weight. The majority of balances incorporate a
tare facility which permits the weight of a container to be balanced out, so that
when material is added to the container, the weight recorded is simply that of
the material used. Many balances of this type incorporate a self-testing system
which indicates that the balance is functioning correctly each time it is switched
on, and also include a built-in weight calibration system. Operation of the
calibration control leads to display of the weight of the standard incorporated
within the balance, and thus indicates whether any correction is necessary. A
more satisfactory calibration procedure is to check the balance readings against
a series of calibrated analytical weights.

Electronic balances operate by applying an electromagnetic restoring force
to the support to which the balance pan is attached, so that when an object is
added to the balance pan, the resultant displacement of the support is cancelled
out. The magnitude of the restoring force is governed by the value of the current
flowing in the coils of the electromagnetic compensation system, and this is
proportional to the weight placed on the balance pan: a microprocessor converts
the value of the current into the digital display in grams.

The balance must of course be protected from draughts and from dust, and
the balance pan is situated within an enclosure provided with glass doors which
can be opened to provide access to the pan. The remainder of the balance,
including the electrical components, is contained in a closed compartment
attached to the rear of the pan compartment.

Electronic balances are available to cover weight ranges of

up to about 150 g and reading to 0.1 mg (macrobalance),

up to about 30 g and reading to 0.01 mg (semimicro balance),
up to about 20 g and reading to 1 ug (microbalance),

up to 5 g and reading to 0.1 ug (ultramicro balance).

-

Thus a wide variety of analytical balances is available.

3.3 OTHER BALANCES

For many laboratory operations it is necessary to weigh objects or materials
which are far heavier than the upper weight limit of a macro analytical balance,
or small amounts of material for which it is not necessary to weigh to the limit
of sensitivity of such a balance: this type of weighing is often referred to as a
‘rough weighing’. A wide range of electronic balances is available for such
purposes with characteristics such as, for example,

Maximum capacity Reading to
350 g 001 g
3500 g 0lg
6 kg 0lg
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With these top pan balances it is not necessary to shield the balance pan from
gentle draughts, and weighings can be accomplished very rapidly and with the
usual facility of the results being recorded with a printer.

3.4 WEIGHTS, REFERENCE MASSES

Although with modern balances it is not necessary to make use of a box of
weights in the weighing process, as indicated in Section 3.2 a set of weights is
desirable for checking the accuracy of a balance.

For scientific work the fundamental standard of mass is the international
prototype kilogram, which is a mass of platinum-iridium alloy made in 1887
and deposited in the International Bureau of Weights and Measures near Paris.
Authentic copies of the standard are kept by the appropriate responsible
authorities* in the various countries of the world; these copies are employed
for the comparison of secondary standards, which are used in the calibration
of weights for scientific work. The unit of mass that is almost universally
employed in laboratory work, however, is the gram, which may be defined as
the one-thousandth part of the mass of the international prototype kilogram.

An ordinary set of analytical weights contains the following: grams, 100, 50,
30,20, 10, 5, 3, 2, 1; milligrams, 500—100 and 50—10in the same 5, 3, 2, 1 sequence.
The weights from 1g upwards are constructed from a non-magnetic nickel—
chromium alloy (80% Ni, 20% Cr), or from austenitic stainless steel; plated
brass is sometimes used but is less satisfactory. The fractional weights are made
from the same alloys, or from a non-tarnishable metal such as gold or platinum.
For handling the weights a pair of forceps, preferably ivory-tipped, are provided
and the weights are stored in a box with suitably shaped compartments.

Analytical weights can be purchased which have been manufactured to
‘Class A’ standard; this is the only grade of laboratory weights officially
recognised in the United Kingdom. In ‘Class A’ weights the following tolerances
are permitted: 100g, 0.5mg; 50g, 0.25mg; 30g, 0.15mg; 20g, 0.10mg;
10 g-100 mg, 0.05 mg; 50-10 mg, 0.02 mg.

The National Bureau of Standards at Washington recognises the following
classes of precision weights:

Class M For use as reference standards, for work of the highest precision,
and where a high degree of constancy over a period of time is
required.

Class S For use as working reference standards or as high-precision
analytical weights.

Class S-1 Precision analytical weights for routine analytical work.

Class J Microweight standards for microbalances.

3.5 CARE AND USE OF ANALYTICAL BALANCES

No matter what type of analytical balance is employed, due attention must be
paid to the manner in which it is used. The following remarks apply particularly
to electronic balances.

*The National Physical Laboratory (NPL) in Great Britain, the National Bureau of Standards
(NBS) in USA, etc.
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N =

. Never exceed the stated maximum load of the balance.
. The balance must be kept clean. Remove dust from the pan and from the

floor of the pan compartment with a camel hair brush.

. Objects to be weighed should never be handled with the fingers; always use

tongs or a loop of clean paper.

. Objects to be weighed should be allowed to attain the temperature of the

balance before weighing, and if the object has been heated, sufficient time
must be allowed for cooling. The time required to attain the temperature of
the balance varies with the size, etc., of the object, but as a rule 30—40 minutes
is sufficient.

. No chemicals or objects which might injure the balance pan should ever be

placed directly on it. Substances must be weighed in suitable containers, such
as small beakers, weighing bottles or crucibles, or upon watch glasses. Liquids
and volatile or hygroscopic solids must be weighed in tightly closed vessels,
such as stoppered weighing bottles.

The addition of chemicals to the receptacle must be done outside the
balance case. It is good practice to weigh the chosen receptacle on the
analytical balance, to transfer it to a rough balance, to add approximately
the required amount of the necessary chemical, and then to return the
receptacle to the analytical balance for re-weighing, thus giving the exact
weight of substance taken.

. Nothing must be left on the pan when the weighing has been completed. If

any substance is spilled accidentally upon the pan or upon the floor of the
balance compartment, it must be removed at once.

. Exposure of the balance to corrosive atmospheres must be avoided.

The actual weighing process will include the following steps.

. Brush the balance pan lightly with a camel hair brush to remove any dust.
. With the balance at rest, place the object to be weighed, which must be at or

close to room temperature, on the pan, and close the pan compartment case.

. Set the on/off control of the balance to the ‘on’ position and record the

weight shown on the digital display: if the balance is linked to a printer,
confirm that the printed result agrees with the digital display. Return the
control to the ‘off” position.

. When all weighings have been completed, remove the object which has

been weighed, clear up any accidental spillages, and close the pan compartment.

The above remarks apply particularly to analytical balances of the macrobalance
range; microbalances and ultramicro balances must be handled with special
care, particularly with regard to the temperature of objects to be weighed.

3.6 ERRORS IN WEIGHING

The chief sources of error are the following:

1.
2.
3
1.
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Change in the condition of the containing vessel or of the substance between
successive weighings.
Effect of the buoyancy of the air upon the object and the weights.

. Errors in recording the weights.

The first source of error is occasioned by change in weight of the containing
vessel: (a) by absorption or loss of moisture, (b) by electrification of the
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surface caused by rubbing, and (c) by its temperature being different from
that of the balance case. These errors may be largely eliminated by wiping
the vessel gently with a linen cloth, and allowing it to stand at least 30 minutes
in proximity to the balance before weighing. The electrification, which may
cause a comparatively large error, particularly if both the atmosphere and the
clothare dry, is slowly dissipated on standing; it may be removed by subjecting
the vessel to the discharge from an antistatic gun. Hygroscopic, efflorescent,
and volatile substances must be weighed in completely closed vessels.
Substances which have been heated in an air oven or ignited in a crucible
are generally allowed to cool in a desiccator containing a suitable drying
agent. The time of cooling in a desiccator cannot be exactly specified, since
it will depend upon the temperature and upon the size of the crucible as well
as upon the material of which it is composed. Platinum vessels require a
shorter time than those of porcelain, glass, or silica. It has been customary
to leave platinum crucibles in the desiccator for 20-25 minutes, and crucibles
of other materials for 30—-35 minutes before being weighed. It is advisable to
cover crucibles and other open vessels.

. When a substance is immersed in a fluid, its true weight is diminished by the
weight of the fluid which it displaces. If the object and the weights have the
same density, and consequently the same volume, no error will be introduced
on this account. If, however, as is usually the case, the density of the object
is different from that of the weights, the volumes of air displaced by each
will be different. If the substance has a lower density than the weights, as is
usual in analysis, the former will displace a greater volume of air than the
latter, and it will therefore weigh less in air than in a vacuum. Conversely,
if a denser material (e.g. one of the precious metals) is weighed, the weight
in a vacuum will be less than the apparent weight in air.

Consider the weighing of 1 litre of water, first in vacuo, and then in air.
It is assumed that the flask containing the water is tared by an exactly similar
flask, that the temperature of the air is 20 °C and the barometric pressure is
101325 Pa (760 mm of mercury). The weight of 1 litre of water in vacuo under
these conditions is 998.23 g. If the water is weighed in air, it will be found
that 998.23 g are too heavy. We can readily calculate the difference. The
weight of 1 litre of air displaced by the water is 1.20g. Assuming the
weights to have a density of 8.0, they will displace 998.23/8.0 = 124.8 mL, or
124.8 x 1.20/1000 = 0.15 g of air. The net difference in weight will therefore
be 1.20 — 0.15 = 1.05 g. Hence the weight in air of 1 litre of water under the
experimental conditions named is 998.23 — 1.05=997.18 g, a difference of
0.1 per cent from the weight in vacuo.

Now consider the case of a solid, such as potassium chloride, under the
above conditions. The density of potassium chloride is 1.99. If 2 g of the salt
are weighed, the apparent loss in weight (= weight of air displaced) is
2x0.0012/1.99 = 0.0012 g. The apparent loss in weight for the weights is
2 x 0.0012/8.0=0.00030g. Hence 2g of potassium chloride will weigh
0.0012 — 0.00030=0.00090 g less in air than in vacuo, a difference of
0.05 per cent.

It must be pointed out that for most analytical purposes where it is desired
to express the results in the form of a percentage, the ratio of the weights in
air, so far as solids are concerned, will give a result which is practically the
same as that which would be given by the weights in vacuo. Hence no buoyancy
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correction is necessary in these cases. However, where absolute weights are
required, as in the calibration of graduated glassware, corrections for the
buoyancy of the air must be made (compare Section 3.16). Although an
electronic balance does not employ any weights, the above remarks apply
to weights recorded by the balance because the balance scale will have been
established by reference to metal (stainless steel) weights used in air.

Now consider the general case. It is evident that the weight of an object
in vacuo is equal to the weight in air plus the weight of air displaced by the
object minus the weight of air displaced by the weights. It can easily be shown
that if W, = weight in vacuo, W, = apparent weight in air, d, = density of air,
d,, = density of the weights, and d, = density of the body, then:

W, W,
W, =W, ML
4 ,,+da<db - )

The density of the air will depend upon the humidity, the temperature, and
the pressure. For an average relative humidity (50 per cent) and average
conditions of temperature and pressure in a laboratory, the density of the
air will rarely fall outside the limits 0.0011 and 0.0013 gmL ™. It is therefore
permissible for analytical purposes to take the weight of 1 mL of air as
0.0012 g.

Since the difference between W, and W, does not usually exceed 1 to
2 parts per thousand, we may write:

w

w, W,
Wv = VVa+da(d_b_E>
=W,+ m{o_omz(i_L)} = W,+ kW,/1000
d, 80
where

11
=120 ———
k 20<db 80)

If a substance of density d, weighs W, grams in air, then W,.k milligrams are
to be added to the weight in air in order to obtain the weight in vacuo. The
correction is positive if the substance has a density lower than 8.0, and
negative if the density of the substance is greater than 8.0.

3. The correct reading of weights is best achieved by checking weights as they
are added to the balance and as they are removed from the balance. In the
case of electronic balances any digital displays should be read at least twice.

GRADUATED GLASSWARE
3.7 UNITS OF VOLUME

For scientific purposes the convenient unit to employ for measuring reasonably
large volumes of liquids is the cubic decimetre (dm?), or, for smaller volumes,
the cubic centimetre (cm?). For many years the fundamental unit employed was
the litre, based upon the volume occupied by one kilogram of water at 4 °C (the
temperature of maximum density of water): the relationship between the litre
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as thus defined and the cubic decimetre was established as
1 litre = 1.000028 dm>® or 1 millilitre = 1.000028 cm?3.

In 1964 the Conférence Générale des Poids et des Mésures (CGPM) decided
to accept the term litre as a special name for the cubic decimetre, and to discard
the original definition. With this new meaning of the term litre (L), the millilitre
(mL) and the cubic centimetre (cm?) are identical.

3.8 GRADUATED APPARATUS

The most commonly used pieces of apparatus in titrimetric (volumetric) analysis
are graduated flasks, burettes, and pipettes. Graduated cylinders and weight
pipettes are less widely employed. Each of these will be described in turn.

Graduated apparatus for quantitative analysis is generally made to
specification limits, particularly with regard to the accuracy of calibration. In
the United Kingdom there are two grades of apparatus available, designated
Class A and Class B by the British Standards Institution. The tolerance limits
are closer for Class A apparatus, and such apparatus is intended for use in work
of the highest accuracy: Class B apparatus is employed in routine work. In the
United States, specifications for only one grade are available from the National
Bureau of Standards at Washington, and these are equivalent to the British
Class A.

Cleaning of glass apparatus. Before describing graduated apparatus in detail,
reference must be made to the important fact that all such glassware must be
perfectly clean and free from grease, otherwise the results will be unreliable.
One test for cleanliness of glass apparatus is that on being filled with distilled
water and the water withdrawn, only an unbroken film of water remains. If the
water collects in drops, the vessel is dirty and must be cleaned. Various methods
are available for cleaning glassware.

Many commercially available detergents are suitable for this purpose, and
some manufacturers market special formulations for cleaning laboratory
glassware; some of these, e.g. ‘Decon 90’ made by Decon Laboratories of
Portslade, are claimed to be specially effective in removing contamination due
to radioactive materials.

‘Teepol’ is a relatively mild and inexpensive detergent which may be used
for cleaning glassware. The laboratory stock solution may consist of a 10 per
cent solution in distilled water. For cleaning a burette, 2 mL of the stock solution
diluted with 50 mL of distilled water are poured into the burette, allowed to stand
for § to 1 minute, the detergent run off, the burette rinsed three times with tap
water, and then several times with distilled water. A 25 mL pipette may be
similarly cleaned using 1 mL of the stock solution diluted with 25-30 mL of
distilled water.

A method which is frequently used consists in filling the apparatus with
‘chromic acid cleaning mixture’ (CARE), a nearly saturated solution of
powdered sodium dichromate or potassium dichromate in concentrated sulphuric
acid, and allowing it to stand for several hours, preferably overnight; the acid
is then poured off, the apparatus thoroughly rinsed with distilled water, and
allowed to drain until dry. [It may be mentioned that potassium dichromate
is not very soluble in concentrated sulphuric acid (about 5 g per litre), whereas
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sodium dichromate (Na,Cr,0,,2H,0O) is much more soluble (about 70 g per
litre); for this reason, as well as the fact that it is much cheaper, the latter is usually
preferred for the preparation of ‘cleaning mixture’. From time to time it is
advisable to filter the sodium dichromate—sulphuric acid mixture through a
little glass wool placed in the apex of a glass funnel: small particles or sludge,
which are often present and may block the tips of burettes, are thus removed.
A more efficient cleaning liquid is a mixture of concentrated sulphuric acid and
fuming nitric acid; this may be used if the vessel is very greasy and dirty, but
must be handled with extreme caution.

A very effective degreasing agent, which it is claimed is much quicker-acting
than ‘cleaning mixture’ is obtained by dissolving 100 g of potassium hydroxide
in 50mL of water, and after cooling, making up to 1 litre with industrial
methylated spirit.®?

3.9 TEMPERATURE STANDARD

The capacity of a glass vessel varies with the temperature, and it is therefore
necessary to define the temperature at which its capacity is intended to be
correct: in the UK a temperature of 20 °C has been adopted. A subsidiary
standard temperature of 27 °C is accepted by the British Standards Institution,
for use in tropical climates where the ambient temperature is consistently above
20 °C. The US Bureau of Standards, Washington, in compliance with the view
held by some chemists that 25 °C more nearly approximates to the average
laboratory temperature in the United States, will calibrate glass volumetric
apparatus marked either 20 °C or 25°C.

Taking the coefficient of cubical expansion of soda glass as about 0.000030
and of borosilicate glass about 0.000010 per 1 °C, Part A of Table 3.1 gives the
correction to be added when the sign is +, or subtracted when the sign is —,
to or from the capacity of a 1000 mL flask correct at 20 °C in order to obtain
the capacity at other temperatures.

In the use of graduated glassware for measurement of the volume of liquids,
the expansion of the liquid must also be taken into consideration if temperature
corrections are to be made. Part B of Table 3.1 gives the corrections to be added
or subtracted in order to obtain the volume occupied at 20 °C by a volume of
water which at the tabulated temperature is contained in an accurate 1000 mL
flask having a standard temperature of 20 °C. It will be seen that the allowance
for the expansion of water is considerably greater than that for the expansion

Table 3.1 Temperature corrections for a 1 L graduated flask

Temperature (°C) (A) Expansion of glass (B) Expansion of water
Correction (mL) Correction (mL)
Soda glass Borosilicate glass  Soda glass Borosilicate glass
5 —0.39 —0.15 +1.37 +1.61
10 —0.26 —0.10 +1.24 +1.40
15 —-0.13 —0.05 +0.77 +0.84
20 0.00 0.00 0.00 0.00
25 +0.13 +0.05 —1.03 —1.11
30 +0.26 +0.10 —231 —246
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of the glass. For dilute (e.g. 0.1 M) aqueous solutions, the corrections can be
regarded as approximately the same as for water, but with more concentrated
solutions the correction increases, and for non-aqueous solutions the corrections
can be quite large.5®

3.10 GRADUATED FLASKS

A graduated flask (known alternatively as a volumetric flask or a measuring
flask), is a flat-bottomed, pear-shaped vessel with a long narrow neck. A thin
line etched around the neck indicates the volume that it holds at a certain
definite temperature, usually 20 °C (both the capacity and temperature are
clearly marked on the flask); the flask is then said to be graduated to contain.
Flasks with one mark are always taken to contain the volume specified. A flask
may also be marked to deliver a specified volume of liquid under certain definite
conditions; these are, however, not suitable for exact work and are not widely
used. Vessels intended to contain definite volumes of liquid are marked C or
TC or In, while those intended to deliver definite volumes are marked D or
TD or Ex.

The mark extends completely around the neck in order to avoid errors due
to parallax when making the final adjustment; the lower edge of the meniscus
of the liquid should be tangential to the graduation mark, and both the front
and the back of the mark should be seen as a single line. The neck is made
narrow so that a small change in volume will have a large effect upon the height
of the meniscus: the error in adjustment of the meniscus is accordingly small.

The flasks should be fabricated in accordance with BS 5898 (1980)* and the
opening should be ground to standard (interchangeable) specifications and fitted
with an interchangeable glass or plastic (commonly polypropylene) stopper.
They should conform to either Class A or Class B specification BS 1792 (1982);
examples of permitted tolerances for Class B grade are as follows:

Flask size 5 25 100 250 1000 mL
Tolerance 0.04 0.06 0.15 0.30 0.80 mL

For Class A flasks the tolerances are approximately halved: such flasks may be
purchased with a works calibration certificate, or with a British Standard Test
(BST) Certificate.

Graduated flasks are available in the following capacities: 1, 2, 5, 10, 20, 50,
100, 200, 250, 500, 1000, 2000 and 5000 mL. They are employed in making up
standard solutions to a given volume; they can also be used for obtaining, with
the aid of pipettes, aliquot portions of a solution of the substance to be analysed.

3.11 PIPETTES

Pipettes are of two kinds: (i) those which have one mark and deliver a small,
constant volume of liquid under certain specified conditions (transfer pipettes);

*Many modern British Standards are closely linked to the specifications laid down by the
International Standardisation Organisation based in Geneva; in the above example the relevant
reference is to ISO 384-1978.7
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(ii) those in which the stems are graduated and are employed to deliver various
small volumes at discretion (graduated or measuring pipettes).

The transfer pipette consists of a cylindrical bulb joined at both ends to
narrower tubing: a calibration mark is etched around the upper (suction) tube,
while the lower (delivery) tube is drawn out to a fine tip. The graduated or
measuring pipette is usually intended for the delivery of pre-determined variable
volumes of liquid: it does not find wide use in accurate work, for which a burette
is generally preferred. Transfer pipettes are constructed with capacities of 1, 2,
5, 10, 20, 25, 50 and 100 mL; those of 10, 25 and 50 mL capacity are most
frequently employed in macro work. They should conform to BS 1583 (1986);
ISO 648-1984 and should carry a colour code ring at the suction end to identify
the capacity [ BS 5898 (1980)]: as a safety measure an additional bulb is often
incorporated above the graduation mark. They may be fabricated from lime-soda
or Pyrex glass, and some high-grade pipettes are manufactured in Corex glass
(Corning Glass Works, USA). This is glass which has been subjected to an
ion exchange process which strengthens the glass and also leads to a greater
surface hardness, thus giving a product which is resistant to scratching and
chipping. Pipettes are available to Class A and Class B specifications: for the
latter grade typical tolerance values are:

Pipette capacity 5 10 25 50 100 mL
Tolerance 0.01 0.04 0.06 008 0.12mL

whilst for Class A, the tolerances are approximately halved.

To use such pipettes, a suitable pipette filler is first attached to the upper or
suction tube. These devices are obtainable in various forms, a simple version
consisting of a rubber or plastic bulb fitted with glass ball valves which can be
operated between finger and thumb: these control the entry and expulsion of
air from the bulb and thus the flow of liquid into and out of the pipette. Suction
by mouth must never be used to fill a pipette with liquid chemicals or with a
solution containing chemicals.

The pipette is then rinsed with a little of the liquid to be transferred, and
then filled with the liquid to about 1-2c¢m above the graduation mark. Any
adhering liquid is removed from the outside of the lower stem by wiping with
a piece of filter paper, and then by careful manipulation of the filler, the liquid
is allowed to run out slowly until the bottom of the meniscus just reaches the
graduation mark: the pipette must be held vertically and with the graduation
mark at eye-level. Any drops adhering to the tip are removed by stroking against
a glass surface. The liquid is then allowed to run into the receiving vessel, the
tip of the pipette touching the wall of the vessel. When the continuous discharge
has ceased, the jet is held in contact with the side of the vessel for 15 seconds
(draining time). At the end of the draining time, the tip of the pipette is removed
from contact with the wall of the receptacle; the liquid remaining in the jet of
the pipette must not be removed either by blowing or by other means.

A pipette will not deliver constant volumes of liquid if discharged too rapidly.
The orifice must be of such size that the time of outflow is about 20 seconds
for a 10 mL pipette, 30 seconds for a 25 mL pipette, and 35 seconds for a
50 mL pipette.

Graduated pipettes consist of straight, fairly narrow tubes with no central
bulb, and are also constructed to a standard specification [ BS 6696 (1986)];
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they are likewise colour-coded in accordance with ISO 1769. Three different
types are available:

Type 1 delivers a measured volume from a top zero to a selected graduation
mark;

Type 2 delivers a measured volume from a selected graduation mark to the
jet: ie. the zero is at the jet;

Type 3 is calibrated to contain a given capacity from the jet to a selected
graduation mark, and thus to remove a selected volume of solution.

For Type 2 pipettes the final drop of liquid remaining in the tip must be expelled,
which is contrary to the usual procedure. Such pipettes are therefore distinguished
by a white or sand-blasted ring near the top of the pipette.

For dealing with smaller volumes of solution, micropipettes, often referred
to as syringe pipettes, are employed. These can be of a ‘push-button’ type, in
which the syringe is operated by pressing a button on the top of the pipette:
the plunger travels between two fixed stops and so a remarkably constant volume
of liquid is delivered. Such pipettes are fitted with disposable plastic tips (usually
of polythene or polypropylene) which are not wetted by aqueous solutions, thus
helping to ensure constancy of the volume of liquid delivered. The liquid is
contained entirely within the plastic tip and so, by replacing the tip, the same
pipette can be employed for different solutions. Such pipettes are available to
deliver volumes of 1 to 1000 L, and the delivery is reproducible to within about
1 per cent.

Microlitre syringe pipettes are available with capacities ranging from 10 to
250 uL. and with the body of the pipette calibrated. When fitted with a needle
tip they are particularly useful for introducing liquids into gas chromatographs
(Chapter 9).

Micrometer syringe pipettes are fitted with a micrometer head which operates
the plunger of the syringe, and when fitted with a stainless steel needle tip can
be used for the dropwise addition of liquid; the volume added is recorded by
the micrometer.

Automatic pipettes. The Dafert pipette (Fig. 3.2) is an automatic version of a
transfer pipette. One side of the two-way tap is connected to a reservoir
containing the solution to be dispensed. When the tap is in the appropriate
position, solution fills the pipette completely, excess solution draining away
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through the overflow chamber. The pipette now contains a definite volume of
solution which is delivered to the receiver by appropriate manipulation of the
tap. These pipettes, are available in a range of sizes from 5-100 mL and are
useful in routine work.

Autodispensers are also useful for measuring definite volumes of solutions
on a routine basis. Solution is forced out of a container by depressing a syringe
plunger: the movement of the plunger and hence the volume of liquid dispensed
are controlled by means of a moveable clamp. The plunger is spring-loaded so
that, when released, it returns to its original position and is immediately ready
for operation again.

Tilting pipettes, which are attached to a reagent bottle, are only suitable for
delivering approximate volumes of solution.

3.12 BURETTES

Burettes are long cylindrical tubes of uniform bore throughout the graduated
length, terminating at the lower end in a glass stopcock and’a jet; in cheaper
varieties, the stopcock may be replaced by a rubber pinch valve incorporating
a glass sphere. A diaphragm-type plastic burette tap is marketed: this can be
fitted to an ordinary burette and provides a delicate control of the outflow of
liquid. The merits claimed include: (a) the tap cannot stick, because the liquid
in the burette cannot come into contact with the threaded part of the tap; (b)
no lubricant is generally required; (c) there is no contact between ground glass
surfaces; and (d) burettes and taps can be readily replaced. Burette taps made
of polytetrafluoroethylene (PTFE or Teflon) are also available; these have the
great advantage that no lubricant is required.

It is sometimes advantageous to employ a burette with an extended jet which
is bent twice at right angles so that the tip of the jet is displaced by some
7.5-10 cm from the body of the burette. Insertion of the tip of the burette into
complicated assemblies of apparatus is thus facilitated, and there is a further
advantage, that if heated solutions have to be titrated the body of the burette
is kept away from the source of heat. Burettes fitted with two-way stopcocks
are useful for attachment to reservoirs of stock solutions.

As with other graduated glassware, burettes are produced to both Class A
and Class B specifications in accordance with the appropriaté standard
[ BS 846 (1985); ISO 385 (1984)], and Class A burettes may be purchased with
BST Certificates. All Class A and some Class B burettes have graduation marks
which completely encircle the burette; this is a very important feature for the
avoidance of parallax errors in reading the burette. Typical values for the
tolerances permitted for Class A burettes are:

Total capacity 5 10 50  100mL
Tolerance 0.02 0.02 005 0.10mL

For Class B, these values are approximately doubled. In addition to the volume
requirements, limits are also imposed on the length of the graduated part of
the burette and on the drainage time.

When in use, a burette must be firmly supported on a stand, and various
types of burette holders are available for this purpose. The use of an ordinary
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laboratory clamp is not recommended: the ideal type of holder permits the
burette to be read without the need of removing it from the stand.

Lubricants for glass stopcocks. The object of lubricating the stopcock of a
burette is to prevent sticking or ‘freezing’ and to ensure smoothness in action.
The simplest lubricant is pure Vaseline, but this is rather soft, and, unless used
sparingly, portions of the grease may readily become trapped at the point where
the jet is joined to the barrel of the stopcock, and lead to blocking of the jet.
Various products are available commercially which are better suited to the
lubrication of burette stopcocks. Silicone-containing lubricants must be avoided
since they tend to ‘creep’ with consequent contamination of the walls of the
burette.

To lubricate the stopcock, the plug is removed from the barrel and two thin
streaks of lubricant are applied to the length of the plug on lines roughly midway
between the ends of the bore of the plug. Upon replacing in the barrel and
turning the tap a few times, a uniform thin film of grease is distributed round
the ground joint. A spring or some other form of retainer may be subsequently
attached to the key to lessen the chance of it becoming dislodged when in use.

Reference 1s again made to the Teflon stopcocks and to the diaphragm type
of burette tap which do not require lubrication.

Mode of use of a burette. If necessary, the burette is thoroughly cleaned using
one of the cleaning agents described in Section 3.8 and is then well rinsed with
distilled water. The plug of the stopcock is removed from the barrel, and after
wiping the plug and the inside of the barrel dry, the stopcock is lubricated as
described in the preceding paragraph. Using a small funnel, about 10 mL of the
solution to be used are introduced into the burette, and then after removing
the funnel, the burette is tilted and rotated so that the solution flows over the
whole of the internal surface; the liquid is then discharged through the stopcock.
After repeating the rinsing process, the burette is clamped vertically in the burette
holder and then filled with the solution to a little above the zero mark. The
funnel is removed, and the liquid discharged through the stopcock until the
lowest point of the liquid meniscus is just below the zero mark; the jet is inspected
to ensure that all air bubbles have been removed and that it is completely full
of liquid. To read the position of the meniscus, the eye must be at the same
level as the meniscus, in order to avoid errors due to parallax. In the best type
of burette, the graduations are carried completely round the tube for each
millilitre (mL) and half-way round for the other graduation marks: parallax is
thus easily avoided. To aid the eye in reading the position of the meniscus a
piece of white paper or cardboard, the lower half of which is blackened either
by painting with dull black paint or by pasting a piece of dull black paper upon
it, is employed. When this is placed so that the sharp dividing line is 1-2 mm
below the meniscus, the bottom of the meniscus appears to be darkened and is
sharply outlined against the white background; the level of the liquid can then
be accurately read. A variety of ‘burette readers’ are available from laboratory
supply houses, and a home-made device which is claimed to be particularly
effective has been described by Woodward and Redman.®¢ For all ordinary
purposes readings are made to 0.05mL, but for precision work, readings
should be made to 0.01-0.02 mL, using a lens to assist the estimation of the
subdivisions.

To deliver liquid from a burette into a conical flask or other similar receptacle,
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place the fingers of the left hand behind the burette and the thumb in front,
and hold the tap between the thumb and the fore and middle fingers. In this
way, there is no tendency to pull the plug out of the barrel of the stopcock, and
the operation is under complete control. Any drop adhering to the jet after the
liquid has been discharged is removed by bringing the side of the receiving
vessel into contact with the jet. During the delivery of the liquid, the flask may
be gently rotated with the right hand to ensure that the added liquid is well
mixed with any existing contents of the flask.

3.13 WEIGHT BURETTES

For work demanding the highest possible accuracy in transferring various
quantities of liquids, weight burettes are employed. As their name implies, they
are weighed before and after a transfer of liquid. A very useful form is shown
diagrammatically in Fig. 3.3(a). There are two ground-glass caps of which the
lower one is closed, whilst the upper one is provided with a capillary opening;
the loss by evaporation is accordingly negligible. For hygroscopic liquids, a
small ground-glass cap is fitted to the top of the capillary tube. The burette is
roughly graduated in SmL intervals. The titre thus obtained is in terms of
weight loss of the burette, and for this reason the titrants are prepared on a
weight/weight basis rather than a weight/volume basis. The errors associated
with the use of a volumetric burette, such as those of drainage, reading, and
change in temperature, are obviated, and weight burettes are especially useful
when dealing with non-aqueous solutions or with viscous liquids.

Q2

(a) (b)
Fig. 3.3

An alternative form of weight burette due to Redman® consists of a
glass bulb, flattened on one side so that it will stand on a balance pan. Above
the flattened side is the stopcock-controlled discharge jet, and a filling orifice
which is closed with a glass stopper. The stopper and short neck into which it
fits are pierced with holes, by alignment of which air can be admitted, thus
permitting discharge of the contents of the burette through the delivery jet.
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The Lunge—Rey pipette is shown in Fig, 3.3(b). There is a small central bulb
(5-10mL capacity) closed by two stopcocks 1 and 2; the pipette 3 below the
stopcock has a capacity of about 2 mL, and is fitted with a ground-on test-tube 4.
This pipette is of particular value for the weighing out of corrosive and fuming
liquids.

3.14 PISTON BURETTES

In piston burettes, the delivery of the liquid is controlled by movement of a
tightly fitting plunger within a graduated tube of uniform bore. They are
particularly useful when the piston is coupled to a motor drive, and in this form
serve as the basis of automatic titrators. These instruments can provide
automatic plotting of titration curves, and provision is made for a variable rate
of delivery as the end point is approached so that there is no danger of
overshooting the end point.

3.15 GRADUATED (MEASURING) CYLINDERS

These are graduated vessels available in capacities from 2 to 2000 mL. Since
the area of the surface of the liquid is much greater than in a graduated flask,
the accuracy is not very high. Graduated cylinders cannot therefore be employed
for work demanding even a moderate degree of accuracy. They are, however,
useful where only rough measurements are required.

3.16 CALIBRATION OF VOLUMETRIC APPARATUS

For most analytical purposes, volumetric apparatus manufactured to Class A
standard will prove to be satisfactory, but for work of the highest accuracy it
is advisable to calibrate all apparatus for which a recent test certificate is
unavailable. The calibration procedure involves determination of the weight of
water contained in or delivered by the particular piece of apparatus. The
temperature of the water is observed, and from the known density of water at
that temperature, the volume of water can be calculated. Tables giving density
values are usually based on weights in vacuo (Section 3.6), but the data given
in Table 3.2 are based on weighings in air with stainless-steel weights, and these
can be used to calculate the relevant volume directly from the observed weight
of water. It is suggested that the data given in the table be plotted on a graph
so that the volume of 1 gram of water at the exact temperature at which the
calibration was performed can be ascertained. Fuller tables are given in
BS 6696 (1986).

Table 3.2 Volume of 1g of water at various temperatures

Temp. (°C) Volume (mL) Temp. (°C) Volume (mL)

10.00 1.0013 22.00 1.0033
12.00 1.0015 24.00 1.0037
14.00 1.0017 26.00 1.0044
16.00 1.0021 28.00 1.0047
18.00 1.0023 30.00 1.0053
20.00 1.0027
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In all calibration operations, the apparatus to be calibrated must be carefully
cleaned and allowed to stand adjacent to the balance which is to be employed,
together with a supply of distilled or de-ionised water, so that they assume the
temperature of the room. Flasks will also need to be dried, and this can be
accomplished by rinsing twice with a little acetone and then blowing a current
of air through the flask to remove the acetone.

Graduated flask. After allowing the clean dry flask to stand in the balance
room for an hour it is stoppered and weighed. A small filter funnel, the stem
of which has been drawn out so that it reaches below the graduation mark of
the flask, is then inserted into the neck and de-ionised (distilled) water, which
has also been standing in the balance room for an hour, is added slowly until
the mark is reached. The funnel is then carefully removed, taking care not to
wet the neck of the flask above the mark, and then, using a dropping tube,
water is added dropwise until the meniscus stands on the graduation mark. The
stopper is replaced, the flask re-weighed, and the temperature of the water noted.
The true volume of the water filling the flask to the graduation mark can be
calculated with the aid of Table 3.2.

Pipette. The pipette is filled with the distilled water which has been standing
in the balance room for at least an hour, to a short distance above the mark.
Water is run out until the meniscus is exactly on the mark, and the out-flow is
then stopped. The drop adhering to the jet is removed by bringing the surface
of some water contained in a beaker in contact with the jet, and then removing
it without jerking. The pipette is then allowed to discharge into a clean, weighed
stoppered flask (or a large weighing bottle) and held so that the jet of the pipette
is in contact with the side of the vessel (it will be necessary to incline slightly
either the pipette or the vessel). The pipette is allowed to drain for 15 seconds
after the outflow has ceased, the jet still being in contact with the side of the
vessel. At the end of the draining time the receiving vessel is removed from
contact with the tip of the pipette, thus removing any drop adhering to the
outside of the pipette and ensuring that the drop remaining in the end is always
of the same size. To determine the instant at which the outflow ceases, the
motion of the water surface down the delivery tube of the pipette is observed,
and the delivery time is considered to be complete when the meniscus comes
to rest slightly above the end of the delivery tube. The draining time of
15 seconds is counted from this moment. The receiving vessel is weighed, and
the temperature of the water noted. The capacity of the pipette is then calculated
with the aid of Table 3.2. At least two determinations should be made.

Burette. If it is necessary to calibrate a burette, it is essential to establish that
it is satisfactory with regard to (a) leakage, and (b) delivery time, before
undertaking the actual calibration process. To test for leakage, the plug is
removed from the barrel of the stopcock and both parts of the stopcock are
carefully cleaned of all grease; after wetting well with de-ionised water, the
stopcock is reassembled. The burette is placed in the holder, filled with distilled
(de-ionised) water, adjusted to the zero mark, and any drop of water adhering
to the jet removed with a piece of filter paper. The burette is then allowed to
stand for 20 minutes, and if the meniscus has not fallen by more than one scale
division, the burette may be regarded as satisfactory as far as leakage is
concerned.
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To test the delivery time, again separate the components of the stopcock,
dry, grease and reassemble, then fill the burette to the zero mark with distilled
water, and place in the holder. Adjust the position of the burette so that the jet
comes inside the neck of a conical flask standing on the base of the burette
stand, but does not touch the side of the flask. Open the stopcock fully, and
note the time taken for the meniscus to reach the lowest graduation mark of
the burette: this should agree closely with the time marked on the burette, and
in any case, must fall within the limits laid down by BS 846 (1985).

If the burette passes these two tests, the calibration may be proceeded with.
Fill the burette with the distilled water which has been allowed to stand in the
balance room to acquire room temperature: ideally, this should be as near to
20°C as possible. Weigh a clean, dry stoppered flask of about 100 mL capacity,
then, after adjusting the burette to the zero mark and removing any drop
adhering to the jet, place the flask in position under the jet, open the stopcock
fully and allow water to flow into the flask. As the meniscus approaches the
desired calibration point on the burette, reduce the rate of flow until eventually
it is discharging dropwise, and adjust the meniscus exactly to the required mark.
Do not wait for drainage, but remove any drop adhering to the jet by touching
the neck of the flask against the jet, then re-stopper and re-weigh the flask.
Repeat this procedure for each graduation to be tested; for a 50 mL burette,
this will usually be every 5mL. Note the temperature of the water, and then,
using Table 3.2, the volume delivered at each point is calculated from the weight
of water collected. The results are most conveniently used by plotting a
calibration curve for the burette.

WATER FOR LABORATORY USE
3.17 PURIFIED WATER

From the earliest days of quantitative chemical measurements it has been
recognised that some form of purification is required for water which is to be
employed in analytical operations, and with increasingly lower limits of detection
being attained in instrumental methods of analysis, correspondingly higher
standards of purity are imposed upon the water used for preparing solutions.
Standards have now been laid down for water to be used in laboratories,®
which prescribe limits for non-volatile residue, for residue remaining after
ignition, for pH and for copductance. The British Standard 3978 (1987)
(ISO 3696-1987) recognises three different grades of water.

(a) Grade 3 is suitable for ordinary analytical purposes and may be prepared
by single distillation of tap water, by de-ionisation, or by reverse osmosis:
see below.

(b) Grade 2 is suitable for more sensitive analytical procedures, such as atomic
absorption spectroscopy and the determination of substances present in
trace quantities. Water of this quality can be prepared by redistillation of
Grade 3 distilled water, or by the distillation of de-ionised water, or of the
product of reverse osmosis procedures.

(c) Grade I water is suitable for the most stringent requirements including
high-performance liquid chromatography and the determination of substances
present in ultratrace amounts. Such water is obtained by subjecting
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Grade 2 water to reverse osmosis or de-ionisation, followed by filtration
through a membrane filter of pore size 0.2 um to remove particulate matter.
Alternatively, Grade 2 water may be redistilled in an apparatus constructed
from fused silica.

The standards laid down for the three grades of water are summarised in
Table 3.3.

Table 3.3 Standards for water to be used in analytical operations

Grade of water

Parameter 1 2 3

pH at 25°C * * 50-7.5
Electrical conductance, mS m ™! at 25°C 0.01 01 05
Oxidisable matter (equivalent to T 008 04

mg oxygen L™1)

Absorbance at 254 nm, 1 cm cell 0001 001 i
Residue after evaporation, mgkg ™! t 1 2

SiO, content, mg L. ~1 0.01 002 %

* pH measurements in highly purified water are difficult; results are of
doubtful significance.

1 Not applicable.

I Not specified.

For many years the sole method of purification available was by distillation,
and distilled water was universally employed for laboratory purposes. The
modern water-still is usually made of glass and is heated electrically, and
provision is made for interrupting the current in the event of failure of the
cooling water, or of the boiler-feed supply; the current is also cut off when the
receiver is full.

Pure water can also be obtained by allowing tap water to percolate through
a mixture of ion exchange resins: a strong acid resin which will remove cations
from the water and replace them by hydrogen ions, and a strong base resin
(OH ™ form) which will remove anions. A number of units are commercially
available for the production of de-ionised water, and the usual practice is to
monitor the quality of the product by means of a conductance meter. The resins
are usually supplied in an interchangeable cartridge, so that maintenance is
reduced to a minimum. A mixed-bed ion exchange column fed with distilled
water is capable of producing water with the very low conductance of about
20x 107°Q 1em ™! (2.0 uscm 1), but in spite of this very low conductance,
the water may contain traces of organic impurities which can be detected by
means of a spectrofluorimeter. For most purposes, however, the traces of organic
material present in de-ionised water can be ignored, and it may be used in most
situations where distilled water is acceptable.

An alternative method of purifying water is by reverse osmosis. Under normal
conditions, if an aqueous solution is separated by a semi-permeable membrane
from pure water, osmosis will lead to water entering the solution to dilute it.
If, however, sufficient pressure is applied to the solution, i.e. a pressure in excess
of its osmotic pressure, then water will flow through the membrane from the
solution; the process of reverse osmosis is taking place. This principle has been
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adapted as a method of purifying tap water. The tap water, at a pressure of
3-5 atmospheres, is passed through a tube containing the semi-permeable
membrane. The permeate which is collected usually still contains traces of
inorganic material and is therefore not suitable for operations requiring very
pure water, but it will serve for many laboratory purposes, and is very suitable
for further purification by ion exchange treatment. The water produced by
reverse osmosis is passed first through a bed of activated charcoal which removes
organic contaminants, and is then passed through a mixed-bed ion exchange
column and the resultant effluent is finally filtered through a sub-micron filter
membrane to remove any last traces of colloidal organic particles.

The high-purity water thus produced typically has a conductance of about
05x107°Q 'em™! (0.5uScm™!) and is suitable for use under the most
stringent requirements. It will meet the purity required for trace-element
determinations and for operations such asion chromatography. It must however
be borne in mind that such water can readily become contaminated from the
vessels in which it is stored, and also by exposure to the atmosphere. For the
determination of organic compounds the water should be stored in containers
made of resistant glass (e.g. Pyrex), or ideally of fused silica, whereas for
inorganic determinations the water is best stored in containers made from
polythene or from polypropylene.

3.18 WASH BOTTLES

A wash bottle s a flat-bottomed flask fitted up to deliver a fine stream of distilled
water or other liquid for use in the transfer and washing of precipitates. A
convenient size is a 500-750 mL flask of Pyrex or other resistant glass; it
should be fitted up as shown in Fig. 3.4. A rubber bung is used, and the jet
should deliver a fine stream of water; a suitable diameter of the orifice is 1 mm.
Thick string, foam rubber, or other insulating material, held in place by copper
wire, should be wrapped round the neck of the flask in order to protect the
hand when hot water is used. In order to protect the mouth from scalding by
the back rush of steam through the mouth-piece when the blowing is stopped,
it is convenient to use a three-holed rubber stopper; a short piece of glass tubing
open at both ends is inserted in the third hole. The thumb is kept over this tube
whilst the water is being blown out, and is removed immediately before the
mouth pressure is released. All-glass wash bottles, fitted with ground-glass joints,
can be purchased. They should be used with organic solvents that attack rubber.

Fig. 3.4
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A polythene wash bottle is available commercially and is inexpensive. It is
fitted with a plastic cap carrying a plastic jet, and has flexible sides. The bottle
can be held in the hand; application of slight pressure by squeezing gives an
easily controllable jet of water. It is more or less unbreakable and is inert to
many wash liquids. A polythene wash bottle should be used only for cool liquids.

Polythene wash bottles are sometimes charged with wash liquids other than
water. Attention must be drawn to the fact that the components of some wash
solutions may pass into the polythene and may be released into the space in
the bottle when it is set aside: repeated fillings and rinsings may be required to
remove the chemicals from the bottle. It is safer to label the wash bottle and
to reserve it for the special wash liquid. Such wash solutions include a weakly
acid solution saturated with hydrogen sulphide, dilute aqueous ammonia,
saturated bromine water, and dilute nitric acid.

GENERAL APPARATUS
3.19 GLASSWARE, CERAMICS, PLASTIC WARE

In the following sections, a brief account of general laboratory apparatus relevant
to quantitative analysis will be given. The commonest materials of construction
of such apparatus are glass, porcelain, fused silica, and various plastics; the
merits and disadvantages of these are considered below.

Glassware. In order to avoid the introduction of impurities during analysis,
apparatus of resistance glass should be employed. For most purposes Pyrex
glass (a borosilicate glass) is to be preferred. Resistance glass is very slightly
affected by all solutions, but, in general, attack by acid solutions is less than
that by pure water or by alkaline solutions; for this reason the latter should be
acidified whenever possible, if they must be kept in glass for any length of time.
Attention should also be given to watch, clock, and cover glasses; these should
also be of resistance glass. As a rule, glassware should not be heated with a
naked flame; a wire gauze should be interposed between the flame and the glass
vessel.

For special purposes, Corning Vycor glass (96 per cent silica) may be used.
It has great resistance to heat and equally great resistance to thermal shock,
and is unusually stable to acids (except hydrofluoric acid), water, and various
solutions.

The most satisfactory beakers for general use are those provided with a
spout. The advantages of this form are: (a) convenience of pouring, (b) the
spout forms a convenient place at which a stirring rod may protrude from a
covered beaker, and (c) the spout forms an outlet for steam or escaping gas
when the beaker is covered with an ordinary clock glass. The size of a beaker
must be selected with due regard to the volume of the liquid which it is to
contain. The most useful sizes are from 250 to 600 mL.

Conical (or Erlenmeyer’s) flasks of 200-500 mL capacity find many
applications, for example, in titrations.

Funnels should enclose an angle of 60°. The most useful sizes for quantitative
analysis are those with diameters of 5.5, 7 and 9 cm. The stem should have an
internal diameter of about 4 mm and should not be more than 15 cm long. For

92



GLASSWARE. CERAMICS, PLASTIC WARE  3.19

filling burettes and transferring solids to graduated flasks, a short-stem,
wide-necked funnel is useful.

Porcelain apparatus. Porcelain is generally employed for operations in which
hot liquids are to remain in contact with the vessel for prolonged periods. It is
usually considered to be more resistant to solutions, particularly alkaline
solutions, than glass, although this will depend primarily upon the quality of
the glaze. Shallow porcelain basins with lips are employed for evaporations.
Casseroles are lipped, flat-bottomed porcelain dishes provided with handles;
they are more convenient to use than dishes.

Porcelain crucibles are very frequently utilised for igniting precipitates and
heating small quantities of solids because of their cheapness and their ability
to withstand high temperatures without appreciable change. Some reactions,
such as fusion with sodium carbonate or other alkaline substances, and also
evaporations with hydrofluoric acid, cannot be carried out in porcelain crucibles
owing to the resultant chemical attack. A slight attack of the porcelain also
takes place with pyrosulphate fusions.

Fused-silica apparatus. Two varieties of silica apparatus are available
commercially, the translucent and the transparent grades. The former is much
cheaper and can usually be employed instead of the transparent variety. The
advantages of silica ware are: (a) its great resistance to heat shock because of
its very small coefficient of expansion, (b} it is not attacked by acids at a high
temperature, except by hydrofluoric acid and phosphoric acid, and (¢) it is more
resistant to pyrosulphate fusions than is porcelain. The chief disadvantages of
silica are: (a) it is attacked by alkaline solutions and particularly by fused alkalis
and carbonates, (b) it is more brittle than ordinary glass, and (c) it requires a
much longer time for heating and cooling than does, say, platinum apparatus.
Corning Vycor apparatus (96 per cent silica glass) possesses most of the merits
of fused silica and is transparent.

Plastic apparatus. Plastic materials are widely used for a variety of items of
common laboratory equipment such as aspirators, beakers, bottles, Buchner

Table 3.4 Plastics used for laboratory apparatus

Material Appearancet Highest Chemical reagents} Attacking
temperature Acids Alkalis organic
0 solvents®
Weak Strong Weak Strong
Polythene (L.D.) TL 80-90 R R* \ R 1,2
Polythene (H.D.) TL-O 100-110 \ R* \% \' 2
Polypropylene T-TL 120-130 \% R* \% A 2
TPX (Polymethylpentene) T 170-180 \ R* A% \ 1,2
Polystyrene T 85 A R* A% A Most
PTFE (Teflon) o 250-300 A% \' \ \ \'
Polycarbonate T 120-130 R A F A Most
PVC [Poly(vinylchloride)] T-O 50-70 R R* R R 2,34
Nylon TL-O 120 R A R F \4

1O =opaque; T = transparent; TL = translucent.

I A = attacked; F = fairly resistant; R = resistant; R* = generally resistant but attacked by oxidising
mixtures; V = very resistant.

§ 1 = hydrocarbons; 2 = chlorohydrocarbons; 3 = ketones; 4 = cyclic ethers; V = very resistant.
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funnels and flasks, centrifuge tubes, conical flasks, filter crucibles, filter funnels,
measuring cylinders, scoops, spatulas, stoppers, tubing, weighing bottles, etc.;
such products are often cheaper than their glass counterparts, and are frequently
less fragile. Although inert towards many chemicals, there are some limitations
on the use of plastic apparatus, not the least of which is the generally
rather low maximum temperature to which it may be exposed: salient properties
of the commonly used plastic materials are summarised in Table 3.4.

Attention is drawn to the extremely inert character of Teflon, which is so
lacking in reactivity that it is used as the liner in pressure digestion vessels in
which substances are decomposed by heating with hydrofluoric acid, or with
concentrated nitric acid (see Section 3.31).

3.20 METAL APPARATUS

Crucibles and basins required for special purposes are often fabricated from
various metals, amongst which platinum holds pride of place by virtue of its
general resistance to chemical attack.

Platinum. Platinum is used mainly for crucibles, dishes and electrodes; it has
a very high melting point (1773 °C), but the pure metal is too soft for general
use, and is therefore always hardened with small quantities of rhodium, iridium,
or gold. These alloys are slightly volatile at temperatures above 1100 °C, but
retain most of the advantageous properties of pure platinum, such as resistance
to most chemical reagents, including molten alkali carbonates and hydrofluoric
acid (the exceptions are dealt with below), excellent conductivity of heat, and
extremely small adsorption of water vapour. A 25mL platinum crucible has
an area of 80—100 cm? and, in consequence, the error due to volatility may be
appreciable if the crucible is made of an alloy of high iridium content. The
magnitude of this loss will be evident from Table 3.5, which gives the approximate
loss in weight of crucibles expressed in mg/100cm?/hour at the temperature
indicated. An alloy consisting of 95 per cent platinum and 5 per cent gold is
referred to as a ‘non-wetting’ alloy and fusion samples are readily removed
from crucibles composed of this alloy; removal is assisted by keeping the crucible
tilted while the melt is solidifying. Crucibles made of this alloy are used in
preparing samples for investigation by X-ray fluorescence.

A recent development is the introduction of ZGS (Zirconia Grain Stabilised)
platinum. This is produced by the addition of a small amount of zirconia
(zirconium(IV) oxide) to molten platinum, which leads to modification of the
microstructure of the solid material with increased hot strength and greater
resistance to chemical attack. Whereas the recommended operating temperature
for pure platinum is 1400 °C, the ZGS material can be used up to 1650 °C.

Table 3.5 Weight loss of platinum crucibles

Temp. (°C) Pure Pt 99%Pt—1%Ir 97.5%Pt-25%Ir

900 0.00 0.00 0.00
1000 0.08 0.30 0.57
1200 0.81 1.2 25

94



METAL APPARATUS 320

Apparatus can also be constructed from ‘TRIM’ which consists of palladium
coated with ZGS platinum; this permits the production of stouter apparatus
with the corrosion resistance of ZGS platinum at an appreciably cheaper price.

Platinum crucibles should be supported, when heated, upon a platinum
triangle. If the latter is not available, a silica triangle may be used. Nichrome
and other metal triangles should be avoided; pipe-clay triangles may contain
enough iron to damage the platinum. Hot platinum crucibles must always be
handled with platinum-tipped crucible tongs; unprotected brass or iron tongs
produce stains on the crucible. Platinum vessels must not be exposed to a
luminous flame, nor may they be allowed to come into contact with the inner
cone of a gas flame; this may result in the disintegration of the surface of the
metal, causing it to become brittle, owing, probably, to the formation of a
carbide of platinum.

It must be appreciated that at high temperatures platinum permits the flame
gases to diffuse through it, and this may cause the reduction of some substances
not otherwise affected. Hence if a covered crucible is heated by a gas flame there
is a reducing atmosphere in the crucible: in an open crucible diffusion into the
air is so rapid that this effect is not appreciable. Thus if iron(III) oxide is heated
in a covered crucible, it is partly reduced to metallic iron, which alloys with the
platinum; sodium sulphate is similarly partly reduced to the sulphide. It is,
advisable, therefore, in the ignition of iron compounds or sulphates to place the
crucible in a slanting position with free access of air.

Platinum apparatus may be used without significant loss for:

1. Fusions with (a) sodium carbonate or fusion mixture, (b) borax and lithium
metaborate, (¢) alkali bifluorides, and (d) alkali hydrogensulphates (slight
attack in the last case above 700 °C, which is diminished by the addition of
ammonium sulphate).

2. Evaporations with (a) hydrofluoric acid, (b) hydrochloric acid in the absence
of oxidising agents which yield chlorine, and (c) concentrated sulphuric acid
(a slight attack may occur).

3. Ignition of (a) barium sulphate and sulphates of metals which are not readily
reducible, (b) the carbonates, oxalates, etc., of calcium, barium and strontium,
and (c) oxides which are not readily reducible, e.g. CaO, SrO, Al,0,, Cr,0,,
Mn;0,, TiO,, ZrO,, ThO,, M0O,, and WO,. (BaO, or compounds which
yield BaO on heating, attack platinum.)

Platinum is attacked under the following conditions, and such operations
must not be conducted in platinum vessels:

1. Heating with the following liquids: (a) aqua regia, (b) hydrochloric acid and
oxidising agents, (¢) liquid mixtures which evolve bromine or iodine, and
(d) concentrated phosphoric acid (slight, but appreciable, action after
prolonged heating).

2. Heating with the following solids, their fusions, or vapours: (a) oxides,
peroxides, hydroxides, nitrates, nitrites, sulphides, cyanides, hexacyano-
ferrate(III), and hexacyanoferrate(II) of the alkali and alkaline-earth metals
(except oxides and hydroxides of calcium and strontium); (b) molten lead,
silver, copper, zinc, bismuth, tin, or gold, or mixtures which form these metals
upon reduction; (c¢) phosphorus, arsenic, antimony, or silicon, or mixtures
which form these elements upon reduction, particularly phosphates, arsenates,
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and silicates in the presence of reducing agents; (d) sulphur (slight action),
selenium, and tellurium; (e) volatile halides (including iron(III) chloride),
especially those which decompose readily; (f) all sulphides or mixtures
containing sulphur and a carbonate or hydroxide; and (g) substances of
unknown composition: (k) heating in an atmosphere containing chlorine,
sulphur dioxide, or ammonia, whereby the surface is rendered porous.

Solid carbon, however produced, presents a hazard. It may be burnt off at
low temperatures, with free access to air, without harm to the crucible, but it
should never be ignited strongly. Precipitates in filter paper should be treated
in a similar manner; strong ignition is only permissible after all the carbon has
been removed. Ashing in the presence of carbonaceous matter should not be
conducted in a platinum crucible, since metallic elements which may be present
will attack the platinum under reducing conditions.

Cleaning and preservation of platinum ware. All platinum apparatus (crucibles,
dishes, etc.) should be kept clean, polished, and in proper shape. If, say, a
platinum crucible becomes stained, a little sodium carbonate should be fused
in the crucible, the molten solid poured out on to a dry stone or iron slab, the
residual solid dissolved out with water, and the vessel then digested with
concentrated hydrochloric acid: this treatment may be repeated, if necessary. If
fusion with sodium carbonate is without effect, potassium hydrogensulphate
may be substituted; a slight attack of the platinum will occur. Disodium
tetraborate may also be used. In some cases, the use of hydrofluoric acid or
potassium hydrogenfluoride may be necessary. Iron stains may be removed by
heating the covered crucible with a gram or two of pure ammonium chloride
and applying the full heat of a burner for 2—3 minutes.

All platinum vessels must be handled with care to prevent deformation and
denting. Platinum crucibles must on no account be squeezed with the object of
loosening the solidified cake after a fusion. Box-wood formers can be purchased
for crucibles and dishes; these are invaluable for re-shaping dented or deformed
platinum ware.

Platinum-clad stainless steel laboratory ware is available for the evaporation
of solutions of corrosive chemicals. These vessels have all the corrosion-resistance
properties of platinum up to about 550 °C. The main features are: (1) much
lower cost than similar apparatus of platinum; (2) the overall thickness is about
four times that of similar all-platinum apparatus, thus leading to greater
mechanical strength; and (3) less susceptible to damage by handling with
tongs, etc.

Silver apparatus. The chief uses of silver crucibles and dishes in the laboratory
are in the evaporation of alkaline solutions and for fusions with caustic alkalis;
in the latter case, the silver is slightly attacked. Gold vessels (m.p. 1050 °C) are
more resistant than silver to fused alkalis. Silver melts at 960 °C, and care should
therefore be taken when it is heated over a bare flame.

Nickel ware. Crucibles and dishes of nickel are employed for fusions with alkalis
and with sodium peroxide (CARE?!). In the peroxide fusion a little nickel is
introduced, but this is usually not objectionable. No metal entirely withstands
the action of fused sodium peroxide. Nickel oxidises in air, hence nickel apparatus
cannot be used for operations involving weighing.
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Iron ware. Iron crucibles may be substituted for those of nickel in sodium
peroxide fusions. They are not so durable, but are much cheaper.

Stainless-steel ware. Beakers, crucibles, dishes, funnels, etc., of stainless steel
are available commercially and have obvious uses in the laboratory. They will
not rust, are tough, strong, and highly resistant to denting and scratching.

3.21 HEATING APPARATUS

Various methods of heating are required in the analytical laboratory ranging
from gas burners, electric hot plates and ovens to muffle furnaces.

Burners. The ordinary Bunsen burner is widely employed for the attainment
of moderately high temperatures. The maximum temperature is attained by
adjusting the regulator so as to admit rather more air than is required to produce
a non-luminous flame; too much air gives a noisy flame, which is unsuitable.

Owing to the differing combustion characteristics and calorific values of the
gaseous fuels which are commonly available [ natural gas, liquefied petroleum
(bottled) gas], slight variations in dimensions, including jet size and aeration
controls, are necessary: for maximum efficiency it is essential that, unless the
burner is of the ‘All Gases’ type which can be adjusted, the burner should be
the one intended for the available gas supply.

Hot plates. The electrically heated hot plate, preferably provided with three
controls — ‘Low’, ‘Medium’ and ‘High’ — is of great value in the analytical
laboratory. The heating elements and the internal wiring should be totally
enclosed; this protects them from fumes or spilled liquids. Electric hot plates
with ‘stepless’ controls are also marketed; these permit a much greater selection
of surface temperatures to be made. A combined electric hot plate and magnetic
stirrer is also available. For some purposes a steam bath may be used.

Electric ovens. The most convenient type is an electrically heated, thermostatically
controlled drying oven having a temperature range from room temperature to
about 250-300 °C; the temperature can be controlled to within +1-2 °C. They
are used principally for drying precipitates or solids at comparatively low
controlled temperatures, and have virtually superseded the steam oven.

Microwave ovens. These also find application for drying and heating operations.
They are particularly useful for determining the moisture content of materials
since the elimination of water takes place very rapidly on exposure to microwave
radiation.

Muffle furnaces. An electrically heated furnace of muffle form should be
available in every well-equipped laboratory. The maximum temperature should
be about 1200 °C. If possible, a thermocouple and indicating pyrometer should
be provided; otherwise the ammeter in the circuit should be calibrated, and a
chart constructed showing ammeter and corresponding temperature readings.
Gas-heated muffle furnaces are marketed; these may give temperatures up to
about 1200 °C.

Air baths. For drying solids and precipitates at temperatures up to 250 °C in
which acid or other corrosive vapours are evolved, an electric oven should not
be used. An air bath may be constructed from a cylindrical metal (copper, iron,

97



3 COMMON APPARATUS AND BASIC TECHNIQUES

or nickel) vessel with the bottom of the vessel pierced with numerous holes. A
silica triangle, the legs of which are appropriately bent, is inserted inside the
bath for supporting an evaporating dish, crucible, etc. The whole is heated by
a Bunsen flame, which is shielded from draughts. The insulating layer of air
prevents bumping by reducing the rate at which heat reaches the contents of
the inner dish or crucible. An air bath of similar construction but with special
heat-resistant glass sides may also be used; this possesses the obvious advantage
of visibility inside the air bath. ‘

Infrared lamps and heaters. Infrared lamps with internal reflectors are available
commercially and are valuable for evaporating solutions. The lamp may be
mounted immediately above the liquid to be heated: the evaporation takes place
rapidly, without spattering and also without creeping. Units are obtainable
which permit the application of heat to both the top and bottom of a number
of crucibles, dishes, etc., at the same time; this assembly can char filter papers
in the crucibles quite rapidly, and the filter paper does not catch fire.

Immersion heaters. An immersion heater consisting of a radiant heater encased
in a silica sheath, is useful for the direct heating of most acids and other liquids
(except hydrofluoric acid and concentrated caustic alkalis). Infrared radiation
passes through the silica sheath with little absorption, so that a large proportion
of heat is transferred to the liquid by radiation. The heater is almost unaffected
by violent thermal shock due to the low coefficient of thermal expansion of the
silica.

Heating mantles. These consist of a flexible ‘knitted” fibre glass sheath which
fits snugly around a flask and contains an electrical heating element which
operates at black heat. The mantle may be supported in an aluminium case
which stands on the bench, but for use with suspended vessels the mantle is
supplied without a case. Electric power is supplied to the heating element through
a control unit which may be either a continuously variable transformer or a
thyristor controller, and so the operating temperature of the mantle can be
smoothly adjusted.

Heating mantles are particularly designed for the heating of flasks and find
wide application in distillation operations. For details of the distillation
procedure and description of the apparatus employed, a textbook of practical
organic chemistry should be consulted.®

Crucibles and beaker tongs. Apparatus such as crucibles, evaporating basins
and beakers which have been heated need to be handled with suitable tongs.
Crucible tongs should be made of solid nickel, nickel steel, or other rustless
ferro-alloy. For handling hot platinum crucibles or dishes, platinum-tipped
tongs must be used. Beaker tongs are available for handling beakers of
100-2000 mL capacity. The tongs have jaws: an adjustable screw with locknut
limits the span of these jaws and enables the user to adjust them to suit the
container size.

3.22 DESICCATORS AND DRY BOXES

It is usually necessary to ensure that substances which have been dried by
heating(e.g.inan oven, or by ignition) are not unduly exposed to the atmosphere,
otherwise they will absorb moisture more or less rapidly. In many cases, storage
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in the dry atmosphere of a desiccator, allied to minimum exposure to the
atmosphere during subsequent operations, will be sufficient to prevent appreciable
absorption of water vapour. Some substances, however, are so sensitive to
atmospheric moisture that all handling must be carried out in a ‘dry box’.

A desiccator is a covered glass container designed for the storage of objects
in a dry atmosphere; it is charged with some drying agent, such as anhydrous
calcium chloride (largely used in elementary work), silica gel, activated alumina,
or anhydrous calcium sulphate (‘Drierite’). Silica gel, alumina and calcium
sulphate can be obtained which have been impregnated with a cobalt salt so
that they are self-indicating: the colour changes from blue to pink when the
desiccant is exhausted. The spent material can be regenerated by heating in an
electric oven at 150-180°C (silica gel); 200—300 °C (activated alumina)
230-250 °C (Drierite); and it is therefore convenient to place these drying agents
in a shallow dish which is situated at the bottom of the desiccator, and which
can be easily removed for baking as required.

The action of desiccants can be considered from two points of view. The
amount of moisture that remains in a closed space, containing incompletely
exhausted desiccant, is related to the vapour pressure of the latter, i.e. the vapour
pressure is a measure of the extent to which the desiccant can remove moisture,
and therefore of its efficiency. A second factor is the weight of water that can
be removed per unit weight of desiccant, i.e. the drying capacity. In general,
substances that form hydrates have higher vapour pressures but also have greater
drying capacities. It must be remembered that a substance cannot be dried by
a desiccant of which the vapour pressure is greater than that of the substance
itself.

The relative efficiencies of various drying agents will be evident from the data
presented in Table 3.6. These were determined by aspirating properly conditioned
air through U-tubes charged with the desiccants; they are applicable, strictly,
to the use of these desiccants in absorption tubes, but the figures may reasonably
be applied as a guide for the selection of desiccants for desiccators. It would
appear from the table that a hygroscopic material such as ignited alumina
should not be allowed to cool in a covered vessel over ‘anhydrous’ calcium
chloride; anhydrous magnesium perchlorate or phosphorus pentoxide is
satisfactory.

Table 3.6 Comparative efficiency of drying agents

Drying agent Residual water Drying agent Residual water
(mg per L of air) (mg per L of air)
CaCl, (gran. ‘anhyd.’ tech.) 1.5 Al,O, 0.005
NaOH (sticks) 0.8 CaSO, 0.005
H,S0, (95%) 0.3 Molecular sieve 0.004
Silica gel 0.03 H,SO, 0.003
KOH (sticks) 0.014 Mg(Cl0,), 0.002
P,O; 0.00002

The normal (or Scheibler) desiccator is provided with a porcelain plate having
apertures to support crucibles, etc.: this is supported on a constriction situated
roughly halfway up the wall of the desiccator. For small desiccators, a silica
triangle, with the wire ends suitably bent, may be used. The ground edge of the
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desiccator should be lightly coated with white Vaseline or a special grease in
order to make it air-tight; too much grease may permit the lid to slide.

There is however controversy regarding the effectiveness of desiccators. If
the lid is briefly removed from a desiccator then it may take as long as two
hours to remove the atmospheric moisture thus introduced, and to re-establish
the dry atmosphere: during this period, a hygroscopic substance may actually
gain in weight while in the desiccator. It is therefore advisable that any substance
which is to be weighed should be kept in a vessel with as tightly fitting a lid as
possible while it is in the desiccator.

The problem of the cooling of hot vessels within a desiccator is also important.
A crucible which has been strongly ignited and immediately transferred to a
desiccator may not have attained room temperature even after one hour. The
situation can be improved by allowing the crucible to cool for a few minutes
before transferring to the desiccator, and then a cooling time of 20-25 minutes
is usually adequate. The inclusion in the desiccator of a metal block
(e.g. aluminium), upon which the crucible may be stood, is also helpful in
ensuring the attainment of temperature equilibrium.

When a hot object, such as a crucible, is placed in a desiccator, about
5-10 seconds should elapse for the air to become heated and expand before
putting the cover in place. When re-opening, the cover should be slid open very
gradually in order to prevent any sudden inrush of air due to the partial
vacuum which exists owing to the cooling of the expanded gas content of the
desiccator, and thus prevent material being blown out of the crucible.

A desiccator is frequently also employed for the thorough drying of solids
for analysis and for other purposes. Its efficient operation depends upon the
condition of the desiccant; the latter should therefore be renewed at frequent
intervals, particularly if its drying capacity is low. For dealing with large
quantities of solid a vacuum desiccator is advisable.

Convenient types of ‘vacuum’ desiccators are illustrated in Fig. 3.5. Large
surfaces of the solid can be exposed; the desiccator may be evacuated, and
drying is thus much more rapid than in the ordinary Scheibler type. These
desiccators are made of heavy glass, plastics, or even metal, and are designed
to withstand reduced pressure; nevertheless, no desiccator should be evacuated
unless it is surrounded by an adequate guard in the form of a stout wire cage.

(d) (h)

Fig. 3.5

For most purposes the ‘vacuum’ produced by an efficient water pump
(20-30 mm mercury) will suffice; a guard tube containing desiccant should be
inserted between the pump and the desiccator. The sample to be dried should
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be covered with a watch or clock glass, so that no mechanical loss ensues as a
result of the removal or admission of air. Air must be admitted slowly into an
exhausted desiccator: if the substance is very hygroscopic, a drying train should
be attached to the stopcock. In order to maintain a satisfactory vacuum within
the desiccator, the flanges on both the lid and the base must be well lubricated
with Vaseline or other suitable grease. In some desiccators an elastomer ring
isincorporated in a groove in the flange of the lower component of the desiccator:
when the pressure is reduced, the ring is compressed by the lid of the desiccator,
and an air-tight seal is produced without the need for any grease. The same
desiccants are used as with an ordinary desiccator.

Dry boxes (glove boxes) which are especially intended for the manipulation
of materials which are very sensitive to atmospheric moisture (or to oxygen),
consist of a plastic or metal box provided with a window (of glass or clear
plastic) on the upper side, and sometimes also on the side walls. A pair of rubber
or plastic gloves are fitted through air-tight seals through the front side of the
box, and by placing the hands and forearms into the gloves, manipulations may
be carried out inside the box. One end of the box is fitted with an air-lock so
that apparatus and materials can be introduced into the box without disturbing
the atmosphere inside. A tray of desiccant placed inside the box will maintain
a dry atmosphere, but to counter the unavoidable leakages in such a system,
it is advisable to supply a slow current of dry air to the box; inlet and outlet
taps are provided to control this operation. If the box is flushed out before use
with an inert gas (e.g. nitrogen), and a slow stream of the gas is maintained
while the box is in use, materials which are sensitive to oxygen can be safely
handled. For a detailed discussion of the construction and uses of glove boxes,
see Ref. 10.

3.23 STIRRING APPARATUS

Many operations involving solutions of reagents require the thorough mixing
of two or more reactants, and apparatus suitable for this purpose ranges from
a simple glass stirring rod to electrically operated stirrers.

Stirring rods. These are made from glass rod 3—-5mm in diameter, cut into
suitable lengths. Both ends should be rounded by heating in the Bunsen or
blowpipe flame. The length of the stirring rod should be suitable for the size
and the shape of the vessel for which it is employed, e.g. for use with a beaker
provided with a spout, it should project 3—5 cm beyond the lip when in a resting
position.

A short piece of Teflon or of rubber tubing (or a rubber cap) fitted tightly
over one end of a stirring rod of convenient size gives the so-called ‘policeman’;
it is used for detaching particles of a precipitate adhering to the side of a vessel
which cannot be removed by a stream of water from a wash bottle: it should
not, as a rule, be employed for stirring, nor should it be allowed to remain in
a solution.

Boiling rods. Boiling liquids and liquids in which a gas, such as hydrogen
sulphide, sulphur dioxide etc., has to be removed by boiling can be prevented
from superheating and ‘bumping’ by the use of a boiling rod (Fig. 3.6). This
consists of a piece of glass tubing closed at one end and sealed approximately
1 cm from the other end; the latter end is immersed in the liquid. When the rod
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.

Fig. 3.6

is removed, the liquid in the open end must be shaken out and the rod rinsed
with a jet of water from a wash bottle. This device should not be used in solutions
which contain a precipitate.

Stirring may be conveniently effected with the so-called magnetic stirrer. A
rotating field of magnetic force is employed to induce variable-speed stirring
action within either closed or open vessels. The stirring is accomplished with
the aid of a small cylinder of iron sealed in Pyrex glass, polythene, or Teflon,
which is caused to rotate by a rotating magnet.

The usual type of glass paddle stirrer is also widely used in conjunction with
an electric motor fitted with either a transformer-type, or a solid-state, speed
controller. The stirrer may be either connected directly to the motor shaft or
to a spindle actuated by a gear box which forms an integral part of the motor
housing; by these means, wide variation in stirrer speed can be achieved.

Under some circumstances, €.g. the dissolution of a sparingly soluble solid,
it may be more advantageous to make use of a mechanical shaker. Various
models are available, ranging from ‘wrist action shakers’ which will accommodate
small-to-moderate size flasks, to those equipped with a comparatively powerful
electric motor and capable of shaking the contents of large bottles vigorously.

3.24 FILTRATION APPARATUS

The simplest apparatus used for filtration is the filter funnel fitted with a filter
paper. The funnel should have an angle as close to 60° as possible, and a long
stem (15cm) to promote rapid filtration. Filter papers are made in varying
grades of porosity, and one appropriate to the type of material to be filtered
must be chosen (see Section 3.34).

In the majority of quantitative determinations involving the collection and
weighing of a precipitate, it is convenient to be able to collect the precipitate
in a crucible in which it can be weighed directly, and various forms of filter
crucible have been devised for this purpose. Sintered glass crucibles are made
of resistance glass and have a porous disc of sintered ground glass fused into
the body of the crucible. The filter disc is made in varying porosities as indicated
by numbers from O (the coarsest) to 5 (the finest); the range of pore diameter
for the various grades is as follows:

Porosity 0 1 2 3 4 5
Pore diameter gm  200-250 100-120 40-50 20-30 5-10 1-2
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Porosity 3 is suitable for precipitates of moderate particle size, and porosity 4
for fine precipitates such as barium sulphate. These crucibles should not be
heated above about 200 °C.

Silica crucibles of similar pattern are also available, and, although expensive,
have certain advantages in thermal stability.

Filter crucibles with a porous filter base are available in porcelain (porosity 4),
insilica (porosities 1, 2, 3,4), and in alumina (coarse, medium and fine porosities):
these have the advantage as compared with sintered crucibles, of being capable
of being heated to much higher temperatures. Nevertheless, the heating must
be gradual otherwise the crucible may crack at the join between porous base
and glazed side.

For filtering large quantities of material, a Buchner funnel is usually
employed; alternatively, one of the modified funnels shown diagrammatically
in Fig. 3.7 may be used. Here (a) is the ordinary porcelain Buchner funnel, (b)
is the ‘slit sieve’ glass funnel. In both cases, one or (better) two good-quality
filter papers are placed on the plate; the glass type is preferable since it is
transparent and it is easy to see whether the funnel is perfectly clean. Type(c)is a
Pyrex funnel with a sintered glass plate; no filter paper is required so that
strongly acidic and weakly alkaline solutions can be readily filtered with this
funnel. In all cases the funnel of appropriate size is fitted into a filter flask (d),
and the filtration conducted under the diminished pressure provided by a filter
pump or vacuum line.
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Fig. 3.7

One of the disadvantages of the porcelain Buchner funnel is that, being of
one-piece construction, the filter plate cannot be removed for thorough cleaning
and it is difficult to see whether the whole of the plate is clean on both sides.
In a modern polythene version, the funnel is made in two sections which can
be unscrewed, thus permitting inspection of both sides of the plate.

In some circumstances, separation of solid from a liquid is better achieved
by use of a centrifuge than by filtration, and a small, electrically driven centrifuge
is a useful piece of equipment for an analytical laboratory. It may be employed
for removing the mother liquor from recrystallised salts, for collecting difficultly
filterable precipitates, and for the washing of certain precipitates by decantation.
It is particularly useful when small quantities of solids are involved; centrifuging,
followed by decantation and re-centrifuging, avoids transference losses and yields
the solid phase in a compact form. Another valuable application is for the
separation of two immiscible phases.
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3.25 WEIGHING BOTTLES

Most chemicals are weighed by difference by placing the material inside a
stoppered weighing bottle which is then weighed. The requisite amount of
substance is shaken out into a suitable vessel (beaker or flask), and the weight
of substance taken is determined by re-weighing the weighing bottle. In this
way, the substance dispensed receives the minimum exposure to the atmosphere
during the actual weighing process: a feature of some importance if the
material is hygroscopic.

The most convenient form of weighing bottle is one fitted with an external
cap and made of glass, polythene or polycarbonate. A weighing bottle with an
internally fitting stopper is not recommended; there is always the danger that
small particles may lodge at the upper end of the bottle and be lost when the
stopper is pressed into place.

If the substance is unaffected by exposure to the air, it may be weighed
on a watch glass, or in a disposable plastic container. The weighing funnel
(Fig. 3.8) is very useful, particularly when the solid is to be transferred to a
flask: having weighed the solid into the scoop-shaped end which is flattened so
that it will stand on the balance pan, the narrow end is inserted into the neck
of the flask and the solid washed into the flask with a stream of water from a
wash bottle.

—

Fig. 3.8

Woodward and Redman ® have described a specially designed weighing bottle
which will accommodate a small platinum crucible: when a substance has been
ignited in the crucible, the crucible is transferred to the weighing bottle and
subsequently weighed in this. This device obviates the need for a desiccator.

If the substance to be weighed is a liquid, it is placed in a weighing bottle
fitted with a cap carrying a dropping tube.

REAGENTS AND STANDARD SOLUTIONS
3.26 REAGENTS

The purest reagents available should be used for quantitative analysis; the
analytical reagent quality is generally employed. In Great Britain ‘AnalaR’
chemicals from BDH Chemicals conform to the specifications given in the
handbook ‘AnalaR’ Standards for Laboratory Chemicals.'! In the USA the
American Chemical Society committee on Analytical Reagents has established
standards for certain reagents, and manufacturers supply reagents which are
labelled ‘Conforms to ACS Specifications’. In addition, certain manufacturers
market chemicals of high purity, and each package of these analysed chemicals
has a label giving the manufacturer’s limits of certain impurities.

With the increasingly lower limits of detection being achieved in various
types of instrumental analysis, there is an ever growing demand for reagents of
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correspondingly improved specification, and some manufacturers are now
offering a range of specially purified reagents such as the BDH Ltd ‘Aristar’
chemicals, specially purified solvents for spectroscopy (e.g. BDH Ltd ‘Spectrosol’)
and specially prepared reagents for chromatography.

In some instances, where a reagent of the requisite purity is not available, it
may be advisable to weigh out a suitable portion of the appropriate pure metal
(e.g. the Johnson, Matthey ‘Specpure’ range), and to dissolve this in the
appropriate acid.

It must be remembered that the label on a bottle is not an infallible guarantee
of the purity of a chemical, for the following reasons:

(a) Some impurities may not have been tested for by the manufacturer.

(b) The reagent may have been contaminated after its receipt from the
manufacturers either by the stopper having been left open for some time,
with the consequent exposure of the contents to the laboratory atmosphere
or by the accidental return of an unused portion of the reagent to the bottle.

(c) In the case of a solid reagent, it may not be sufficiently dry. This may be
due either to insufficient drying by the manufacturers or to leakage through
the stoppers during storage, or to both of these causes.

However, if the analytical reagents are purchased from a manufacturing firm
of repute, the instructions given (a) that no bottle is to be opened for a longer
time than is absolutely necessary, and (b) that no reagent is to be returned to the
bottle after it has been removed, the likelihood of any errors arising from some
of the above possible causes is considerably reduced. Liquid reagents should be
poured from the bottle; a pipette should never be inserted into the reagent
bottle. Particular care should be taken to avoid contamination of the stopper
of the reagent bottle. When a liquid is poured from a bottle, the stopper should
never be placed on the shelf or on the working bench; it may be placed upon
a clean watchglass, and many chemists cultivate the habit of holding the stopper
between the thumb and fingers of one hand. The stopper should be returned
to the bottle immediately after the reagent has been removed, and all reagent
bottles should be kept scrupulously clean, particularly round the neck or mouth
of the bottle.

If there is any doubt as to the purity of the reagents used, they should be
tested by standard methods for the impurities that might cause errors in the
determinations. It may be mentioned that not all chemicals employed in
quantitative analysis are available in the form of analytical reagents; the purest
commercially available products should, if necessary, be purified by known
methods: see below. The exact mode of drying, if required, will vary with the
reagent; details are given for specific reagents in the text.

3.27 PURIFICATION OF SUBSTANCES

If a reagent of adequate purity for a particular determination is not available,
then the purest available product must be purified: this is most commonly done
by recrystallisation from water. A known weight of the solid is dissolved in a
volume of water sufficient to give a saturated or nearly saturated solution at
the boiling point: a beaker, conical flask or porcelain dish may be used. The
hot solution is filtered through a fluted filter paper placed in a short-stemmed
funnel, and the filtrate collected in a beaker: this process will remove insoluble
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material which is usually present. If the substance crystallises out in the funnel,
it should be filtered through a hot-water funnel. The clear hot filtrate is cooled
rapidly by immersion in a dish of cold water or in a mixture of ice and water,
according to the solubility of the solid; the solution is constantly stirred in order
to promote the formation of small crystals, which occlude less mother liquor
than larger crystals. The solid is then separated from the mother liquor by
filtration, using one of the Buchner-type funnels shown in Fig. 3.7 (Section 3.24).
When all the liquid has been filtered, the solid is pressed down on the funnel
with a wide glass stopper, sucked as dry as possible, and then washed with small
portions of the original solvent to remove the adhering mother liquor. The
recrystallised solid is dried upon clock glasses at or above the laboratory
temperature according to the nature of the material; care must of course be
taken to exclude dust. The dried solid is preserved in glass-stoppered bottles.
It should be noted that unless great care is taken when the solid is removed
from the funnel, there is danger of introducing fibres from the filter paper, or
small particles of glass from the glass filter disc: scraping of the filter paper or
of the filter disc must be avoided.

Some solids are either too soluble, or the solubility does not vary sufficiently
with temperature, in a given solvent for direct crystallisation to be practicable.
In many cases, the solid can be precipitated from, say, a concentrated aqueous
solution by the addition of a liquid, miscible with water, in which it is less
soluble. Ethanol, in which many inorganic compounds are almost insoluble, is
generally used. Care must be taken that the amount of ethanol or other solvent
added is not so large that the impurities are also precipitated. Potassium
hydrogencarbonate and antimony potassium tartrate may be purified by this
method.

Many organic compounds can be purified by recrystallisation from suitable
organic solvents, and here again, precipitation by the addition of another solvent
in which the required compound is insoluble, may be effective; while liquids
can be purified by fractional distillation.

Sublimation. This process is employed to separate volatile substances from
non-volatile impurities. Iodine, arsenic(III) oxide, ammonium chloride and a
number of organic compounds can be purified in this way. The material to be
purified is gently heated in a porcelain dish, and the vapour produced is
condensed on a flask which is kept cool by circulating cold water inside it.

Zone refining. This is a purification technique originally developed for the
refinement of certain metals, and is applicable to all substances of reasonably
low melting point which are stable at the melting temperature. In a zone refining
apparatus, the substance to be purified is packed into a column of glass or
stainless steel, which may vary in length from 15 cm (semimicro apparatus) to
1 metre. An electric ring heater which heats a narrow band of the column is
allowed to fall slowly by a motor-controlled drive, from the top to the bottom
of the column. The heater is set to produce a molten zone of material at a
temperature 2-3 °C above the melting point of the substance, which travels
slowly down the tube with the heater. Since impurities normally lower the
melting point of a substance, it follows that the impurities tend to flow down
the column in step with the heater, and thus to become concentrated in the
lower part of the tube. The process may be repeated a number of times (the
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apparatus may be programmed to reproduce automatically a given number of
cycles), until the required degree of purification has been achieved.

3.28 PREPARATION AND STORAGE OF STANDARD SOLUTIONS

In any analytical laboratory it is essential to maintain stocks of solutions of

various reagents: some of these will be of accurately known concentration (i.e.

standard solutions) and correct storage of such solutions is imperative.
Solutions may be classified as:

. reagent solutions which are of approximate concentration;

. standard solutions which have a known concentration of some chemical;

. standard reference solutions which have a known concentration of a primary
standard substance (Section 10.6);

4. standard titrimetric solutions which have a known concentration (determined

either by weighing or by standardisation) of a substance other than a primary

standard.

w N =

The IUPAC Commission on Analytical Nomenclature refers to (3) and (4)
respectively as Primary Standard Solutions and Secondary Standard Solutions.

For reagent solutions as defined above (i.e. 1) it is usually sufficient to weigh
out approximately the amount of material required, using a watchglass or a
plastic weighing container, and then to add this to the required volume of
solvent which has been measured with a measuring cylinder.

To prepare a standard solution the following procedure is followed. A
short-stemmed funnel is inserted into the neck of a graduated flask of the
appropriate size. A suitable amount of the chemical is placed in a weighing
bottle which is weighed, and then the required amount of substance is transferred
from the weighing bottle to the funnel, taking care that no particles are lost.
After the weighing bottle has been re-weighed, the substance in the funnel is
washed down with a stream of the liquid. The funnel is thoroughly washed,
inside and out, and then removed from the flask; the contents of the flask are
dissolved, if necessary, by shaking or swirling the liquid, and then made up to
the mark: for the final adjustment of volume, a dropping tube drawn out to
form a very fine jet is employed.

If a watch glass is employed for weighing out the sample, the contents are
transferred as completely as possible to the funnel, and then a wash bottle is
used to remove the last traces of the substance from the watch glass. If the
weighing scoop (Fig. 3.8; Section 3.25) is used, then of course a funnel is not
needed provided that the flask is of such a size that the end of the scoop is an
easy fit in the neck.

If the substance is not readily soluble in water, it is advisable to add the
material from the weighing bottle or the watchglass to a beaker, followed by
distilled water; the beaker and its contents are then heated gently with stirring
until the solid has dissolved. After allowing the resulting concentrated solution
to cool a little, it is transferred through the short-stemmed funnel to the
graduated flask, the beaker is rinsed thoroughly with several portions of distilled
water, adding these washings to the flask, and then finally the solution is made
up to the mark: it may be necessary to allow the flask to stand for a while
before making the final adjustment to the mark to ensure that the solution is
at room temperature. Under no circumstances may the graduated flask be heated.
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In some circumstances it may be considered preferable to prepare the standard
solution by making use of one of the concentrated volumetric solutions supplied
in sealed ampoules which only require dilution in a graduated flask to produce
a standard solution.

Solutions which are comparatively stable and unaffected by exposure to air
may be stored in 1litre or 2.5litre bottles; for work requiring the highest
accuracy, the bottles should be Pyrex, or other resistance glass, and fitted with
ground-glass stoppers: the solvent action of the solution being thus considerably
reduced. It is however necessary to use a rubber bung instead of a glass stopper
for alkaline solutions, and in many instances a polythene container may well
replace glass vessels. It should be noted, however, that for some solutions as,
for example, iodine and silver nitrate, glass containers only may be used, and
in both these cases the bottle should be made of dark (brown) glass: solutions
of EDTA (Section 10.49) are best stored in polythene containers.

The bottle should be clean and dry: a little of the stock solution is introduced,
the bottle well rinsed with this solution, drained, the remainder of the solution
poured in, and the bottle immediately stoppered. If the bottle is not dry, but
has recently been thoroughly rinsed with distilled water, it may be rinsed
successively with three small portions of the solution and drained well after
each rinsing; this procedure is, however, less satisfactory than that employing
a clean and dry vessel. Immediately after the solution has been transferred to
the stock bottle, it should be labelled with: (1) the name of the solution; (2) its
concentration; (3) the data of preparation; and (4) the initials of the person
who prepared the solution, together with any other relevant data. Unless the
bottle is completely filled, internal evaporation and condensation will cause
drops of water to form on the upper part of the inside of the vessel. For this
reason, the bottle must be thoroughly shaken before removing the stopper.

For expressing concentrations of reagents, the molar system is universally
applicable, i.e. the number of moles of solute present in 1L of solution.
Concentrations may also be expressed in terms of normality if no ambiguity is
likely to arise (see Appendix 17).

Solutions liable to be affected by access of air (e.g. alkali hydroxides which
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absorb carbon dioxide; iron(II) and titanium(III) which are oxidised) may be
stored in the apparatus shown diagrammatically in Fig. 3.9. A is a large storage
bottle of 10-15 litres capacity. B is a 50 mL burette provided with an automatic
filling device at C (the point of the drawn-out tube is adjusted to be exactly at
the zero mark of the burette), D is the burette—bottle clamp, E is a two-holed
ground-glass joint, F is a ground-glass tension joint, a rubber tube is connected
to a hydrogen cylinder and to the T-joint below L, H is a Bunsen valve, and J
is hydrogen. The burette is filled by closing tap K and passing hydrogen through
the rubber tube attached to the T-piece (below tap L) with tap L closed; taps L
and K are opened, and the excess of liquid allowed to siphon back.

Another apparatus for the storage of standard solutions is shown in Fig. 3.10
which is self-explanatory. The solution is contained in the storage bottle A, and
the SO mL burette is fitted into this by means of a ground-glass joint B. To fill
the burette, tap C is opened and the liquid pumped into the burette by means
of the small bellows E. F is a small guard tube; this is filled with soda-lime or
‘Carbosorb’ when caustic alkali is contained in the storage bottle. Bottles with
a capacity up to 2 litres are provided with standard ground-glass joints; large
bottles, up to 15 L capacity, can also be obtained. With both of these storage
vessels, for strongly alkaline solutions, the ground-glass joints should be replaced
by rubber bungs or rubber tubing.

Fig. 3.10

The Dafert pipette (Fig. 3.2; Section 3.11) is a convenient apparatus for
dispensing fixed volumes of a standard solution, as are also the various liquid
dispensers which are available.

SOME BASIC TECHNIQUES
3.29 PREPARATION OF THE SUBSTANCE FOR ANALYSIS

Presented with a large quantity of a material to be analysed, the analyst is
immediately confronted with the problem of selecting a representative sample
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for the analytical investigations. It may well be that the material is in such large
pieces that comminution is necessary in order to produce a specimen suitable
for handling in the laboratory. These important factors are considered in
Chapter 5 (Sections 5.2; 5.4), and as explained therein, the material is usually
dried at 105-110 °C before analysis.

3.30 WEIGHING THE SAMPLE

If necessary refer to Section 3.5 dealing with the operation of a chemical balance,
and to Sections 3.25 and 3.22 which are concerned with the use of weighing
bottles and desiccators respectively.

The material, prepared as above, is usually transferred to a weighing bottle
which is stoppered and stored in a desiccator. Samples of appropriate size are
withdrawn from the weighing bottle as required, the bottle being weighed before
and after the withdrawal, so that the weight of substance is obtained by difference.

Attention is drawn to vibro-spatulas which are useful adjuncts to the
weighing-out of powders. The spatula is connected to the electric mains, and
the powder is placed on the blade of the spatula. When the current is switched
on, the blade is caused to vibrate and to deposit solid gradually into the beaker
or other container over which it is held: the intensity of the vibration may be
adjusted.

3.31 SOLUTION OF THE SAMPLE

Most organic substances can be dissolved readily in a suitable organic solvent
and some are directly soluble in water or can be dissolved in aqueous solutions
of acids (basic materials) or of alkalis (acidic materials). Many inorganic
substances can be dissolved directly in water or in dilute acids, but materials
such as minerals, refractories, and alloys must usually be treated with a variety
of reagents in order to discover a suitable solvent: in such cases the preliminary
qualitative analysis will have revealed the best procedure to adopt. Each case
must be considered on its merits; no attempt at generalisation will therefore be
made. It is however of value to discuss the experimental technique of the simple
process of solution of a sample in water or in acids, and also the method of
treatment of insoluble substances.

For a substance which dissolves readily, the sample is weighed out into a
beaker, and the beaker immediately covered with a clockglass of suitable size
(its diameter should not be more than about 1 cm larger than that of the beaker)
with its convex side facing downwards. The beaker should have a spout in order
to provide an outlet for the escape of steam or gas. The solvent is then added
by pouring it carefully down a glass rod, the lower end of which rests against
the wall of the beaker; the clockglass is displaced somewhat during this process.
If a gas is evolved during the addition of the solvent (e.g. acids with carbonates,
metals, alloys, etc.), the beaker must be kept covered as far as possible during
the addition. The reagent is then best added by means of a pipette or by means
of a funnel with a bent stem inserted beneath the clockglass at the spout of the
beaker; loss by spirting or as spray is thus prevented. When the evolution of
gas has ceased and the substance has completely dissolved, the underside of the
clockglass is well rinsed with a stream of water from a wash bottle, care being
taken that the washings fall on to the side of the beaker and not directly into
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the solution. If warming is necessary, it is usually best to carry out the dissolution
in a conical flask with a small funnel in the mouth; loss of liquid by spirting is
thus prevented and the escape of gas is not hindered. When using volatile
solvents, the flask should be fitted with a reflux condenser.

It may often be necessary to reduce the volume of the solution, or sometimes
to evaporate completely to dryness. Wide and shallow vessels are most suitable,
since a large surface is thus exposed and evaporation is thereby accelerated.
Shallow beakers of resistance glass, Pyrex evaporating dishes, porcelain basins
or casseroles, silica or platinum basins may be employed; the material selected
will depend upon the extent of attack of the hot liquid upon it and upon the
constituents being determined in the subsequent analysis. Evaporations should
be carried out on the steam bath or upon a low-temperature hot plate; slow
evaporation is preferable to vigorous boiling, since the latter may lead to some
mechanical loss in spite of the precautions to be mentioned below. During
evaporations, the vessel must be covered by a Pyrex clockglass of slightly larger
diameter than the vessel, and supported either on a large all-glass triangle or
upon three small U-rods of Pyrex glass hanging over the rim of the container.
Needless to say, at the end of of the evaporation the sides of the vessel, the
lower side of the clockglass and the triangle and glass hooks (if employed)
should be rinsed with distilled water into the vessel.

For evaporation at the boiling point either a conical flask with a short Pyrex
funnel in the mouth or a round-bottomed flask inclined at an angle of about
45° may be employed; in the latter the drops of liquid, etc., thrown up by the
ebullition or by effervescence will be retained by striking the inside of the flask,
while gas and vapour will escape freely. When organic solvents are employed
the flask should be fitted with a ‘swan-neck’ tube and a condenser so that the
solvent is recovered.

Consideration must be given to the possibility of losses occurring during the
concentration procedure; for example, boric acid, halogen acids and nitric acid
are lost from boiling aqueous solutions.

Substances which are insoluble (or only slightly soluble) in water can often
be dissolved in an appropriate acid, but the possible loss of gaseous products
must be borne in mind. The evolution of carbon dioxide, hydrogen sulphide
and sulphur dioxide from carbonates, sulphides and sulphites respectively will
be immediately apparent, but less obvious are losses of boron and silicon as
the corresponding fluorides during evaporations with hydrofluoric acid, or loss
of halogen by the treatment of halides with a strong oxidising agent such as
nitric acid.

Concentrated hydrochloric acid will dissolve many metals (generally those
situated above hydrogen in the electrochemical series), as well as many metallic
oxides. Hot concentrated nitric acid dissolves most metals, but antimony, tin
and tungsten are converted to slightly soluble acids thus providing a separation
of these elements from other components of alloys. Hot concentrated sulphuric
acid dissolves many substances and many organic materials are charred and
then oxidised by this treatment.

A mixture of hydrochloric and nitric acids (3:1 by volume) known as
aqua regia is a very potent solvent largely due to its oxidising character, and
the addition of oxidants such as bromine or hydrogen peroxide frequently
increases the solvent action of acids.

Hydrofluoric acid is mainly used for the decomposition of silicates; excess
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hydrofluoric acid is removed by evaporation with sulphuric acid leaving a
residue of metallic sulphates. Complexes of fluoride ions with many metallic
cations are very stable and so the normal properties of the cation may not be
exhibited. It is therefore essential to ensure complete removal of fluoride, and
to achieve this, it may be necessary to repeat the evaporation with sulphuric
acid two or three times. Hydrofluoric acid must be handled with great care; it
causes serious and painful burns of the skin.

Perchloric acid attacks stainless steels and a number of iron alloys that do
not dissolve in other acids. Perchloric acid must be used with great care; the hot
concentrated acid gives explosive reactions with organic materials or easily
oxidised inorganic compounds, and it is recommended that if frequent reactions
and evaporations involving perchloric acid are to be performed, a fume cupboard
which is free from combustible organic materials should be used. A mixture of
perchloric and nitric acids is valuable as an oxidising solvent for many organic
materials to produce a solution of inorganic constituents of the sample. For
safety in such operations, the substance should be treated first with concentrated
nitric acid, the mixture heated, and then careful additions of small quantities
of perchloric acid can be made until the oxidation is complete. Even then, the
mixture should not be evaporated because the nitric acid evaporates first
allowing the perchloric acid to reach dangerously high concentrations. If a
mixture of nitric, perchloric and sulphuric acids (3:1:1 by volume) is used, then
the perchloric acid is also evaporated leaving a sulphuric acid solution of the
components to be analysed. In this operation the organic part of the material
under investigation is destroyed and the process is referred to as ‘wet ashing’.

Substances which are insoluble or only partially soluble in acids are brought
into solution by fusion with the appropriate reagent. The most commonly used
fusion reagents, or fluxes as they are called, are anhydrous sodium carbonate,
either alone or, less frequently, mixed with potassium nitrate or sodium peroxide;
potassium pyrosulphate, or sodium pyrosulphate; sodium peroxide; sodium
hydroxide or potassium hydroxide. Anhydrous lithium metaborate has found
favour as a flux, especially for materials containing silica;'? when the
resulting fused mass is dissolved in dilute acids, no separation of silica takes
place as it does when a sodium carbonate melt is similarly treated. Other
advantages claimed for lithium metaborate are the following.

1. No gases are evolved during the fusion or during the dissolution of the melt,
and hence there is no danger of losses due to spitting.

2. Fusions with lithium metaborate are usually quicker (15 minutes will often
suffice), and can be performed at a lower temperature than with other fluxes.

3. The loss of platinum from the crucible is less during a lithium metaborate
fusion than with a sodium carbonate fusion.

4. Many elements can be determined directly in the acid solution of the melt
without the need for tedious separations.

Naturally, the flux employed will depend upon the nature of the insoluble
substance. Thus acidic materials are attacked by basic fluxes (carbonates,
hydroxides, metaborates), whilst basic materials are attacked by acidic fluxes
( pyroborates pyrosulphates and acid fluorides). In some instances an oxidising
medium is useful, in which case sodium peroxide or sodium carbonate mixed
with sodium peroxide or potassium nitrate may be used. The vessel in which
fusion is effected must be carefully chosen; platinum crucibles are employed for
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sodium carbonate, lithium metaborate and potassium pyrosulphate; nickel or
silver crucibles, for sodium hydroxide or potassium hydroxide; nickel, gold,
silver, or iron crucibles for sodium carbonate and/or sodium peroxide; nickel
crucibles for sodium carbonate and potassium nitrate (platinum is slightly
attacked).

For the preparation of samples for X-ray fluorescence spectroscopy, lithium
metaborate is the preferred flux because lithium does not give rise to interfering
X-ray emissions. The fusion may be carried out in platinum crucibles or in
crucibles made from specially prepared graphite: these graphite crucibles can
also be used for the vacuum fusion of metal samples for the analysis of occluded
gases.

To carry out the fusion, a layer of flux is placed at the bottom of the crucible,
and then an intimate mixture of the flux and the finely divided substance added;
the crucible should be not more than about half-full, and should, generally, be
kept covered during the whole process. The crucible is very gradually heated
at first, and the temperature slowly raised to the required temperature. The final
temperature should not be higher than is actually necessary; any possible further
attack of the flux upon the crucible is thus avoided. When the fusion, which
usually takes 30—60 minutes, has been completed, the crucible is grasped by
means of the crucible tongs and gently rotated and tilted so that the molten
material distributes itself around the walls of the container and solidifies there
as a thin layer. This procedure greatly facilitates the subsequent detachment
and solution of the fused mass. When cold, the crucible is placed in a casserole,
porcelain dish, platinum basin, or Pyrex beaker (according to the nature of the
flux) and covered with water. Acid is added, if necessary, the vessel is covered
with a clockglass, and the temperature is raised to 95-100 °C and maintained
until solution is achieved.

Many of the substances which require fusion treatment to render them soluble
will in fact dissolve in mineral acids if the digestion with acid is carried out
under pressure, and consequently at higher temperatures than those normally
achieved. Such drastic treatment requires a container capable of withstanding
the requisite pressure, and also resistant to chemical attack: these conditions
are met in acid digestion vessels (bombs). These comprise a stainless-steel
pressure vessel (capacity 50 mL) with a screw-on lid and fitted with a Teflon
liner. They may be heated to 150-180°C and will withstand pressures of
80-90 atmospheres; under these conditions decomposition of refractory materials
may be accomplished in 45 minutes. Apart from the saving in time which is
achieved, and the fact that the use of expensive platinum ware is obviated, other
advantages of the method are that no losses can occur during the treatment,
and the resulting solution is free from the heavy loading of alkali metals which
follows the usual fusion procedures. A recent modification is the construction
of vessels made entirely of Teflon which can be heated in a microwave oven,
with even more rapid reaction times. A full discussion of decomposition
techniques is given in Ref. 13.

A decomposition procedure applicable to organic compounds containing
elements such as halogens, phosphorus or sulphur, consists in combustion of
the organic material in an atmosphere of oxygen; the inorganic constituents
are thus converted to forms which can be determined by titrimetric or
spectrophotometric procedures. The method was developed by Schéniger!+!?
and is usually referred to as the Schoniger Oxygen Flask Method. A number
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of reviews of the procedures have been published!®!7 giving considerable
details of all aspects of the subject.

In outline the procedure consists of carefully weighing about 5-10 mg of
sample on to a shaped piece of paper (Fig. 3.11c) which is folded in such a way
that the tail (wick) is free. This is then placed in a platinum basket or carrier
suspended from the ground-glass stopper of a 500 mL or 1 litre flask. The flask,
containing a few millilitres of absorbing solution (e.g. aqueous sodium hydroxide),
is filled with oxygen and then sealed with the stopper with the platinum basket
attached.

T
t
1
.___il——-‘
'

(a) {b) (¢)

Fig. 3.11 Conventional flasks for microdeterminations: (@) air leak design; (5) stopper
design; (c) filter paper for wrapping sample. Reproduced by permission from A. M. B.
Macdonald, in Advances in Analytical Chemistry and Instrumentation, C. N. Reilly (Ed.),
Vol. 4, Interscience, New York, 1965, p. 75.

The wick of the sample paper can either be ignited before the stopper is
placed in the flask neck, or better still ignited by remote electrical control, or
by an infrared lamp. In any case combustion is rapid and usually complete
within 5-10 seconds. After standing for a few minutes until any combustion
cloud has disappeared, the flask is shaken for 2—-3 minutes to ensure that
complete absorption has taken place. The solution can then be treated by a
method appropriate to the element being determined.

Organic sulphur is converted to sulphur trioxide and sulphur dioxide by the
combustion, absorbed in hydrogen peroxide, and the sulphur determined as
sulphate.

The combustion products of organic halides are usually absorbed in sodium
hydroxide containing some hydrogen peroxide. The resulting solutions may be
analysed by a range of available procedures. For chlorides the method most
commonly used is that of argentimetric potentiometric titration!® (see Section
15.20), whilst for bromides a mercurimetric titration'® is comparable with the
argentimetric method.

Phosphorus from organophosphorus compounds, which are combusted to
give mainly orthophosphate, can be absorbed by either sulphuric acid or nitric
acid and readily determined spectrophotometrically either by the molybdenum
blue method or as the phosphovanadomolybdate (Section 17.39).

Procedures have also been devised for the determination of metallic
constituents. Thus, mercury is absorbed in nitric acid and titrated with sodium
diethyldithiocarbamate, whilst zinc is absorbed in hydrochloric acid and
determined by an EDTA titration (see Section 10.65).
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The simplest method for decomposing an organic sample is to heat it in an
open crucible until all carbonaceous matter has been oxidised leaving a residue
of inorganic components, usually as oxide. The residue can then be dissolved
in dilute acid giving a solution which can be analysed by appropriate procedures.
This technique is referred to as dry ashing; it is obviously inapplicable when
the inorganic component is volatile. Under these conditions the wet ashing
procedure described under perchloric acid must be used. A full discussion of
the destruction of organic matrices is given in Ref. 20.

3.32 PRECIPITATION

The conditions for precipitation of inorganic substances are givenin Section 11.6.
Precipitations are usually carried out in resistance-glass beakers, and the
solution of the precipitant is added slowly (for example, by means of a pipette,
burette, or tap funnel) and with efficient stirring of the suitably diluted solution.
The addition must always be made without splashing; this is best achieved by
allowing the solution of the reagent to flow down the side of the beaker or
precipitating vessel. Only a moderate excess of the reagent is generally required;
a very large excess may lead to increasing solubility (compare Section 2.6) or
contamination of the precipitate. After the precipitate has settled, a few drops
of the precipitant should always be added to determine whether further
precipitation occurs. As a general rule, precipitates are not filtered off immediately
after they have been formed; most precipitates, with the exception of those which
are definitely colloidal, such asiron(III} hydroxide, require more or less digestion
(Section 11.5) to complete the precipitation and make all particles of filterable
size. In some cases digestion is carried out by setting the beaker aside and
leaving the precipitate in contact with the mother liquor at room temperature
for 12-24 hours; in others, where a higher temperature is permissible, digestion
is usually effected near the boiling point of the solution. Hot plates, water baths,
or even a low flame if no bumping occurs, are employed for the latter purpose;
in all cases the beaker should be covered with a clockglass with the convex side
turned down. If the solubility of the precipitate is appreciable, it may be necessary
to allow the solution to attain room temperature before filtration.

3.33 FILTRATION

This operation is the separation of the precipitate from the mother liquor, the
object being to get the precipitate and the filtering medium quantitatively free
from the solution. The media employed for filtration are: (1) filter paper;
(2) porous fritted plates of resistance glass, e.g. Pyrex (sintered-glass filtering
crucibles), of silica (Vitreosil filtering crucibles), or of porcelain (porcelain
filtering crucibles): see Section 3.24.

The choice of the filtering medium will be controlled by the nature of the
precipitate (filter paper is especially suitable for gelatinous precipitates) and
also by the question of cost. The limitations of the various filtering media are
given in the account which follows.

3.34 FILTER PAPERS

Quantitative filter papers must have a very small ash content; this is achieved
during manufacture by washing with hydrochloric and hydrofluoric acids. The
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sizes generally used are circles of 7.0, 9.0, 11.0, and 12.5 cm diameter, those of
9.0 and 11.0 cm being most widely employed. The ash of a 11 ¢m circle should
not exceed 0.0001 g; if the ash exceeds this value, it should be deducted from
the weight of the ignited residue. Manufacturers give values for the average ash
per paper: the value may also be determined, if desired, by igniting several filter
papers in a crucible. Quantitative filter paper is made of various degrees of
porosity. The filter paper used must be of such texture as to retain the smallest
particles of precipitate and yet permit of rapid filtration. Three textures are
generally made, one for very fine precipitates, a second for the average precipitate
which contains medium-sized particles, and a third for gelatinous precipitates
and coarse particles. The speed of filtration is slow for the first, fast for the third,
and medium for the second. ‘Hardened’ filter papers are made by further
treatment of quantitative filter papers with acid; these have an extremely small
ash, a much greater mechanical strength when wet, and are more resistant to
acids and alkalis: they should be used in all quantitative work. The characteristics
of the Whatman series of hardened ashless filter papers are shown in Table 3.7.

Table 3.7 ‘Whatman’ quantitative filter papers

Filter paper Hardened ashless

Number 540 541 542
Speed Medium  Fast Slow
Particle size retention  Medium  Coarse  Fine
Ash (%) 0.008 0.008 0.008

The size of the filter paper selected for a particular operation is determined
by the bulk of the precipitate, and not by the volume of the liquid to be filtered.
The entire precipitate should occupy about a third of the capacity of the filter
at the end of the filtration. The funnel should match the filter paper in size; the
folded paper should extend to within 1-2 cm of the top of the funnel, but never
closer than 1 cm.

A funnel with an angle as nearly 60° as possible should be employed; the
stem should have a length of about 15 cm in order to promote rapid filtration.
The filter paper must be carefully fitted into the funnel so that the upper portion
beds tightly against the glass. To prepare the filter paper for use, the dry paper
is usually folded exactly in half and exactly again in quarters. The folded paper
is then opened so that a 60° cone is formed with three thicknesses of paper on
the one side and a single thickness on the other; the paper is then adjusted to
fit the funnel. The paper is placed in the funnel, moistened thoroughly with
water, pressed down tightly to the sides of the funnel, and then filled with water.
If the paper fits properly, the stem of the funnel will remain filled with liquid
during the filtration.

To carry out a filtration, the funnel containing the properly fitted paper is
placed in a funnel stand (or is supported vertically in some other way) and a
clean beaker placed so that the stem of the funnel just touches the side; this
will prevent splashing. The liquid to be filtered is then poured down a glass rod
into the filter, directing the liquid against the side of the filter and not into the
apex; the lower end of the stirring rod should be very close to, but should not
quite touch, the filter paper on the side having three thicknesses of paper. The
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paper is never filled completely with the solution; the level of the liquid should
not rise closer than to within 5—10 mm of the top of the paper. A precipitate
which tends to remain in the bottom of the beaker should be removed by holding
the glass rod across the beaker, tilting the beaker, and directing a jet of water
from a wash bottle so that the precipitate is rinsed into the filter funnel. This
procedure may also be adopted to transfer the last traces of the precipitate in
the beaker to the filter. Any precipitate which adheres firmly to the side of the
beaker or to the stirring rod may be removed with a rubber tipped rod or
‘policeman’ (Section 3.23).

Filtration by suction is rarely necessary: with gelatinous and some finely
divided precipitates, the suction will draw the particles into the pores of the
paper, and the speed of filtration will actually be reduced rather than increased.

3.35 CRUCIBLES WITH PERMANENT POROUS PLATES

Reference has already been made in Section 3.24 to these crucibles and to
crucibles with a porous base. In use, the crucible is supported in a special holder,
known as a crucible adapter, by means of a wide rubber tube (Fig. 3.12); the
bottom of the crucible should be quite free from the side of the funnel and from
the rubber gasket, the latter in order to be sure that the filtrate does not come
into contact with the rubber. The adapter passes through a one-holed rubber
bung into a large filter flask of about 750 mL capacity. The tip of the funnel
must project below the side arm of the filter flask so that there is no risk that
the liquid may be sucked out of the filter flask. The filter flask should be coupled
with another flask of similar capacity, and the latter connected to a water filter
pump; if the water in the pump should ‘suck back’, it will first enter the empty
flask and the filtrate will not be contaminated. It is advisable also to have some
sort of pressure regulator to limit the maximum pressure under which filtration
is conducted. A simple method is to insert a glass tap in the second filter flask,
as in the figure; alternatively, a glass T-piece may be introduced between the
receiver and the pump, and one arm closed either by a glass tap or by a piece
of heavy rubber tubing (‘pressure’ tubing) carrying a screw clip.

To pump

Fig. 3.12

When the apparatus is assembled, the crucible is half-filled with distilled
water, then gentle suction is applied to draw the water through the crucible.
When the water has passed through, suction is maintained for 1-2 minutes to
remove as much water as possible from the filter plate. The crucible is then
placed on a small ignition dish or saucer or upon a shallow-form Vitreosil
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capsule and dried to constant weight at the same temperature as that which
will be subsequently used in drying the precipitate. For temperatures up to
about 250 °C a thermostatically controlled electric oven should be used. For
higher temperatures, the crucible may be heated in an electrically heated muffle
furnace. In all cases the crucible is allowed to coolin a desiccator before weighing.

When transferring a precipitate into the crucible, the same procedure is
employed as described in Section 3.34 referring to the use of filter papers: care
must be taken that the liquid level in the crucible is never less than 1 cm from
the top of the crucible.

Care must be taken with both sintered glass and porous base crucibles to
avoid attempting the filtration of materials that may clog the filter plate. A new
crucible should be washed with concentrated hydrochloric acid and then with
distilled water. The crucibles are chemically inert and are resistant to all solutions
which do not attack silica; they are attacked by hydrofluoric acid, fluorides,
and strongly alkaline solutions.

Crucibles fitted with permanent porous plates are cleaned by shaking out as
much of the solid as possible, and then dissolving out the remainder of the solid
with a suitable solvent. A hot 0.1 M solution of the tetrasodium salt of the
ethylenediaminetetra-acetic acid is an excellent solvent for many of the
precipitates [ except metallic sulphides and hexacyanoferrates(III)] encountered
in analysis. These include barium sulphate, calcium oxalate, calcium phosphate,
calcium oxide, lead carbonate, lead iodate, lead oxalate, and ammonium
magnesium phosphate. The crucible may either be completely immersed in the
hot reagent or the latter may be drawn by suction through the crucible.

3.36 WASHING PRECIPITATES

Most precipitates are produced in the presence of one or more soluble
compounds. Since the latter are frequently not volatile at the temperature at
which the precipitate is ultimately dried, it is necessary to wash the precipitate
to remove such material as completely as possible. The minimum volume of
the washing liquid required to remove the objectionable matter should be used,
since no precipitate is absolutely insoluble. Qualitative tests for the removal of
the impurities should be made on small volumes of the filtered washing solution.
Furthermore, it is better to wash with a number of small portions of the washing
liquid, which are well drained between each washing, than with one or two
large portions, or by adding fresh portions of the washing liquid while solution
still remains on the filter (see Section 11.8).

The ideal washing liquid should comply as far as possible with the following
conditions.

1. It should have no solvent action upon the precipitate, but dissolve foreign
substances easily.

It should have no dispersive action on the precipitate.

It should form no volatile or insoluble product with the precipitate.

It should be easily volatile at the temperature of drying of the precipitate.
It should contain no substance which is likely to interfere with subsequent
determinations in the filtrate.

SNbhwio

In general, pure water should not be used unless it is certain that it will not
dissolve appreciable amounts of the precipitate or peptise it. If the precipitate
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is appreciably soluble in water, a common ion is usually added, since any
electrolyte is less soluble in a dilute solution containing one of its ions than it
is in pure water (Section 2.7); as an example the washing of calcium oxalate
with dilute ammonium oxalate solution may be cited. If the precipitate tends
to become colloidal and pass through the filter paper (this is frequently observed
with gelatinous or flocculent precipitates), a wash solution containing an
electrolyte must be employed (compare Section 11.3). The nature of the
electrolyte is immaterial, provided it has no action upon the precipitate during
washing and is volatilised during the final heating. Ammonium salts are usually
selected for this purpose: thus ammonium nitrate solution is employed for
washing iron(III) hydroxide. In some cases it is possible to select a solution
which will both reduce the solubility of the precipitate and prevent peptisation;
for example, the use of dilute nitric acid with silver chloride. Some precipitates
tend to oxidise during washing; in such instances the precipitate cannot be
allowed to run dry, and a special washing solution which re-converts the oxidised
compounds into the original condition must be employed, e.g. acidified hydrogen
sulphide water for copper sulphide. Gelatinous precipitates, like aluminium
hydroxide, require more washing than crystalline ones, such as calcium oxalate.

In most cases, particularly if the precipitate settles rapidly or is gelatinous,
washing by decantation may be carried out. As much as possible of the liquid
above the precipitate is transferred to the prepared filter (either filter paper or
filter crucible), observing the usual precautions, and taking care to avoid, as far
as possible, disturbing the precipitate. Twenty to fifty millilitres of a suitable
wash liquid is added to the residue in the beaker, the solid stirred up and allowed
to settle. If the solubility of the precipitate allows, the solution should be heated,
since the rate of filtration will thus be increased. When the supernatant liquid
is clear, as much as possible of the liquid is decanted through the filtering
medium. This process is repeated three to five times (or as many times as is
necessary) before the precipitate is transferred to the filter. The main bulk of
the precipitate is first transferred by mixing with the wash solution and pouring
off the suspension, the process being repeated until most of the solid has been
removed from the beaker. Precipitate adhering to the sides and bottom of the
beaker is then transferred to the filter with the aid of a wash bottle as described
in Section 3.34, using a ‘policeman’ if necessary to transfer the last traces of
precipitate. Finally, a wash bottle is used to wash the precipitate down to the
bottom of the filter paper or to the plate of the filter crucible.

In all cases, tests for the completeness of washing must be made by collecting
a small sample of the washing solution after it is estimated that most of the
impurities have been removed, and applying an appropriate qualitative test.
Where filtration is carried out under suction, a small test-tube is placed under
the crucible adapter.

3.37 DRYING AND IGNITING PRECIPITATES

After a precipitate has been filtered and washed, it must be brought to a constant
composition before it can be weighed. The further treatment will depend both
upon the nature of the precipitate and upon that of the filtering medium; this
treatment consists in drying or igniting the precipitate. Which of the latter two
terms is employed depends upon the temperature at which the precipitate is
heated. There is, however, no definite temperature below or above which the
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precipitate is said to be dried or ignited respectively. The meaning will be
adequately conveyed for our purpose if we designate drying when the temperature
is below 250 °C (the maximum temperature which is readily reached in the usual
thermostatically controlled, electric drying-oven), and ignition above 250 °C up
to, say 1200 °C. Precipitates that are to be dried should be collected on filter
paper, or in sintered-glass or porcelain filtering crucibles. Precipitates that are
to be ignited are collected on filter paper, porcelain filtering crucibles, or silica
filtering crucibles. Ignition is simply effected by placing in a special ignition dish
and heating with the appropriate burner; alternatively, these crucibles (and,
indeed, any type of crucible) may be placed in an electrically heated muffle
furnace, which is equipped with a pyrometer and a means for controlling the
temperature.

Attention is directed to the information provided by thermogravimetric
analysis?’?? concerning the range of temperature to which a precipitate
should be heated for a particular composition. In general, thermal gravimetric
curves seem to suggest that in the past precipitates were heated for too long a
period and at too high a temperature. It must, however, be borne in mind that
in some cases the thermal gravimetric curve is influenced by the experimental
conditions of precipitation, and even if a horizontal curve is not obtained, it is
possible that a suitable weighing form may be available over a certain
temperature range. Nevertheless, thermograms do provide valuable data
concerning the range of temperature over which a precipitate has a constant
composition under the conditions that the thermogravimetric analysis was made;
these, at the very least, provide a guide for the temperature at which a precipitate
should be dried and heated for quantitative work, but due regard must be paid
to the general chemical properties of the weighing form.

Although precipitates which require ignition will usually be collected in
porcelain or silica filtering crucibles, there may be some occasions where filter
paper has been used, and it is therefore necessary to describe the method to be
adopted in such cases. The exact technique will depend upon whether the
precipitate may be safely ignited in contact with the filter paper or not. It must
be remembered that some precipitates, such as barium sulphate, may be reduced
or changed in contact with filter paper or its decomposition products.

A. Incineration of the filter paper in the presence of the precipitate. A silica
crucible is first ignited to constant weight (i.e. to within 0.0002 g) at the same
temperature as that to which the precipitate is ultimately heated. The well-
drained filter paper and precipitate are carefully detached from the funnel; the
filter paper is folded so as to enclose the precipitate completely, care being taken
not to tear the paper. The packet is placed point-down in the weighed crucible,
which is supported on a pipe-clay, or better, a silica triangle resting on a ring
stand. The crucible is slightly inclined, and partially covered with the lid, which
should rest partly on the triangle. A very small flame is then placed under the
crucible lid; drying thus proceeds quickly and without undue risk. When the
moisture has been expelled, the flame is increased slightly so as to carbonise
the paper slowly. The paper should not be allowed to inflame, as this may cause
a mechanical expulsion of fine particles of the precipitate owing to the rapid
escape of the products of combustion: if, by chance, it does catch fire, the flame
should be extinguished by momentarily placing the cover on the mouth of the
crucible with the aid of a pair of crucible tongs. When the paper has completely
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carbonised and vapours are no longer evolved, the flame is moved to the back
(bottom) of the crucible and the carbon slowly burned off while the flame is
gradually increased.* After all the carbon has been burned away, the crucible
is covered completely (if desired, the crucible may be placed in a vertical position
for this purpose) and heated to the required temperature by means of a Bunsen
burner. Usually it takes about 20 minutes to char the paper, and 30—60 minutes
to complete the ignition

When the ignition is ended, the flame is removed and, after 1-2 minutes, the
crucible and lid are placed in a desiccator containing a suitable desiccant
(Section 3.22), and allowed to cool for 25—30 minutes. The crucible and lid are
then weighed. The crucible and contents are then ignited at the same temperature
for 10—20 minutes, allowed to cool in a desiccator as before, and weighed again.
The ignition is repeated until constant weight is attained. Crucibles should
always be handled with clean crucible tongs and preferably with platinum-tipped
tongs.

It is important to note that ‘heating to constant weight’ has no real
significance unless the periods of heating, cooling of the covered crucible, and
weighing are duplicated.

B. Incineration of the filter paper apart from the precipitate. This method is
employed in all those cases where the ignited substance is reduced by the burning
paper; for example, barium sulphate, lead sulphate, bismuth oxide, copper oxide,
etc. The funnel containing the precipitate is covered by a piece of qualitative
filter paper upon which is written the formula of the precipitate and the name
of the owner; the paper is made secure by crumpling its edges over the rim of
the funnel so that they will engage the outer conical portion of the funnel. The
funnel is placed in a drying oven maintained at 100-105 °C, for 1-2 hours or
until completely dry. A sheet of glazed paper about 25c¢m square (white or
black, to contrast with the colour of the precipitate) is placed on the bench
away from all draughts. The dried filter is removed from the funnel, and as
much as possible of the precipitate is removed from the paper and allowed to
drop on a clockglass resting upon the glazed paper. This is readily done by
very gently rubbing the sides of the filter paper together, when the bulk of the
precipitate becomes detached and drops upon the clockglass. Any small particles
of the precipitate which may have fallen upon the glazed paper are brushed
into the clockglass with a small camel-hair brush. The clockglass containing
the precipitate is then covered with a larger clockglass or with a beaker. The
filter paper is now carefully folded and placed inside a weighed porcelain or
silica crucible. The crucible is placed on a triangle and the filter paper incinerated
as detailed above. The crucible is allowed to cool, and the filter ash subjected
to a suitable chemical treatment in order to convert any reduced or changed
material into the form finally desired. The cold crucible is then placed upon the
glazed paper and the main part of the precipitate carefully transferred from the
clockglass to the crucible. A small camel-hair brush will assist in the transfer.
Finally, the precipitate is brought to constant weight by heating to the necessary
temperature as detailed under A.

*If the carbon on the lid is oxidised only slowly, the cover may be heated separately in a flame. It
is, of course, held in clean crucible tongs.
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CHAPTER 4
ERRORS AND STATISTICS

4.1 LIMITATIONS OF ANALYTICAL METHODS

The function of the analyst is to obtain a result as near to the true value as
possible by the correct application of the analytical procedure employed. The
level of confidence that the analyst may enjoy in his results will be very small
unless he has knowledge of the accuracy and precision of the method used as
well as being aware of the sources of error which may be introduced. Quantitative
analysis is not simply a case of taking a sample, carrying out a single
determination and then claiming that the value obtained is irrefutable. It also
requires a sound knowledge of the chemistry involved, of the possibilities of
interferences from other ions, elements and compounds as well as of the statistical
distribution of values. The purpose of this chapter is to explain some of the
terms employed and to outline the statistical procedures which may be applied
to the analytical results.

4.2 CLASSIFICATION OF ERRORS

The errors which affect an experimental result may conveniently be divided into
‘systematic’ and ‘random’ errors.

Systematic (determinate) errors. These are errors which can be avoided, or
whose magnitude can be determined. The most important of them are:

1. Operational and personal errors. These are due to factors for which the
individual analyst is responsible and are not connected with the method or
procedure: they form part of the ‘personal equation’ of an observer. The
errors are mostly physical in nature and occur when sound analytical
technique is not followed. Examples are: mechanical loss of materials in
various steps of an analysis; underwashing or overwashing of precipitates;
ignition of precipitates at incorrect temperatures; insufficient cooling of
crucibles before weighing; allowing hygroscopic materials to absorb moisture
before or during weighing; and use of reagents containing harmful impurities.

Personal errors may arise from the constitutional inability of an individual
to make certain observations accurately. Thus some persons are unable to
judge colour changes sharply in visual titrations, which may result in a slight
overstepping of the end point.

2. Instrumental and reagent errors. These arise from the faulty construction of
balances, the use of uncalibrated or improperly calibrated weights, graduated
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glassware, and other instruments; the attack of reagents upon glassware,
porcelain, etc., resulting in the introduction of foreign materials; volatilisation
of platinum at very high temperatures; and the use of reagents containing
impurities.

3. Errors of method. These originate from incorrect sampling and from
incompleteness of a reaction. In gravimetric analysis errors may arise owing
to appreciable solubility of precipitates, co-precipitation, and post-precipitation,
decomposition, or volatilisation of weighing forms on ignition, and precipitation
of substances other than the intended ones. In titrimetric analysis errors may
occur owing to failure of reactions to proceed to completion, occurrence of
induced and side reactions, reaction of substances other than the constituent
being determined, and a difference between the observed end point and the
stoichiometric equivalence point of a reaction.

4. Additive and proportional errors. The absolute value of an additive error is
independent of the amount of the constituent present in the determination.
Examples of additive errors are loss in weight of a crucible in which a
precipitate is ignited, and errors in weights. The presence of this error is
revealed by taking samples of different weights.

The absolute value of a proportional error depends upon the amount of
the constituent. Thus a proportional error may arise from an impurity in a
standard substance, which leads to an incorrect value for the molarity of a
standard solution. Other proportional errors may not vary linearly with the
amount of the constituent, but will at least exhibit an increase with the
amount of constituent present. One example is the ignition of aluminium
oxide: at 1200 °C the aluminium oxide is anhydrous and virtually non-
hygroscopic; ignition of various weights at an appreciably lower temperature
will show a proportional type of error.

Random (indeterminate) errors. These errors manifest themselves by the slight
variations that occur in successive measurements made by the same observer
with the greatest care under as nearly identical conditions as possible. They are
due to causes over which the analyst has no control, and which, in general, are
so intangible that they are incapable of analysis. If a sufficiently large number
of observations is taken it can be shown that these errors lie on a curve of the
form shown in Fig. 4.1 (Section 4.9). An inspection of this error curve shows:
(a) small errors occur more frequently than large ones; and (b) positive and
negative errors of the same numerical magnitude are equally likely to occur.

4.3 ACCURACY

The accuracy of a determination may be defined as the concordance between
it and the true or most probable value. It follows, therefore, that systematic
errors cause a constant error (either too high or too low) and thus affect the
accuracy of a result. For analytical methods there are two possible ways of
determining the accuracy; the so-called absolute method and the comparative
method.

Absolute method. A synthetic sample containing known amounts of the
constituents in question is used. Known amounts of a constituent can be obtained
by weighing out pure elements or compounds of known stoichiometric
composition. These substances, primary standards, may be available commercially
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or they may be prepared by the analyst and subjected to rigorous purification
by recrystallisation, etc. The substances must be of known purity. The test of
the accuracy of the method under consideration is carried out by taking varying
amounts of the constituent and proceeding according to specified instructions.
The amount of the constituent must be varied, because the determinate errors
in the procedure may be a function of the amount used. The difference between
the mean of an adequate number of results and the amount of the constituent
actually present, usually expressed as parts per thousand, is a measure of the
accuracy of the method in the absence of foreign substances.

The constituent in question will usually have to be determined in the presence
of other substances, and it will therefore be necessary to know the effect of these
upon the determination. This will require testing the influence of a large number
of elements, each in varying amounts — a major undertaking. The scope of
such tests may be limited by considering the determination of the component
in a specified range of concentration in a material whose composition is more
or less fixed both with respect to the elements which may be present and their
relative amounts. It is desirable, however, to study the effect of as many foreign
elements as feasible. In practice, it is frequently found that separations will be
required before a determination can be made in the presence of varying elements;
the accuracy of the method is likely to be largely controlled by the separations
involved.

Comparative method. Sometimes, as in the analysis of a mineral, it may be
impossible to prepare solid synthetic samples of the desired composition. It is
then necessary to resort to standard samples of the material in question (mineral,
ore, alloy, etc.) in which the content of the constituent sought has been
determined by one or more supposedly ‘accurate’ methods of analysis. This
comparative method, involving secondary standards, is obviously not altogether
satisfactory from the theoretical standpoint, but is nevertheless very useful in
applied analysis. Standard samples can be obtained from various sources (see
Section 4.5).

If several fundamentally different methods of analysis for a given constituent
are available, e.g. gravimetric, titrimetric, spectrophotometric, or spectrographic,
the agreement between at least two methods of essentially different character
can usually be accepted as indicating the absence of an appreciable systematic
error in either (a systematic error is one which can be evaluated experimentally
or theoretically).

4.4 PRECISION

Precision may be defined as the concordance of a series of measurements of the
same quantity. Accuracy expresses the correctness of a measurement, and
precision the ‘reproducibility’ of a measurement (the latter definition will be
modified later). Precision always accompanies accuracy, but a high degree of
precision does not imply accuracy. This may be illustrated by the following
example.

A substance was known to contain 49.10 + 0.02 per cent of a constituent A.
The results obtained by two analysts using the same substance and the same
analytical method were as follows.
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Analyst (1) %A 49.01; 49.25; 49.08; 49.14

Correct value Average value
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49.00 49.10 49.20 49.30 49.40

The arithmetic mean is 49.12% and the results range from 49.01% to 49.25%.

Analyst (2) %A 49.40; 49.44; 49.42; 49.42

Correct value Average value
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The arithmetic mean is 49.42% and the results range from 49.40% to 49.44%.

We can summarise the results of the analyses as follows.

(a) The values obtained by Analyst 1 are accurate (very close to the correct
result), but the precision is inferior to the results given by Analyst 2. The
values obtained by Analyst 2 are very precise but are not accurate.

(b) The results of Analyst 1 face on both sides of the mean value and could be
attributed to random errors. It is apparent that there is a constant
(systematic) error present in the results of Analyst 2.

Precision was previously described as the reproducibility of a measurement.
However, the modern analyst makes a distinction between the terms ‘reproducible’
and ‘repeatable’. On further consideration of the above example:

(c) If Analyst 2 had made the determinations on the same day in rapid
succession, then this would be defined as ‘repeatable’ analysis. However, if
the determinations had been made on separate days when laboratory
conditions may vary, this set of results would be defined as ‘reproducible’.

Thus, there is a distinction between a within-run precision (repeatability) and
a between-run precision (reproducibility).
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45 MINIMISATION OF ERRORS

Systematic errors can often be materially reduced by one of the following
methods.

1. Calibration of apparatus and application of corrections. All instruments
(weights, flasks, burettes, pipettes, etc.) should be calibrated, and the
appropriate corrections applied to the original measurements. In some cases
where an error cannot be eliminated, it is possible to apply a correction for
the effect that it produces; thus an impurity in a weighed precipitate may be
determined and its weight deducted.

2. Running a blank determination. This consists in carrying out a separate
determination, the sample being omitted, under exactly the same experimental
conditions as are employed in the actual analysis of the sample. The object
is to find out the effect of the impurities introduced through the reagents and
vessels, or to determine the excess of standard solution necessary to establish
the end-point under the conditions met with in the titration of the unknown
sample. A large blank correction is undesirable, because the exact value then
becomes uncertain and the precision of the analysis is reduced.

3. Running a control determination. This consists in carrying out a determination
under as nearly as possible identical experimental conditions upon a quantity
of a standard substance which contains the same weight of the constituent
as is contained in the unknown sample. The weight of the constituent in the
unknown can then be calculated from the relation:

Result found for standard _ Weight of constituent in standard
Result found for unknown x

where x is the weight of the constituent in the unknown.

In this connection it must be pointed out that standard samples which
have been analysed by a number of skilled analysts are commercially available.
These include certain primary standards (sodium oxalate, potassium
hydrogenphthalate, arsenic(III) oxide, and benzoic acid) and ores, ceramic
materials, irons, steels, steel-making alloys, and non-ferrous alloys.

Many of these are also available as BCS Certified Reference Materials
(CRM) supplied by the Bureau of Analysed Samples Ltd, Newham Hall,
Middlesborough, UK, who also supply EURONORM Certified Reference
Materials (ERCM), the composition of which is specified on the basis of
results obtained by a number of laboratories within the EEC. BCS Reference
Materials are obtainable from the Community Bureau of Reference, Brussels,
Belgium. In the USA similar reference materials are supplied by the National
Bureau of Standards.

4. Use of independent methods of analysis. In some instances the accuracy of a
result may be established by carrying out the analysis in an entirely different
manner. Thus iron may first be determined gravimetrically by precipitation
as iron(IIT) hydroxide after removing the interfering elements, followed by
ignition of the precipitate to iron(III) oxide. It may then be determined
titrimetrically by reduction to the iron(II) state, and titration with a standard
solution of an oxidising agent, such as potassium dichromate or cerium(IV)
sulphate. Another example that may be mentioned is the determination of
the strength of a hydrochloric acid solution both by titration with a standard
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solution of a strong base and by precipitation and weighing as silver chloride.
If the results obtained by the two radically different methods are concordant,
it is highly probable that the values are correct within small limits of error.

. Running parallel determinations. These serve as a check on the result of a

single determination and indicate only the precision of the analysis. The
values obtained for constituents which are present in not too small an amount
should not vary among themselves by more than three parts per thousand.
If larger variations are shown, the determinations must be repeated until
satisfactory concordance is obtained. Duplicate, and at most triplicate,
determinations should suffice. It must be emphasised that good agreement
between duplicate and triplicate determinations does not justify the conclusion
that the result is correct; a constant error may be present. The agreement
merely shows that the accidental errors, or variations of the determinate
errors, are the same, or nearly the same, in the parallel determinations.
Standard addition. A known amount of the constituent being determined is
added to the sample, which is then analysed for the total amount of constituent
present. The difference between the analytical results for samples with and
without the added constituent gives the recovery of the amount of added
constituent. If the recovery is satisfactory our confidence in the accuracy of
the procedure is enhanced. The method is usually applied to physico-chemical
procedures such as polarography and spectrophotometry.

. Internal standards. This procedure is of particular value in spectroscopic and

chromatographic determinations. It involves adding a fixed amount of a
reference material (the internal standard) to a series of known concentrations
of the material to be measured. The ratios of the physical value (absorption
or peak size) of the internal standard and the series of known concentrations
are plotted against the concentration values. This should give a straight line.
Any unknown concentration can then be determined by adding the same
quantity of internal standard and finding where the ratio obtained falls on
the concentration scale.

. Amplification methods. In determinations in which a very small amount of

material is to be measured this may be beyond the limits of the apparatus
available. In these circumstances if the small amount of material can be
reacted in such a way that every molecule produces two or more molecules
of some other measurable material, the resultant amplification may then
bring the quantity to be determined within the scope of the apparatus or
method available.

. Isotopic dilution. A known amount of the element being determined,

containing a radioactive isotope, is mixed with the sample and the element
is isolated in a pure form (usually as a compound), which is weighed or
otherwise determined. The radioactivity of the isolated material is measured
and compared with that of the added element: the weight of the element in
the sample can then be calculated.

4.6 SIGNIFICANT FIGURES AND COMPUTATIONS

The term ‘digit’ denotes any one of the ten numerals, including the zero. A
significant figure is a digit which denotes the amount of the quantity in the
place in which it stands. The digit zero is a significant figure except when it is
the first figure in a number. Thus in the quantities 1.2680 g and 1.0062 g the
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zero is significant, but in the quantity 0.0025 kg the zeros are not significant
figures; they serve only to locate the decimal point and can be omitted by proper
choice of units, i.e. 2.5 g. The first two numbers contain five significant figures,
but 0.0025 contains only two significant figures.

Observed quantities should be recorded with one uncertain figure retained.
Thus in most analyses weights are determined to the nearest tenth of a
milligram, e.g. 2.1546 g. This means that the weight is less than 2.1547 g and
more than 2.1545 g. A weight of 2.150 g would signify that it has been determined
to the nearest milligram, and that the weight is nearer to 2.150 g than it is to
either 2.151 g or 2.149 g. The digits of a number which are needed to express
the precision of the measurement from which the number was derived are known
as significant figures.

There are a number of rules for computations with which the student should
be familiar.

1. Retain as many significant figures in a result or in any data as will give only
one uncertain figure. Thus a volume which is known to be between 20.5 mL
and 20.7 mL should be written as 20.6 mL, but not as 20.60 mL, since the
latter would indicate that the value lies between 20.59 mL and 20.61 mL.
Also, if a weight, to the nearest 0.1 mg, is 5.2600 g, it should not be written
as 5.260 g or 5.26 g, since in the latter case an accuracy of a centigram is
indicated and in the former a milligram.

2. In rounding off quantities to the correct number of significant figures, add
one to the last figure retained if the following figure (which has been rejected)
is 5 or over. Thus the average 0f0.2628,0.2623, and 0.2626 is 0.2626 (0.2625,).

3. In addition or subtraction, there should be in each number only as many
significant figures as there are in the least accurately known number. Thus the
addition

168.11 4+ 7.045 + 0.6832
should be written
168.11 + 7.05 + 0.68 = 175.84

The sum or difference of two or more quantities cannot be more precise than
the quantity having the largest uncertainty.

4. In multiplication or division, retain in each factor one more significant figure
than is contained in the factor having the largest uncertainty. The percentage
precision of a product or quotient cannot be greater than the percentage
precision of the least precise factor entering into the calculation. Thus the
multiplication

1.26 x 1.236 x 0.6834 x 24.8652
should be carried out using the values
1.26 x 1.236 x 0.683 x 24.87

and the result expressed to three significant figures.

4.7 THE USE OF CALCULATORS AND MICROCOMPUTERS

The advent of reasonably priced hand-held calculators has replaced the use of
both logarithms and slide-rules for statistical calculations. In addition to the
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normal arithmetic functions, a suitable calculator for statistical work should
enable the user to evaluate the mean and standard deviation (Section 4.8), linear
regression and correlation coefficient (Section 4.16). The results obtained by
the use of the calculator must be carefully scrutinised to ascertain the
number of significant figures to be retained, and should always be checked
against a ‘rough’ arithmetical calculation to ensure there are no gross
computational errors. Microcomputers are used for processing large amounts
of data. Although computer programming is outside the scope of this book it
should be pointed out that standard programs now exist in BASIC, and other
high-level computer languages (see Bibliography, Section 5.7).

The microcomputer may also be interfaced with most types of electronic
equipment used in the laboratory. This facilitates the collection and processing
of the data, which may be stored on floppy or hard discs for later use.

There is a large amount of commercial software available for performing the
statistical calculations described later in this chapter, and for more advanced
statistical tests beyond the scope of this text.

4.8 MEAN AND STANDARD DEVIATION

When a quantity is measured with the greatest exactness of which the instrument,
method, and observer are capable, it is found that the results of successive
determinations differ among themselves to a greater or lesser extent. The average
value is accepted as the most probable. This may not always be the true value.
In some cases the difference may be small, in others it may be large; the reliability
of the result depends upon the magnitude of this difference. It is therefore of
interest to enquire briefly into the factors which affect and control the
trustworthiness of chemical analysis.

The absolute error of a determination is the difference between the observed
or measured value and the true value of the quantity measured. It is a measure
of the accuracy of the measurement.

The relative error is the absolute error divided by the true value; it is usually
expressed in terms of percentage or in parts per thousand. The true or absolute
value of a quantity cannot be established experimentally, so that the observed
result must be compared with the most probable value. With pure substances
the quantity will ultimately depend upon the relative atomic mass of the
constituent elements. Determinations of the relative atomic mass have been
made with the utmost care, and the accuracy obtained usually far exceeds that
attained in ordinary quantitative analysis; the analyst must accordingly accept
their reliability. With natural or industrial products, we must accept provisionally
the results obtained by analysts of repute using carefully tested methods. If
several analysts determine the same constituent in the same sample by different
methods, the most probable value, which is usually the average, can be deduced
from their results. In both cases, the establishment of the most probable value
involves the application of statistical methods and the concept of precision.

In analytical chemistry one of the most common statistical terms employed
is the standard deviation of a population of observations. This is also called
the root mean square deviation as it is the square root of the mean of the sum
of the squares of the differences between the values and the mean of those values
(this is expressed mathematically below) and is of particular value in connection
with the normal distribution.
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If we consider a series of n observations arranged in ascending order of
magnitude:

X15X25X3, e s Xp_15Xns

the arithmetic mean (often called simply the mean) is given by:

XXt X3t H Xt X,
n

X

The spread of the values is measured most efficiently by the standard deviations
defined by:

s = /(X1—2)2+(x2—)2)2+...(x,,—)E)z

n—1

In this equation the denominator is (n — 1) rather than n when the number
of values is small.
The equation may also be written as:

Z(x —x)?
n—1
The square of the standard deviation is called the variance. A further measure

of precision, known as the Relative Standard Deviation (R.S.D.), is given by:

RSD. =

| «»

This measure is often expressed as a percentage, known as the coefficient of
variation (C.V.):

_s><100

C.V.
x

Example 1. Analyses of a sample of iron ore gave the following percentage
values for the iron content: 7.08, 7.21, 7.12, 7.09, 7.16, 7.14, 7.07, 7.14, 7.18, 7.11.
Calculate the mean, standard deviation and coefficient of variation for the values.

Results (x) X—X (x —x)?
7.08 —-0.05 0.0025
7.21 0.08 0.0064
7.12 —-0.01 0.0001
7.09 —0.04 0.0016
7.16 0.03 0.0009
7.14 0.01 0.0001
7.07 —0.06 0.0036
7.14 0.01 0.0001
7.18 0.05 0.0025
7.11 —-0.02 0.0004

Tx=71.30 T(x — X)? = 0.0182

Mean x 7.13 per cent
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_ [oo1s2

9

4/ 0.0020

+0.045 per cent

0045 x 100
T 713

The mean of several readings (x) will make a more reliable estimate of the
true mean (u) than is given by one observation. The greater the number of
measurements (n), the closer will the sample average approach the true mean.
The standard error of the mean s, is given by:

C. V. = 0.63 per cent

N
S, = —=

Jn
In the above example,
.04

o
Wi

s, = + = 40014

3

and if 100 measurements were made,
5= + 208 00043
100

Hence the precision of a measurement may be improved by increasing the
number of measurements.

4.9 DISTRIBUTION OF RANDOM ERRORS

In the previous section (4.8) it has been shown that the spread of a series of
results obtained from a given set of measurements can be ascertained from the
value of the standard deviation. However, this term gives no indication as to
the manner in which the results are distributed.

If a large number of replicate readings, at least 50, are taken of a continuous
variable, e.g. a titrimetric end-point, the results attained will usually be
distributed about the mean in a roughly symmetrical manner. The mathematical
model that best satisfies such a distribution of random errors is called the
Normal (or Gaussian) distribution. This is a bell-shaped curve that is symmetrical
about the mean as shown in Fig. 4.1.

The curve satisfies the equation:

1 —(x—u)
€ 2

c./2m

It is important to know that the Greek letters o and u refer to the standard
deviation and mean respectively of a total population, whilst the Roman letters
s and x are used for samples of populations, irrespective of the values of the
population mean and the population standard deviation.

With this type of distribution about 68 per cent of all values will fall within
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Fig. 4.1

one standard deviation on either side of the mean, 95 per cent will fall within
two standard deviations, and 99.7 per cent within three standard deviations.

From the worked example (Example 1 in Section 4.8) for the analysis of an
iron ore sample, the standard deviation is found to be +0.045 per cent. If the
assumption is made that the results are normally distributed, then 68 per cent
(approximately seven out of ten results) will be between +0.045 per cent and
95 per cent will be between +0.090 per cent of the mean value. It follows that
there will be a 5 per cent probability (1 in 20 chance) of a result differing from
the mean by more than +0.090 per cent, and a 1 in 40 chance of the result
being 0.090 per cent higher than the mean.

4.10 RELIABILITY OF RESULTS

Statistical figures obtained from a set of results are of limited value by themselves.
Analysis of the results can be considered in two main categories: (a) the reliability
of the results; and (b) comparison of the results with the true value or with
other sets of data (Section 4.12).

A most important consideration is to be able to arrive at a sensible decision
as to whether certain results may be rejected. It must be stressed that values
should be rejected only when a suitable statistical test has been applied or when
there is an obvious chemical or instrumental reason that could justify exclusion
of a result. Too frequently, however, there is a strong temptation to remove
what may appear to be a ‘bad’ result without any sound justification. Consider
the following example.

Example 2. The following values were obtained for the determination of
cadmium in a sample of dust: 4.3, 4.1, 4.0, 3.2 ug g~ 1. Should the last value, 3.2,
be rejected?

The Q test may be applied to solve this problem.

|Questionable value — Nearest value|

Largest value — Smallest value
_132-40] 08

= =—=0727
43-32 1.1
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If the calculated value of Q exceeds the critical value given in the Q table
(Appendix 14), then the questionable value may be rejected.

In this example Q calculated is 0.727 and Q critical, for a sample size of four,
is 0.831. Hence the result 3.2 ug g~ ! should be retained. If, however, in the above
example, three additional measurements were made, with the results:

4.3,4.1,4.0,3.2,42,39,40ugg™!
Then

0 - 132-39] 07 _ 0.636
T 43-32 L1

The value of Q critical for a sample size of seven is 0.570, so rejection of the
value 3.2 ug g~ ! is justified.
It should be noted that the value Q has no regard to algebraic sign.

4.11 CONFIDENCE INTERVAL

When a small number of observations is made, the value of the standard
deviation s, does not by itself give a measure of how close the sample mean x
might be to the true mean. It is, however, possible to calculate a confidence
interval to estimate the range within which the true mean may be found. The
limits of this confidence interval, known as the confidence limits, are given by
the expression:

.. . ts
Confidence limits of g, for n replicate measurements, 4 = X + —= (1)

Jn
where ¢ is a parameter that depends upon the number of degrees of freedom
(v) (Section 4.12) and the confidence level required. A table of the values of ¢
at different confidence levels and degrees of freedom (v} is given in Appendix 12.

Example 3. The mean (x) of four determinations of the copper content of a
sample of an alloy was 8.27 per cent with a standard deviation s = 0.17 per cent.
Calculate the 95% confidence limit for the true value.

From the t-tables, the value of ¢ for the 95 per cent confidence level with
(n—1), ie. three degrees of freedom, is 3.18.

Hence from equation (1), the 95 per cent confidence level,

3.18 x 0.17

/A

= 8.27 + 0.27 per cent
Thus, there is 95 per cent confidence that the true value of the copper content
of the alloy lies in the range 8.00 to 8.54 per cent.

If the number of determinations in the above example had been 12, then
the reader may wish to confirm that

220 x0.17

Ji2

= 8.27+0.11 per cent

95%(C.L.) for u = 827+

95%(C.L.) for u = 827+
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Hence, on increasing the number of replicate determinations both the values of
t and s/,/n decrease with the result that the confidence interval is smaller. There
is, however, often a limit to the number of replicate analyses that can be sensibly
performed. A method for estimating the optimum number of replicate
determinations is given in Section 4.15.

4.12 COMPARISON OF RESULTS

The comparison of the values obtained from a set of results with either (a) the
true value or (b) other sets of data makes it possible to determine whether the
analytical procedure has been accurate and/or precise, or if it is superior to
another method.

There are two common methods for comparing results: (a) Student’s t-test
and (b) the variance ratio test (F-test).

These methods of test require a knowledge of what is known as the number
of degrees of freedom. In statistical terms this is the number of independent
values necessary to determine the statistical quantity. Thus a sample of n values
has n degrees of freedom, whilst the sum X(x — x)? is considered to have n — 1
degrees of freedom, as for any defined value of x only n — 1 values can be freely
assigned, the nth being automatically defined from the other values.

(a) Student’s z-test. This is a test! used for small samples; its purpose
is to compare the mean from a sample with some standard value and to express
some level of confidence in the significance of the comparison. It is also used
to test the difference between the means of two sets of data x, and x,.

The value of ¢ is obtained from the equation:

_ (i—/:)\/n @)

where u is the true value.

It is then related to a set of ¢-tables (Appendix 12) in which the probability
(P) of the t-value falling within certain limits is expressed, either as a percentage
or as a function of unity, relative to the number of degrees of freedom.

Example 4. t-Test when the true mean is known.
If x the mean of the 12 determinations = 8.37, and u the true value =791,
say whether or not this result is significant if the standard deviation is 0.17.
From equation (2)

_(837-791)/12
B 0.17

From t-tables for eleven degrees of freedom (one less than those used in the
calculation)

for P = 0.10 (10 per cent) 0.05 (5 per cent) 0.01 (1 per cent)
t =180 220 3.11

and as the calculated value for ¢ is 9.4 the result is highly significant. The t-table
tells us that the probability of obtaining the difference of 0.46 between the
experimental and true result is less than 1 in 100. This implies that some
particular bias exists in the laboratory procedure.

=94
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Had the calculated value for ¢ been less than 1.80 then there would have
been no significance in the results and no apparent bias in the laboratory
procedure, as the tables would have indicated a probability of greater than
1 in 10 of obtaining that value. It should be pointed out that these values refer
to what is known as a double-sided, or two-tailed, distribution because it
concerns probabilities of values both less and greater than the mean. In some
calculations an analyst may only be interested in one of these two cases, and
under these conditions the t-test becomes single-tailed so that the probability
from the tables is halved.

(b) F-test. This is used to compare the precisions of two sets of data,?
for example, the results of two different analytical methods or the results from
two different laboratories. It is calculated from the equation:
Sa

F = (3)

H
N.B. The larger value of s is always used as the numerator so that the value
of F is always greater than unity. The value obtained for F is then checked for
its significance against values in the F-table calculated from an F-distribution
(Appendix 13) corresponding to the numbers of degrees of freedom for the two
sets of data.

Example 5. F-test comparison of precisions.

The standard deviation from one set of 11 determinations was s, = 0.210,
and the standard deviation from another 13 determinations was sz = 0.641. Is
there any significant difference between the precision of these two sets of results?

From equation (3)

P (0.641)> 0411 _
"~ (0210)>  0.044

9.4

for
P =010 005 0.1
F =228 291 471

The first value (2.28) corresponds to 10 per cent probability, the second value
(2.91)to 5 per cent probability and the third value (4.71) to 1 per cent probability.

Under these conditions there is less than one chance in 100 that these
precisions are similar. To put it another way, the difference between the two
sets of data is highly significant.

Had the value of F turned out to be less than 2.28 then it would have been
possible to say that there was no significant difference between the precisions,
at the 10 per cent level.

413 COMPARISON OF THE MEANS OF TWO SAMPLES

When a new analytical method is being developed it is usual practice to compare
the values of the mean and precision of the new (test) method with those of an
established (reference) procedure.

The value of ¢t when comparing two sample means x, and x, is given by the
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expression:

p= 17X (4)
sp/1/ny+1/n,

where s, the pooled standard deviation, is calculated from the two sample
standard deviations s; and s,, as follows:

s = (ny —1)si +(n, — 1)s3
P ny+n,—2

(5)

It should be stressed that there must not be a significant difference between the
precisions of the methods. Hence the F-test (Section 4.12) is applied prior to
using the t-test in equation (5).

Example 6. Comparison of two sets of data.

The following results were obtained in a comparison between a new method
and standard method for the determination of the percentage nickel in a special
steel.

New method Standard method
Mean X, = 7.85 per cent x, = 8.03 per cent
Standard deviation s, = +0.130 per cent s, = +0.095 per cent
Number of samples n; =5 n, =6

Test at the 5 per cent probability value if the new method mean is significantly
different from the standard reference mean.

The F-test must be applied to establish that there is no significant difference
between the precisions of the two methods.

s (0.130)2

=2 =187
s (0.095)2

The F-value (P =35 per cent) from the tables (Appendix 13) for four and five
degrees of freedom respectively for s, and sy =5.19.

Thus, the calculated value of F (1.87)is less than the tabulated value; therefore
the methods have comparable precisions (standard deviations) and so the t-test
can be used with confidence.

From equation (5) the pooled standard deviation s, is given by:

5-1 016 6—1 .0090
szf ) x 0.0169 + ( ) x 0.00 — 40112
9
and from equation (4)
7.85 — 8.03 018 _,

t == — =
0.112,/1/5+1/6  0.112x0.605

At the S per cent level, the tabulated value of ¢ for (n; + n, — 2), i.e. nine degrees
of freedom, is 2.26.

Since t.ucutared2-66 > tapuimea2-26, there is a significant difference, at the
specified probability, between the mean results of the two methods.
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4.14 PAIRED ¢-TEST

Another method of validating a new procedure is to compare the results using
samples of varying composition with the values obtained by an accepted method.
The manner of performing this calculation is best illustrated by an example:

Example 7. The t-test using samples of differing composition (the paired t-test).
Two different methods, A and B, were used for the analysis of five different iron
compounds.

Sample 1 2 3 4 5
Method A 17.6 6.8 14.2 20.5 9.7 per cent Fe
Method B 17.9 71 13.8 20.3 10.2 per cent Fe

It should be apparent that in this example it would not be correct
to attempt the calculation by the method described previously (Section 4.13).

In this case the differences (d) between each pair of results are calculated
and d, the mean of the difference, is obtained. The standard deviation s, of the
differences is then evaluated. The results are tabulated as follows.

Method A  Method B d d—d (d—d)?
17.6 17.9 +03 0.2 0.04
6.8 7.1 +03 02 0.04
14.2 138 —04 0.5 0.25
20.5 20.3 —-02 -03 0.09
9.7 102 +05 04 0.16
Yd=05 S(d—d)?=0.58
d=01
0.58
Sa= T4 = +0.38

Then ¢ is calculated from the equation

t = dyn _ 0105 = 0.58,

S, 0.38

The tabulated value of ¢ is 2.78 (P = 0.05) and since the calculated value is less
than this, there is no significant difference between the methods.

4.15 THE NUMBER OF REPLICATE DETERMINATIONS

To avoid unnecessary time and expenditure, an analyst needs some guide to
the number of repetitive determinations needed to obtain a suitably reliable
result from the determinations performed. The larger the number the greater the
reliability, but at the same time after a certain number of determinations any
improvement in precision and accuracy is very small.

Although rather involved statistical methods exist for establishing the number
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of parallel determinations, a reasonably good assessment can be made by
establishing the variation of the value for the absolute error A obtained for an
increasing number of determinations.

ts
A=—

n
The value for ¢ is taken from the 95 per cent confidence limit column of the
t-tables for n — 1 degrees of freedom.

The values for A are used to calculate the reliability interval L from the

equation:

100A
L= - per cent

where z is the approximate percentage level of the unknown being determined.
The number of replicate analyses is assessed from the magnitude of the change
in L with the number of determinations.

Example 8. Ascertain the number of replicate analyses desirable (a) for the
determination of approximately 2 per cent Cl~ in a material if the standard
deviation for determinations is 0.051, (b) for approximately 20 per cent Cl~ if
the standard deviation of determinations is 0.093.

(a) For 2 per cent Cl™:

Number of ts 100A Difference (per cent)
determinations A=— L=——
n Z
2 12,7 x 0.051 x 0.71 = 0.4599 2299
3 4.3 x 0.051 x 0.58 =0.1272 6.36 16.63
4 3.2 x 0.051 x 0.50 = 0.0816 408 228
5 2.8 x 0.051 x 0.45 =0.0642 3.21 0.87
6 2.6 x 0.051 x 041 =0.0544 2.72 0.49

(b) For 20 per cent Cl™:

Numbe.r of. ts 100A Difference (per cent)
determinations A=— L=——
n z
2 12.7 x 0.093 x 0.71 = 0.838 4.19
3 4.3 x 0.093 x 0.58 =0.232 1.16 3.03
4 3.2 x 0.093 x 0.50 =0.148 0.74 0.42
5 2.8 x 0.093 x 045=0.117 0.59 0.15
6 2.6 x 0.093 x 0.41 =0.099 0.49 0.10

In (a) the reliability interval is greatly improved by carrying out a third
analysis. This is less the case with (b) as the reliability interval is already narrow.
In this second case no substantial improvement is gained by carrying out more
than two analyses.

This subject is dealt with in more detail by Eckschlager,* and Shewell®
has discussed other factors which influence the value of parallel determinations.
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416 CORRELATION AND REGRESSION

When using instrumental methods it is often necessary to carry out a calibration
procedure by using a series of samples (standards) each having a known
concentration of the analyte to be determined. A calibration curve is constructed
by measuring the instrumental signal for each standard and plotting this response
against concentration (See Sections 17.14 and 17.21). Provided the same
experimental conditions are used for the measurement of the standards and for
the test (unknown) sample, the concentration of the latter may be determined
from the calibration curve by graphical interpolation.

There are two statistical tests that should be applied to a calibration curve:

(a) to ascertain if the graph is linear, or in the form of a curve;
(b) to evaluate the best straight line (or curve) throughout the data points.

Correlation coefficient. In order to establish whether there is a linear relationship
between two variables x, and y, the Pearson’s correlation coefficient r is used.

. nZx y; —Zx Xy,
JInZx? —(Zx,)*][nZy? — (Ty,;)*]

where n is the number of data points.

The value of r must lie between +1 and — 1: the nearer it is to +1, or in
the case of negative correlation to — 1, then the greater the probability that a
definite linear relationship exists between the variables x and y. Values of r that
tend towards zero indicate that x and y are not linearly related (they may be
related in a non-linear fashion).

Although the correlation coefficient r would easily be calculated with the aid
of a modern calculator or computer package, the following example will show
how the value of r can be obtained.

(6)

Example 9. Quinine may be determined by measuring the fluorescence intensity
in 1M H,SO, solution (Section 18.4). Standard solutions of quinine gave the
following fluorescence values. Calculate the correlation coefficient r.

Concentration of quinine (x,) 0.00 0.10 0.20 0.30 0.40 yg mL~!
Fluorescence intensity (y,) 0.00 5.20 9.90 15.30 19.10 arbitrary units

The terms in equation (6) are found from the following tabulated data.

2 2

*1 Y1 x1 J1 X1

0.00 0.00 0.00 0.00 0.00

0.10 5.20 0.01 27.04 0.52

0.20 9.90 004 98.01 1.98

030 15.30 0.09 234.09 459

0.40 19.10 0.16 364.81 7.64
Yx, =100 Yy, =49.5 Y x2=0.30 Y )2 =72395 Yxyy, = 1473

Therefore
(Zx,)? = 1.000; (Zy,)*> = 245025; n=>5
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Substituting the above values in equation (6), then
. 5 x 14.73 — 1.00 x 49.5 _ 24.15 — 09987
\/(5 x 0.30 — 1.000)(5 x 723.95 — 2450.25) . /584.75

Hence, there is a very strong indication that a linear relation exists between
fluorescence intensity and concentration (over the given range of concentration).

It must be noted, however, that a value of r close to either +1 or —1 does
not necessarily confirm that there is a linear relationship between the variables.
It is sound practice first to plot the calibration curve on graph paper and
ascertain by visual inspection if the data points could be described by a straight
line or whether they may fit a smooth curve.

The significance of the value of r is determined from a set of tables
(Appendix 15). Consider the following example using five data (x,y,) points:
From the table the value of r at 5 per cent significance value is 0.878. If the
value of r is greater than 0.878 or less than —0.878 (if there is negative
correlation), then the chance that this value could have occurred from random
data points is less than 5 per cent. The conclusion can, therefore, be drawn that
it is likely that x, and y; are linearly related. With the value of r =0.998,
obtained in the example given above there is confirmation of the statement that
the linear relation between fluorescence intensity and concentration is highly
likely.

4.17 LINEAR REGRESSION

Once a linear relationship has been shown to have a high probability by the
value of the correlation coefficient (r), then the best straight line through the
data points has to be estimated. This can often be done by visual inspection of
the calibration graph but in many cases it is far better practice to evaluate the
best straight line by linear regression (the method of least squares).

The equation of a straight line is

y=ax+b

where y, the dependent variable, is plotted as a result of changing x, the
independent variable. For example, a calibration curve (Section 21.16) in atomic
absorption spectroscopy would be obtained from the measured values of
absorbance (y-axis) which are determined by using known concentrations of
metal standards (x-axis).

To obtain the regression line ‘y on x’, the slope of the line (a) and the intercept
on the y-axis (b) are given by the following equations.

_ nEx,;y; —Ex; 2y, 7
nZx? —(Zx,)?
and b =j—ax (8)

where X is the mean of all values of x, and y is the mean of all values of y,.

Example 10. Calculate by the least squares method the equation of the best
straight line for the calibration curve given in the previous example.
From Example 9 the following values have been determined.
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Tx, = 1.00; Ty, = 49.5; Tx? = 030; Zx,y, = 1473; (Zx,)? = 1.000;
the number of points (rn) = 5

and the values

z 1.0
g2 1004,
n 5

and
__Zy, 495
y= = s =99

By substituting the values in equations (7) and (8), then

_5x1473-100x49.5 2415

(5% 030)—(1.00)2 0.5 =483

and

b=99-(483x02) =0.24

So the equation of the straight line is
y = 483x+0.24

If the fluorescence intensity of the test solution containing quinine was found
to be 16.1, then an estimate of the concentration of quinine (x ug mL ™ 1) in this
unknown could be

16.10 = 48.3x + 0.24
1586
X = 4830

The determination of errors in the slope a and the intercept b of the regression
line together with multiple and curvilinear regression is beyond the scope of
this book but references may be found in the Bibliography, page 156.

= 0.32g ugmL !

418 COMPARISON OF MORE THAN TWO MEANS (ANALYSIS OF VARIANCE)

The comparison of more than two means is a situation that often arises in
analytical chemistry. It may be useful, for example, to compare (a) the mean
results obtained from different spectrophotometers all using the same analytical
sample; (b) the performance of a number of analysts using the same titration
method. In the latter example assume that three analysts, using the same
solutions, each perform four replicate titrations. In this case there are two
possible sources of error: (a) the random error associated with replicate
measurements; and (b) the variation that may arise between the individual
analysts. These variations may be calculated and their effects estimated by a

statistical method known as the Analysis of Variance (ANOVA), where the
2

. . S
square of the standard deviation, s2, is termed the variance, V. Thus F = —;
S3

) V
where s7 > s%, and may be written as F = 7‘ where V; > V,.
2
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An Analysis of Variance calculation is best illustrated by using specific values
in situation (b) just referred to.

Example 11. Three analysts were each asked to perform four replicate titrations
using the same solutions. The results are given below.

Titre (mL)

Analyst A Analyst B Analyst C

2253 2248 22.57
22.60 22.40 2262
22.54 2248 22.61
22,62 2243 22.65

To simplify the calculation it is sound practice to subtract a common number,
e.g. 22.50, from each value. The sum of each column is then determined. Note:
this will have no effect on the final values.

Analyst A Analyst B Analyst C

0.03 —0.02 0.07
0.10 -0.10 0.12
0.04 —0.02 0.11
0.12 —-0.07 0.15
Sum =0.29 —-0.21 045

The following steps have to be made in the calculation:
(a) The grand total
T =029-0.21+045

= 0.53
(b) The correction factor (C.F.)
T? (0.53)?
CF. = ~N- 12 - 0.0234

where N is the total number of results.
(c) The total sum of squares. This is obtained by squaring each result, summing
the totals of each column and then subtracting the correction factor (C.F.).

Analyst A Analyst B Analyst C

0.0009 0.0004 0.0049
0.0100 0.0100 0.0144
0.0016 0.0004 0.0121
0.0144 0.0049 0.0225
Sum = 0.0269 0.0157 0.0539
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Total sum of squares = (0.0269 + 0.0157 + 0.0539) — C.F.
= 0.0965 — 0.0234 = 0.0731

(d) The between-treatment (analyst) sum of squares. The sum of the squares of
each individual column is divided by the number of results in each column,
and then the correction factor is subtracted.

Between sum of squares = 1(0.292 +0.212 +0.45%2) — 0.0234
= 0.0593

(e) The within-sample sum of squares. The between sum of squares is subtracted
from the total sum of squares.

0.0731 — 0.0593 = 0.0138
(f) The degrees of freedom (v). These are obtained as follows:

The total number of degrees of freedom v=N —1=11
The between-treatment degrees of freedom v=C —1=2
The within-sample degrees of freedom v=(N - 1)—(C-1)=9

where C is the number of columns (in this example, the number of analysts).
(g) A table of Analysis of Variance (ANOVA table) may now be set up.

Source of variation  Sum of squares df. Mean square
‘Between analysts’  0.0593 2 0.0593/2 =0.0297
‘Within titrations’ 0.0138 9 0.0138/9=0.00153
Total 0.0731 11

(h) The F-test is used to compare the two mean squares:

_0.0297
29 7 0.00153

From the F-tables (Appendix 13), the value of F at the 1 per cent level for
the given degrees of freedom is 8.02. The calculated result (19.41) is higher
than 8.02; hence there is a significant difference in the results obtained by
the three analysts. Having ascertained in this example there is a significant
difference between the three analysts, the next stage would be to determine
whether the mean result is different from the others, or whether all the
means are significantly different from each other.

= 1941

The procedure adopted to answer these questions for the example given
above is as follows:

(a) Calculate the titration means for each analyst. The mean titration values
are X(A)=22.57mL; x(B)=22.45mL; and x (C)=22.61 mL.

(b) Calculate the quantity defined as the ‘least significant difference’, which is
given by s./2/n ty s where s is the square root of the Residual Mean

Square, i.e. the ‘within-titration’ Mean Square. Hence s =./0.00153; n is
the number of results in each column (in this example, 4); t is the S per cent
value from the t-tables (Appendix 12), with the same number of degrees of
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freedom as that for the Residual term, i.e. the ‘within-titration’ value. In
this example the number of degrees of freedom is 9, so the least significant
difference is given by

Vv 0.00153 x \/2/4 x 2.26 = 0.06 mL

If the titration means are arranged in increasing order, then x(B)<
x(A)< x(C), and x(C)— x(B) and x(A)— x (B) are both greater than 0.06,
whereas x (C) — x (A) is less than 0.06. Hence there is no significant difference
between analysts A and C, but the results of analyst B are significantly different
from those of both A and C.

It should be noted that in this example the performance of only one variable,
the three analysts, is investigated and thus this technique is called a one-way
ANOVA. If two variables, e.g. the three analysts with four different titration
methods, were to be studied, this would require the use of a two-way ANOVA.
Details of suitable texts that provide a solution for this type of problem
and methods for multivariate analysis are to be found in the Bibliography,
page 156.

419 THE VALUE OF STATISTICS

Correctly used, statistics is an essential tool for the analyst. The use of statistical
methods can prevent hasty judgements being made on the basis of limited
information. It has only been possible in this chapter to give a brief resumé of
some statistical techniques that may be applied to analytical problems. The
approach, therefore, has been to use specific examples which illustrate the scope
of the subject as applied to the treatment of analytical data. There is a danger
that this approach may overlook some basic concepts of the subject and the
reader is strongly advised to become more fully conversant with these statistical
methods by obtaining a selection of the excellent texts now available.

In addition there is the rapidly developing subject of Chemometrics, which
may be broadly defined as the application of mathematical and statistical
methods to design and/or to optimise measurement procedures, and to provide
chemical information by analysing relevant data. Space does not permit an
inclusion in this book of such topics as experimental design and instrumental
optimisation techniques or more sophisticated subjects as pattern recognition.
There is no doubt however, that a knowledge of the scope of Chemometrics
will be increasingly important for any competent analytical chemist. Details of
some useful texts, both introductory and more advanced, are given in the
Bibliography (Section 5.8). The reader should be aware, however, that some
signal-processing techniques are included in this book, e.g. information will be
found on derivative spectroscopy (Section 17.12) and Fourier transform
methods (Section 19.2).

For References and Bibliography see Sections 5.7 and 5.8.
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CHAPTER 5
SAMPLING

5.1 THE BASIS OF SAMPLING

The purpose of analysis is to determine the quality or composition of a material;
and for the analytical results obtained to have any validity or meaning it is
essential that adequate sampling procedures be adopted. Sampling is the process
of extracting from a large quantity of material a small portion which is truly
representative of the composition of the whole material.

Sampling methods fall into three main groups:

those in which all the material is examined;

casual sampling on an ad hoc basis;

methods in which portions of the material are selected based upon statistical
probabilities.

W

Procedure (1)is normally impracticable, as the majority of methods employed
are destructive, and in any case the amount of material to be examined is
frequently excessive. Even for a sample of manageable size the analysis would
be very time-consuming, it would require large quantities of reagents, and would
monopolise instruments for long periods.

Sampling according to (2) is totally unscientific and can lead to decisions
being taken on inadequate information. In this case, as the taking of samples
is entirely casual, any true form of analytical control or supervision is impossible.

For these reasons the only reliable basis for sampling must be a mathematical
one using statistical probabilities. This means that although not every item or
every part of the sample is analysed, the limitations of the selection are carefully
calculated and known in advance. Having calculated the degree of acceptable
risk or margin of variation, the sampling plan is then chosen that will give the
maximum information and control that is compatible with a rapid turnover of
samples. For this reason, in the case of sampling from batches the selection of
individual samples is carried out according to special random tables® which
ensure that personal factors do not influence the choice.

52 SAMPLING PROCEDURE

The sampling procedure may involve a number of stages prior to the analysis
of the material. The sampling stages are outlined in Fig. 5.1.

For the most part, bulk materials are non-homogeneous, e.g. minerals,
sediments, and foodstuffs. They may contain particles of different composition
which are not uniformly distributed within the material. In this case, a number
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Bulk material

) Y )
Increment
\ | /
Gross sample
/
Sub-sample
Test or analysis sample
Fig. 5.1

of increments is taken in a random manner from points in the bulk material,
so that each part has an equal chance of being selected. The combination of
these increments then forms the gross sample. The gross sample is often too
large for direct analysis and must be divided further to produce a sub-sample.
The sub-sample may require treatment, for example reduction in particle size
or thorough mixing, before the analytical sample can be obtained. The analytical
sample should retain the same composition of the gross sample.

It must be stressed, however, that the whole object may be the analytical
sample, e.g. a specimen of moon-rock. Ideally this sample would be analysed
by non-destructive methods. Occasionally the bulk material may be homogeneous
(some water samples) and then only one increment may be needed to determine
the properties of the bulk. This increment should be of suitable size to provide
samples for replicate analyses.

5.3 SAMPLING STATISTICS

The errors arising in sampling, particularly in the case of heterogeneous solids,
may be the most important source of uncertainty in the subsequent analysis of
the material. If we represent the standard deviation of the sampling operation
(the sampling error) by sg and the standard deviation of the analytical procedures
(the analytical error) by s,, then the overall standard deviation st (the total
error) is given by

St = /5% +s2 (1)

or
st =+ Vst Va
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where V represents the appropriate variance. The separate evaluation of both
Vs (the sampling variance) and V, (the analytical variance) may be achieved by
using the analysis of variance procedure (See Section 4.18). A comparison can
be made of the between-sample variance — an estimate of the sampling error —
and the within-sample variance — an estimate of the analytical error.

Example 1. If the sampling error is +3 per cent and the analytical error is
+1 per cent, from equation (1) we can see that the total error s is given by

st = +/3%+ 1% = 43.16 per cent

If, in the above example, the analytical error was +0.2 per cent then the
total error st would be equal to +3.006 per cent. Hence the contribution of
the analytical error to the total error is virtually insignificant. Youden’
has stated that once the analytical uncertainty is reduced to one-third of the
sampling uncertainty, further reduction of the former is not necessary. It is most
important to realise that if the sampling error is large, then a rapid analytical
method with relatively low precision may suffice.

In designing a sampling plan the following points should be considered:®

(a) the number of samples to be taken;

(b) the size of the sample;

(c) should individual samples be analysed or should a sample composed of
two or more increments (composite) be prepared.

If the composition of the bulk material to be sampled is unknown, it is
sensible practice to perform a preliminary investigation by collecting a number
of samples and determining the analyte of interest.

The confidence limits (see Section 4.11) are given by the relationship

,u=)3itss/\/;1 (2)

where s, is the standard deviation of individual samples, x is the mean of the
analytical results and serves as an estimate of the true mean u, and » is the
number of samples taken.

Example 2. An estimate of the variability of nickel in a consignment of an ore,
based on 16 determinations, was found to be +1.5%. How many samples
should be taken to give (at the 95 per cent confidence level) a sampling error
of less than 0.5 per cent nickel?

The value 0.5 percent is in fact the difference between the sample mean
x and the actual value u. If this value is represented by E, then equation (2)
may be written as

E=ts/n

and, therefore,

tsg\?
n =
E

From the tables (Appendix 12) the value of ¢ for (n — 1), 15 degrees of freedom
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at the 95 per cent confidence level is 2.13.

213 x 152
= 2222~
. < 0.5 >

Hence, from this test it has been shown that at least 41 samples are required
if the specifications given in the above example are to be satisfied.

The other major problem concerned with sampling is that of the sample size.
The size of the sample taken from a heterogeneous material is determined by
the variation in particle size, and the precision needed in the results of the
analysis.

The major source of error in sampling can arise from the taking of increments
from the bulk material. It can be shown from random sampling theory that the
accuracy of the sample is determined by its total size. Hence, the sampling
variance, V, is inversely proportional to the mass of the sample. However, this
statement is not true if the bulk material consists of varying particle sizes; then
the number of increments taken will influence the sampling accuracy. The
sampling variance, V, is inversely proportional to the number of sampling
increments (n):

k
V== (3)

where k is a constant dependent on the size of the increment and variation
within the bulk material.

5.4 SAMPLING AND PHYSICAL STATE

Many of the problems occurring during sampling arise from the physical nature
of the materials to be studied.® Although gases and liquids can, and do, present
difficulties, the greatest problems of adequate sampling undoubtedly arise with
solids.

Gases. Few problems arise over homogeneity of gas mixtures where the storage
vessel is not subjected to temperature or pressure variations. Difficulties may
arise if precautions are not taken to clear valves, taps and connecting lines of
any other gas prior to passage of the sample. Similarly care must be taken that
no gaseous components will react with the sampling and analytical devices.

Liquids. In most cases general stirring or mixing is sufficient to ensure
homogeneity prior to sampling. Where separate phases exist it is necessary to
determine the relative volumes of each phase in order to compare correctly the
composition of one phase with the other. The phases should in any case be
individually sampled as it is not possible to obtain a representative sample of
the combined materials even after vigorously shaking the separate phases
together.

Solids. It is with solids that real difficulties over homogeneity arise. Even
materials that superficially have every appearance of being homogeneous in fact
may have localised concentrations of impurities and vary in composition. The
procedure adopted to obtain as representative a sample as possible will depend
greatly upon the type of solid. This process is of great importance since, if it is
not satisfactorily done, the labour and time spent in making a careful analysis
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of the sample may be completely wasted. If the material is more or less
homogeneous, sampling is comparatively simple. If, however, the material is
bulky and heterogeneous, sampling must be carried out with great care, and
the method will vary somewhat with the nature of the bulk solid.

The underlying principle of the sampling of material in bulk, say of a truckload
of coal or iron ore, is to select a large number of portions in a systematic manner
from different parts of the bulk and then to combine them. This large sample
of the total weight is crushed mechanically, if necessary, and then shovelled into
a conical pile. Every shovelful must fall upon the apex of the cone and the
operator must walk around the cone as he shovels; this ensures a comparatively
even distribution. The top of the cone is then flattened out and divided into
quarters. Opposite quarters of the pile are then removed, mixed to form a smaller
conical pile, and again quartered. This process is repeated, further crushing
being carried out if necessary, until a sample of suitable weight (say, 200—300 g)
is obtained.

If the quantity of material is of the order of 2—3 kg or less, intermixing may
be accomplished by the method known as ‘tabling’. The finely divided material
is spread on the centre of a large sheet of oilcloth or similar material. Each
corner is pulled in succession over its diagonal partner, the lifting being reduced
to a minimum; the particles are thus caused to roll over and over on themselves,
and the lower portions are constantly brought to the top of the mass and
thorough intermixing ensues. The sample may then be rolled to the centre of
the cloth, spread out, and quartered as before. The process is repeated until a
sufficiently small sample is obtained. The final sample for the laboratory, which
is usually between 25 and 200 g in weight, is placed in an air-tight bottle. This
method produces what is known as the ‘average sample’ and any analysis on
it should always be compared with those of a second sample of the same material
obtained by the identical routine.

Mechanical methods also exist for dividing up particulate material into
suitably sized samples. Samples obtained by these means are usually representative
of the bulk material within limits of less than + 1 per cent, and are based upon
the requirements established by the British Standards Institution. Sample
dividers exist with capacities of up to 10L and operate either by means of
a series of rapidly rotating sample jars under the outlet of a loading funnel, or
by a rotary cascade from which the samples are fed into a series of separate
compartments. Sample dividers can lead to a great deal of time-saving in
laboratories dealing with bulk quantities of powders or minerals.

The sampling of metals and alloys may be effected by drilling holes through
a representative ingot at selected points; all the material from the holes is
collected, mixed, and a sample of suitable size used for analysis. Turnings or
scrapings from the outside are not suitable as these frequently possess superficial
impurities from the castings or moulds.

In some instances in which grinding presents problems it is possible to obtain
a suitable homogeneous sample by dissolving a portion of the material in an
appropriate solvent.

Before analysis the representative solid sample is usually dried at 105-110°C,
or at some higher specified temperature if necessary, to constant weight. The
results of the analysis are then reported on the ‘dry’ basis, viz. on a material
dried at a specified temperature. The loss in weight on drying may be determined,
and the results may be reported, if desired on the original ‘moist’ basis; these
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figures will only possess real significance if the material is not appreciably
hygroscopic and no chemical changes, other than the loss of water, take place
on drying.

In a course of systematic quantitative analysis, such as that with which we
are chiefly concerned in the present book, the unknowns supplied for analysis
are usually portions of carefully analysed samples which have been finely ground
until uniform.

It should be borne in mind that although it is possible to generalise on
sampling procedures, all industries have their own established methods for
obtaining a record of the quantity and/or quality of their products. The sampling
procedures for tobacco leaves will obviously differ from those used for bales of
cotton or for coal. But although the types of samples differ considerably the
actual analytical methods used later are of general application.

55 CRUSHING AND GRINDING

If the material is hard (e.g. a sample of rock), it is first broken into small pieces
on a hard steel plate with a hardened hammer. The loss of fragments is prevented
by covering the plate with a steel ring, or in some other manner. The small
lumps may be broken in a ‘percussion’ mortar (also known as a ‘diamond’
mortar) (Fig. 5.2). The mortar and pestle are constructed entirely of hard tool
steel. One or two small pieces are placed in the mortar, and the pestle inserted
into position; the latter is struck lightly with a hammer until the pieces have
been reduced to a coarse powder. The whole of the hard substance may be
treated in this manner. The coarse powder is then ground in an agate mortar
in small quantities at a time. A mortar of mullite is claimed to be superior to
one of agate: mullite is a homogeneous ceramic material that is harder, more
resistant to abrasion, and less porous than agate. A synthetic sapphire mortar
and pestle (composed essentially of a specially prepared form of pure aluminium
oxide) is marketed; it is extremely hard (comparable with tungsten carbide)
and will grind materials not readily reduced in ceramic or metal mortars.
Mechanical (motor-driven) mortars are available commercially.

§
7

Fig. 5.2

5.6 HAZARDS IN SAMPLING

The handling of many materials is fraught with hazards'® and this is no less
so when sampling materials in preparation for chemical analysis. The sampler
must always wear adequate protective clothing and if possible have detailed
prior knowledge of the material being sampled. When dangers from toxicity
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exist the necessary antidotes and treatment procedures should be available and
established before sampling commences.!! In no instances should naked flames
be allowed anywhere near the sampling area.

Apart from the toxic nature of many gases, the additional hazards are those
of excessive release of gas due to pressure changes, spontaneous ignition of
flammable gases and sudden vaporisation of liquefied gases.

With liquids, dangers frequently arise from easily volatilised and readily
flammable liquids. In all cases precautions should be greater than under
normal circumstances due to the unpredictable nature and conditions of taking
samples. The sampler must always be prepared for the unexpected, as can arise,
for example, if a container has built up excess pressure, or if the wrong liquid
has been packed. Toxic and unknown liquids should never be sucked along
tubes or into pipettes by mouth.

Even the sampling of solids must not be casually undertaken, and the operator
should always use a face mask as a protection until it is established that the
powdered material is not hazardous.

It should be borne in mind that sampling of radioactive substances is a
specialist operation at all times and should be carried out only under strictly
controlled conditions within restricted areas. In almost all instances the operator
must be protected against the radioactive emanations from the substance he is
sampling.

Correct sampling of materials is therefore of importance in two main respects;
firstly to obtain a representative portion of the material for analysis, and secondly
to prevent the occurrence of accidents when sampling hazardous materials.
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CHAPTER 6
SOLVENT EXTRACTION

6.1 GENERAL DISCUSSION

Liquid-liquid extraction is a technique in which a solution (usually aqueous)
is brought into contact with a second solvent (usually organic), essentially
immiscible with the first, in order to bring about a transfer of one or more
solutes into the second solvent. The separations that can be performed are
simple, clean, rapid, and convenient. In many cases separation may be effected
by shaking in a separatory funnel for a few minutes. The technique is equally
applicable to trace level and large amounts of materials.

In the case of inorganic solutes we are concerned largely with samples in
aqueous solution so that it is necessary to produce substances, such as neutral
metal chelates and ion-association complexes, which are capable of extraction
into organic solvents. For organic solutes, however, the extraction system
may sometimes involve two immiscible organic solvents rather than the
aqueous—organic type of extraction.

The technique of liquid—liquid extraction has, of course, been widely used
to separate the components of organic systems; in particular, solvent extraction
may be employed to effect a ‘clean-up’ and to achieve concentration of the
solutes of interest prior to analysis. This is illustrated by the clean-up steps
which have been used for the analysis of organochlorine pesticides, at the
0.1 ug g~ ! level, in animal fats and dairy products. In one such procedure the
solution of animal fat in hexane (25mL) is extracted with three successive
portions (10 mL) of dimethylformamide (DMF) saturated with hexane. The
combined DMF extracts are washed with hexane (10 mL) saturated with DMF
to remove any remaining traces of fat; after separation of the hexane it is
equilibrated with further DMF (10 mL) to reduce loss of pesticide residue. The
pesticide compounds are finally partitioned back into clean hexane after adding
water to the combined DMF extracts. The hexane layer is used for the
quantitative analysis of the extracted pesticide residues using gas chromatography
with an electron-capture detector [ Section 9.2(4)]. It is of interest to note that
the extraction procedure involves two organic phases (i.e. no aqueous phase is
involved) and that miscibility is minimised by saturating each solvent with
the other. Extraction procedures for organic species, however, do not in general
possess the same degree of selectivity as may be achieved for metal-containing
systems, and the chief analytical application of solvent extraction is for the
determination of metals as minor and trace constituents in various inorganic
and organic materials.

Although solvent extraction has been used predominantly for the isolation
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and pre-concentration of a single chemical species prior to its determination, it
may also be applied to the extraction of groups of metals or classes of
organic compounds, prior to their determination by techniques such as atomic
absorption or chromatography.

To understand the fundamental principles of extraction, the various terms
used for expressing the effectiveness of a separation must first be considered.
For a solute A4 distributed between two immiscible phases a and b, the Nernst
Distribution (or Partition) Law states that, provided its molecular state is the
same in both liquids and that the temperature is constant:

Concentration of solute in solventa  [4], K
Concentration of solute in solvent b [A], b

where K, is a constant known as the distribution (or partition) coefficient. The
law, as stated, is not thermodynamically rigorous (e.g. it takes no account of
the activities of the various species, and for this reason would be expected to
apply only in very dilute solutions, where the ratio of the activities approaches
unity), but is a useful approximation. The law in its simple form does not apply
when the distributing species undergoes dissociation or association in either
phase. In the practical applications of solvent extraction we are interested
primarily in the fraction of the total solute in one or other phase, quite regardless
of its mode of dissociation, association, or interaction with other dissolved
species. It is convenient to introduce the term distribution ratio D (or extraction
coefficient E):

D= (CA)a/(CA)b

where the symbol C , denotes the concentration of 4 in all its forms as determined
analytically.

A problem often encountered in practice is to determine what is the most
efficient method for removing a substance quantitatively from solution. It can
be shown that if ¥ mL of, say, an aqueous solution containing x, g of a solute
be extracted n times with v-mL portions of a given solvent, then the weight of
solute x, remaining in the water layer is given by the expression:

oy DV \"
"DV o

where D is the distribution ratio between water and the given solvent. It follows,
therefore, that the best method of extraction with a given volume of extracting
liquid is to employ the liquid in several portions rather than to utilise the whole
quantity in a single extraction.

This may be illustrated by the following example. Suppose that 50 mL of
water containing 0.1 g of iodine are shaken with 25 mL of carbon tetrachloride.
The distribution coefficient of iodine between water and carbon tetrachloride
at the ordinary laboratory temperature is 1/85, i.e. at equilibrium the iodine
concentration in the aqueous layer is 1/85th of that in the carbon tetrachloride
layer. The weight of iodine remaining in the aqueous layer after one extraction
with 25 mL, and also after three extractions with 8.33 mL of the solvent, can
be calculated by application of the above formula. In the first case, if x, g of
iodine remains in the 50 mL of water, its concentration is x,/50gmL™!; the
concentration in the carbon tetrachloride layer will be (0.1 — x,)/25gmL "L
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Hence:

X0 L ok, = 000230
(0.1—x,)/25 85 r*1 =% g
The concentration in the aqueous layer after three extractions with 8.33 mL of
carbon tetrachloride is given by:

(1/85)x 50 3
=01 L2 ) 0.0000287
3 <(50/85)+8.33 02878

The extraction may, therefore, be regarded as virtually complete.
If we confine our attention to the distribution of a solute 4 between water
and an organic solvent, we may write the percentage extraction E., as:
E. — 100[A4],V, _ 100D
o = =
[AL.V.+[41.V., D+ (V,/V,)
where V, and V,, represent the volumes of the organic and aqueous phases
respectively. Thus, the percentage of extraction varies with the volume ratio of
the two phases and the distribution coefficient.

If the solution contains two solutes 4 and B it often happens that under the
conditions favouring the complete extraction of A4, some B is extracted as well.
The effectiveness of separation increases with the magnitude of the separation
coefficient or factor f, which is related to the individual distribution ratios as
follows:

p_ LA1/IB), _ [41,/04]. _ D,
[A]w/[B]w [B]o/[B]w DB

If D, =10 and Dz =0.1, a single extraction will remove 90.9 per cent of A and
9.1 per cent of B (ratio 10:1); a second extraction of the same aqueous phase
will bring the total amount of A extracted up to 99.2 per cent, but increases
that of B to 17.4 per cent (ratio 5.7:1). More complete extraction of A thus
involves an increased contamination by B. Clearly, when one of the distribution
ratios is relatively large and the other very small, almost complete separation
can be quickly and easily achieved. If the separation factor is large but the
smaller distribution ratio is of sufficient magnitude that extraction of both
components occurs, it is necessary to resort to special techniques to suppress
the extraction of the unwanted component.

6.2 FACTORS FAVOURING SOLVENT EXTRACTION

It is well known that hydrated inorganic salts tend to be more soluble in water
than in organic solvents such as benzene, chloroform, etc., whereas organic
substances tend to be more soluble in organic solvents than in water unless
they incorporate a sufficient number of hydroxyl, sulphonic, or other hydrophilic
groupings. In solvent extraction analysis of metals we are concerned with
methods by which the water solubility of inorganic cations may be masked by
interaction with appropriate (largely organic) reagents; this will in effect remove
some or all of the water molecules associated with the metal ion to which the
water solubility is due.

Ionic compounds would not be expected to extract into organic solvents
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from aqueous solution because of the large loss in electrostatic solvation energy
which would occur. The most obvious way to make an aqueous ionic species
extractable is to neutralise its charge. This can be done by formation of a neutral
metal chelate complex or by ion association; the larger and more hydrophobic
the resulting molecular species the better will be its extraction.

In chelation complexes (sometimes called inner complexes when uncharged)
the central metal ion coordinates with a polyfunctional organic base to form a
stable ring compound, e.g. copper(II) ‘acetylacetonate’ or iron(III) ‘cupferrate’:

CH,—C=0 CH,—C—OH
H,C — H({/
2
\ \
CH,—C=0 CH,—C=0
lécuz-v-
o o
PN
CH3—(|3/ clzu/z CH3—ﬁ/ \(iu/2
HC._ _O o
- N
~cZcH, CZCH,

0]
‘ \

The factors which influence the stability of metal ion complexes have been
discussed in Section 2.23, but it is appropriate to emphasise here the significance
of the chelate effect and to list the features of the ligand which affect chelate
formation:

1. The basic strength of the chelating group. The stability of the chelate
complexes formed by a given metal ion generally increase with increasing
basic strength of the chelating agent, as measured by the pK, values.

2. The nature of the donor atoms in the chelating agent. Ligands which contain
donor atoms of the soft-base type form their most stable complexes with the
relatively small group of Class B metal ions (i.e. soft acids) and are thus more
selective reagents. This is illustrated by the reagent diphenylthiocarbazone
(dithizone) used for the solvent extraction of metal ions such as Pd?*, Ag*,
Hg?*, Cu?*, Bi**, Pb%?*, and Zn?*.

3. Ring size. Five- or six-membered conjugated chelate rings are most stable
since these have minimum strain. The functional groups of the ligand must
be so situated that they permit the formation of a stable ring.
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4. Resonance and steric effects. The stability of chelate structures is enhanced
by contributions of resonance structures of the chelate ring: thus copper
acetylacetonate (see formula above) has greater stability than the copper
chelate of salicylaldoxime. A good example of steric hindrance is given by
2,9-dimethylphenanthroline (neocuproin}, which does not form a complex
with iron(II) as does the unsubstituted phenanthroline; this hindrance is at
a minimum in the tetrahedral grouping of the reagent molecules about a
univalent tetracoordinated ion such as that of copper(I). A nearly specific
reagent for copper is thus available.

The choice of a satisfactory chelating agent for a particular separation should,
of course, take all the above factors into account. The critical influence of pH
on the solvent extraction of metal chelates is discussed in the following section.

6.3 QUANTITATIVE TREATMENT OF SOLVENT EXTRACTION EQUILIBRIA

The solvent extraction of a neutral metal chelate complex formed from a
chelating agent HR according to the equation

M"* + nR~ = MR,

may be treated quantitatively on the basis of the following assumptions: (a) the
reagent and the metal complex exist as simple unassociated molecules in both
phases; (b) solvation plays no significant part in the extraction process; and
(c) the solutes are uncharged molecules and their concentrations are generally
so low that the behaviour of their solutions departs little from ideality. The
dissociation of the chelating agent HR in the aqueous phase is represented by
the equation

HR=H" +R"~

The various equilibria involved in the solvent-extraction process are expressed
in terms of the following thermodynamic constants:

Dissociation constant of complex, K, = [M"*],,[R™]%/[MR,],,
Dissociation constant of reagent, K, [H*],[R"]./[HR],
Partition coefficient of complex, p, = [MR,],,/[MR,],
Partition coefficient of reagent, p, = [HR],/[HR],

where the subscripts ¢ and r refer to complex and reagent, and w and o to
aqueous and organic phase respectively.

The distribution ratio, ie. the ratio of the amount of metal extracted as
complex into the organic phase to that remaining in all forms in the aqueous
phase, is given by

D = [MR,],/{[MR,], +[M"*],}

which can be shown! to reduce to

D = K[HR]}/[H'],

where K = (K,p,)"/K.p.

If the reagent concentration remains virtually constant
D = K*/[H*]" where K* = K[HR]"
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and the percentage of solute extracted, E, is given by
log E — log(100 — E) = log D
= log K* + npH

The distribution of the metal in a given system of the above type is a function
of the pH alone. The equation represents a family of sigmoid curves when E is
plotted against pH, with the position of each along the pH axis depending only
on the magnitude of K* and the slope of each uniquely depending upon n.
Some theoretical extraction curves for divalent metals showing how the position
of the curves depends upon the magnitude of K* are depicted in Fig. 6.1;
Fig. 6.2 illustrates how the slope depends upon n. It is evident that a ten-fold
change in reagent concentration is exactly offset by a ten-fold change in
hydrogen ion concentration, i.e. by a change of a single unit of pH: such a
change of pH is much easier to effect in practice. If pH,,, is defined as the pH
value at 50 per cent extraction (E., = 50) we see from the above equation that

1
pPH,;, = —'—110gK*

The difference in pH  , values of two metal ions in a specific system is a measure
of the ease of separation of the two ions. If the pH,, values are sufficiently far
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apart, then excellent separation can be achieved by controlling the pH of
extraction. It is often helpful to plot the extraction curves of metal chelates. If
one takes as the criterion of a successful single-stage separation of two metals
by pH control a 99 per cent extraction of one with a maximum of 1 per cent
extraction of the other, for bivalent metals a difference of two pH units would
be necessary between the two pH,, values; the difference is less for tervalent
metals. Some figures for the extraction of metal dithizonates in chloroform are
given in Table 6.1. If the pH is controlled by a buffer solution, then those metals
with pH, , values in this region, together with all metals having smaller pH, ,
values, will be extracted. The pH,,, values may be altered (and the selectivity
of the extraction thus increased) by the use of a competitive complexing agent
or of masking agents. Thus in the separation of mercury and copper by extraction
with dithizone in carbon tetrachloride at pH 2, the addition of EDTA forms a
water-soluble complex which completely masks the copper but does not affect
the mercury extraction. Cyanides raise the pH,, values of mercury, copper,
zinc, and cadmium in dithizone extraction with carbon tetrachloride.

Table 6.1
Metal ion Cu(II) Hg(II) Ag Sn(II) Co Nij Zn Pb
Optimum pH of extraction 1 1-2 1-2 6-9 7-9 8 8.5-11

6.3 SYNERGISTIC EXTRACTION

The phenomenon in which two reagents, when used together, extract a metal
ion with enhanced efficiency compared to their individual action is called
synergism. A common form of synergistic extraction is that in which a metal
ion, M"7, is extracted by a mixture of an acidic chelating reagent, HR, and an
uncharged basic reagent, S. The joint action of the reagents is especially
pronounced in those cases where the coordination capacity of the metal ion is
not fully achieved in the MR, chelate; then the extractant S gives a mixed
complex, MR, S,, which is extracted with much greater efficiency than the parent
chelate. This concept has been usefully applied in the case of the reagent dithizone
by using it in combination with bases such as pyridine and 1,10-phenanthroline.
Thus, although the complex formed by manganese(II) with dithizone alone is
of no analytical value because it decomposes rapidly, the red complex formed
by manganese(II) with dithizone and pyridine is sufficiently stable to light and
oxidation for it to be used in a sensitive photometric procedure for determining
trace amounts of manganese.> Again the normally very slow reaction of
nickel(IT) with dithizone, H ,, Dz, is greatly accelerated by the addition of nitrogen
bases such as 1,10-phenanthroline (phen). The complex formed according to
the equation:

Ni** +2H,Dz + phen = [Ni(HDz),(phen)] + 2H*

is the basis of a very sensitive extraction-photometric method for nickel? (see
also Section 6.17).

In addition to systems of the above type, ie. involving adduct formation,
various other types of synergistic extraction systems are recognised and have
been reviewed.* An example is the synergistic influence of zinc in the extraction
and AAS determination of trace cadmium in water.®
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6.5 10N ASSOCIATION COMPLEXES

An alternative to the formation of neutral metal chelates for solvent extraction
is that in which the species of analytical interest associates with oppositely
charged ions to form a neutral extractable species.® Such complexes may form
clusters with increasing concentration which are larger than just simple ion
pairs, particularly in organic solvents of low dielectric constant. The following
types of ion association complexes may be recognised.

1. Those formed from a reagent yielding a large organic ion, e.g. the
tetraphenylarsonium, (C4Hs),As*, and tetrabutylammonium, (n-C,H,),N*
ions, which form large ion aggregates or clusters with suitable oppositely
charged ions, e.g. the perrhenate ion, ReO} . These large and bulky ions do
not have a primary hydration shell and cause disruption of the hydrogen-
bonded water structure; the larger the ion the greater the amount of disruption
and the greater the tendency for the ion association species to be pushed
into the organic phase.

These large ion extraction systems lack specificity since any relatively large
unhydrated univalent cation will extract any such large univalent anion. On
the other hand polyvalent ions, because of their greater hydration energy,
are not so easily extracted and good separations are possible between MnO/,
ReO, or TcO, and CrO2~, MoO2~ or WOZ", for example.

2. Those involving a cationic or anionic chelate complex of a metal ion.
Thus chelating agents having two uncharged donor atoms, such as
1:10-phenanthroline, form cationic chelate complexes which are large and
hydrocarbon-like. Tris(phenanthroline) iron(II) perchlorate extracts fairly
well into chloroform, and extraction is virtually complete using large anions
such as long-chain alkyl sulphonate ions in place of C1O; . The determination
of anionic detergents using ferroin has been described.’

Dagnall and West® have described the formation and extraction of a blue
ternary complex, Ag(I)-1,10-phenanthroline-bromopyrogallol red (BPR),
as the basis of a highly sensitive spectrophotometric procedure for the
determination of traces of silver (Section 6.16). The reaction mechanism
for the formation of the blue complex in aqueous solution was investigated
by photometric and potentiometric methods and these studies led to the
conclusion that the complex is an ion association system, (Ag(phen),),BPR2",
i.e. involving a cationic chelate complex of a metal ion (Ag*) associated with
an anionic counter ion derived from the dyestuff (BPR). Ternary complexes
have been reviewed by Babko.’

Types (1) and (2) represent extraction systems involving coordinately
unsolvated large ions and differ in this important respect from type (3).

3. Those in which solvent molecules are directly involved in formation of the
ion association complex. Most of the solvents (ethers, esters, ketones and
alcohols) which participate in this way contain donor oxygen atoms and the
coordinating ability of the solvent is of vital significance. The coordinated
solvent molecules facilitate the solvent extraction of salts such as chlorides
and nitrates by contributing both to the size of the cation and the resemblance
of the complex to the solvent.

A class of solvents which shows very marked solvating properties for inorganic
compounds comprises the esters of phosphoric(V) (orthophosphoric) acid. The
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functional group in these molecules is the semipolar phosphoryl group,

N

7P+—O_, which has a basic oxygen atom with good steric availability. A

typical compound is tri-n-butyl phosphate (TBP), which has been widely used
in solvent extraction on both the laboratory and industrial scale; of particular
note is the use of TBP for the extraction of uranyl nitrate and its separation
from fission products.

The mode of extraction in these ‘oxonium’ systems may be illustrated by
considering the ether extraction of iron(IIl) from strong hydrochloric acid
solution. In the aqueous phase chloride ions replace the water molecules
coordinated to the Fe** ion, yielding the tetrahedral FeCl; ion. Itis recognised
that the hydrated hydronium ion, H;0O * (H,0); or H,O}, normally pairs with
the complex halo-anions, but in the presence of the organic solvent, solvent
molecules enter the aqueous phase and compete with water for positions in the
solvation shell of the proton. On this basis the primary species extracted into
the ether (R,0) phase is considered to be [H3;0(R,0)7, FeCl; ] although
aggregation of this species may occur in solvents of low dielectric constant.

The principle of ion-pair formation has long been used for the extraction of
many metal ions, but not the alkali metals, due to the lack of complexing agents
forming stable complexes with them. A significant development of recent years,
however, has been the application of the so-called ‘crown ethers’ which form
stable complexes with a number of metal ions, particularly the alkali metal ions.
These crown ethers are macrocyclic compounds containing 9-60 atoms,
including 3-20 oxygen atoms, in the ring. Complexation is considered to
result mainly from electrostatic ion—dipole attraction between the metal ion
situated in the cavity of the ring and the oxygen atoms surrounding it. The
ion-pair extraction of Na*, K* and Ca?* with some organic counter-ions
and dicyclohexyl-18-crown-6 as complex-forming reagent has been described.!®

6.6 EXTRACTION REAGENTS

This section provides a brief review of a number of chelating and other extraction
reagents, as well as some organic solvents, with special interest as to their
selective extraction properties. The handbook of Cheng et al. should be consulted
for a more detailed account of organic analytical reagents.!

Acetylacetone (pentane-2,4-dione), CH;CO:CH,-COCH;. Acetylacetone is a
colourless mobile liquid, b.p. 139 °C, which is sparingly soluble in water
(0.17gmL ! at 25°C) and miscible with many organic solvents. It is useful
both as a solution (in carbon tetrachloride, chloroform, benzene, xylene, etc.)
and as the pure liquid. The compound is a f-diketone and forms well-defined
chelates with over 60 metals. Many of the chelates (acetylacetonates) are soluble
in organic solvents, and the solubility is of the order of grams per litre, unlike
that of most analytically used chelates, so that macro- as well as micro-scale
separations are possible. The selectivity can be increased by using EDTA as a
masking agent. The use of acetylacetone as both solvent and extractant [e.g.
for Al, Be, Ce, Co(IIl), Ga, In, Fe, U(VI), etc.] offers several advantages over
its use in solution in carbon tetrachloride, etc.: extraction may be carried out
ata lower pH than otherwise feasible because of the higher reagent concentration;
and often the solubility of the chelate is greater in acetylacetone than in many
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organic solvents. The solvent generally used is carbon tetrachloride; the organic
layer is heavier than water.

An interesting application is the separation of cobalt and nickel: neither
Co(II) nor Ni(II) forms extractable chelates, but Co(III) chelate is extractable;
extraction is therefore possible following oxidation.

Thenoyltrifluoroacetone (TTA), C;H;S-CO-CH,- COCF,. Thisis a crystalline
solid, m.p. 43 °C; it is, of course, a f-diketone, and the trifluoromethyl group
increases the acidity of the enol form so that extractions at low pH values are
feasible. The reactivity of TTA is similar to that of acetylacetone: it is generally
used as a 0.1-0.5 M solution in benzene or toluene. The difference in extraction
behaviour of hafnium and zirconium, and also among lanthanides and actinides,
is especially noteworthy.

Other fluorinated derivatives of acetylacetone are trifluoroacetylacetone
(CF3;COCH,COCH,;) and hexafluoroacetylacetone (CF;COCH,COCF,),
which form stable volatile chelates with aluminium, beryllium, chromium (IIT)
and a number of other metal ions. These reagents have consequently been used
for the solvent extraction of such metal ions, with subsequent separation and
analysis by gas chromatography [see Section 9.2(2)].

8-Hydroxyquinoline (oxine). Oxine is a versatile organic reagent and
forms chelates with many metallic ions. The chelates of doubly and triply charged
metal ions have the general formulae M(C,H,ON), and M(C,H4ON),;
the oxinates of the metals of higher charge may differ somewhat in compo-
sition, e.g. Ce(CoH¢ON),; Th(CoH4ON),(CoH,ON); WO,(C,HgON),;
MoO,(CyHgON),; U;0,(CoHgON) (CoH,ON). Oxine is generally used
as a 1 per cent (0.07 M) solution in chloroform, but concentrations as high as
10 per cent are advantageous in some cases (e.g. for strontium).
8-Hydroxyquinoline, having both a phenolic hydroxyl group and a basic
nitrogen atom, is amphoteric in aqueous solution; it is completely extracted
from aqueous solution by chloroform at pH < 5 and pH > 9; the distribution
coefficient of the neutral compound between chloroform and water is 720 at
18 °C. The usefulness of this sensitive reagent has been extended by the use of
masking agents (cyanide, EDTA, citrate, tartrate, etc.) and by control of pH.

Dimethylglyoxime. The complexes with nickel and with palladium are soluble
in chloroform. The optimum pH range for extraction of the nickel complex is
4-12 in the presence of tartrate and 7—12 in the presence of citrate (solubility
35-50 ug NimL ™! at room temperature); if the amount of cobalt exceeds 5 mg
some cobalt may be extracted from alkaline solution. Palladium(II) may be
extracted out of ca 1M-sulphuric acid solution.

1-Nitroso-2-naphthol. The reagent forms extractable complexes (chloroform)
with Co(IIT) in an acid medium and with Fe(II) in a basic medium.

Cupferron (ammonium salt of N-nitroso-N-phenylhydroxylamine). The reagent
is used in cold aqueous solution (about 6 per cent). Metal cupferrates are soluble
in diethyl ether and in chloroform, and so the reagent finds wide application
in solvent-extraction separation schemes. Thus Fe(III), Ti, and Cu may be
extracted from 1.2 M HCI solution by chloroform: numerous other elements
may be extracted largely in acidic solution.
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Diphenylthiocarbazone (dithizone), CqHs-N—=N-CS:NH:-NH-C¢H;. The
compound is insoluble in water and dilute mineral acids, and is readily soluble
in dilute aqueous ammonia. It is used in dilute solution in chloroform or carbon
tetrachloride. Dithizone is an important selective reagent for quantitative
determinations of metals: colorimetric (and, of course, spectrophotometric)
analyses are based upon the intense green colour of the reagent and the
contrasting colours of the metal dithizonates in organic solvents. The selectivity
is improved by the control of pH and the use of masking agents, such as cyanide,
thiocyanate, thiosulphate, and EDTA.

The use of dithizone in combination with various organic bases for synergistic
extraction has already been indicated (Section 6.4).

Sodium diethyldithiocarbamate, {(C,Hs),N-CS-S} "Na*. This reagent is
generally used as a 2 per cent aqueous solution; it decomposes rapidly in
solutions of low pH. It is an effective extraction reagent for over 20 metals into
various organic solvents, such as chloroform, carbon tetrachloride, and ethanol.
The selectivity is enhanced by the control of pH and the addition of masking
agents.

Ammonium pyrrolidine dithiocarbamate (APDC). The reagent is a white to
pale yellow crystalline substance and is commonly supplied in bottles which
contain a piece of ammonium carbonate in a muslin bag. In this form it is stable
for at least one year at temperatures below 30 °C, but the finely divided material
exposed to the ordinary atmosphere is much less stable.

CH,—CH, S
N/

N.C M.W. = 164.28

/

\
CH,—CH, SNH,

The stability of the reagent in acid solution, together with its ability to
complex a wide range of metals, make it a very useful general extracting reagent,
especially for heavy metals. The chief applications of APDC in quantitative
analysis are as follows:

(a) The separation and/or concentration (can be 100-fold or more) of heavy
metals prior to their determination by atomic absorption spectrophotometry!?;

(b) The extraction and determination of metals by spectrophotometry
(UV/visible) or for removing heavy metals prior to spectrophotometric
determination of other elements (e.g. magnesium, calcium, aluminium).

Although APDC complexes are soluble in many organic solvents, it is found
that 4-methylpent-2-one (isobutyl methyl ketone) and heptan-2-one (n-pentyl
methyl ketone) are, in general, the most satisfactory for direct nebulisation into
the air/acetylene flame used in atomic absorption spectroscopy.

Tri-n-butyl phosphate, (n-C ,H,);PO,. This solvent is useful for the extraction
of metal thiocyanate complexes, of nitrates from nitric acid solution (€.g. cerium,
thallium, and uranium), of chloride complexes, and of acetic acid from aqueous
solution. In the analysis of steel, iron(III) may be removed as the soluble
‘iron(III} thiocyanate’. The solvent is non-volatile, non-flammable, and rapid
in its action.
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Tri-n-octylphosphine oxide, (n-CgH,;);PO. This compound (TOPO) dissolved
in cyclohexane (0.1M) is an excellent extraction solvent. Thus the distribution
ratio of U(VI) is of the order of 10> times greater for TOPO than for
tri-n-butyl phosphate. The following elements are completely extracted from
1 M-hydrochloric acid: Cr(VI)as H,Cr,0,,2TOPO; Zr(1V) as ZrCl,,2TOPO;
Ti(IV); U(VI) as UO,(NO;},,2TOPO; Fe(IIl); Mo(VI) and Sn(IV). If the
hydrochloric acid concentration is increased to 7M, Sb(III), Ga(III) and V(IV)
are completely extracted.

Poly (macrocyclic) compounds. The analytical application of compounds such
as crown polyethers and cryptands is based on their ability to function as
ligands and form stable stoichiometric complexes with certain cations. Special
importance is due to their preference for alkali metal ions which do not form
complexes with many other ligands. A number of these compounds are
commercially available and their properties and analytical applications have
been described by Cheng et al.*

Cetyltrimethylammonium bromide (CTMB). Quaternary ammonium salts
having one or more long-chain alkyl groups (e.g. CTMB and the corresponding
chloride) have important applications as analytical reagents. These applications
are mainly based on the ability of the quaternary ammonium ion to act (a) as
a cationic reagent for the ion-pair extraction of metals as complex anions and
(b) as a cationic micelle-forming reagent for photometric determination of
metals.

CH, +

CH;3(CH,);s—N—CH,| Br~ M.W. = 36445
|
CH,

In the latter function, the reagent behaves as a surfactant and forms a cationic
micelle at a concentration above the critical micelle concentration (1 x 10™4M
for CTMB). The complexation reactions occurring on the surface of the micelles
differ from those in simple aqueous solution and result in the formation of a
complex of higher ligand to metal ratio than in the simple aqueous system; this
effect is usually accompanied by a substantial increase in molar absorptivity of
the metal complex.

CTMB is commercially available as a colourless hygroscopic powder, readily
soluble in water, alcohol and acetone. The aqueous solution foams strongly
when shaken.

6.7 SOME PRACTICAL CONSIDERATIONS

Solvent extraction is generally employed in analysis to separate a solute (or
solutes) of interest from substances which interfere in the ultimate quantitative
analysis of the material; sometimes the interfering solutes are extracted
selectively. Solvent extraction is also used to concentrate a species which in
aqueous solution is too dilute to be analysed.

The choice of solvent for extraction is governed by the following considerations.
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1. A high distribution ratio for the solute and a low distribution ratio for
undesirable impurities.

2. Low solubility in the aqueous phase.

3. Sufficiently low viscosity and sufficient density difference from the aqueous
phase to avoid the formation of emulsions.

4. Low toxicity and flammability.

5. Ease of recovery of solute from the solvent for subsequent analytical
processing. Thus the b.p. of the solvent and the ease of stripping by chemical
reagents merit attention when a choice is possible.

Sometimes mixed solvents may be used to improve the above properties.
Salting-out agents may also improve extractability.

Extraction. Extraction may be accomplished in either a batch operation or a
continuous operation. Batch extraction, the simplest and most widely used
method, is employed where a large distribution ratio for the desired separation
is readily obtainable. A small number of batch extractions readily remove the
desired component completely and may be carried out in a simple separatory
funnel. The two layers are shaken in the separatory funnel until equilibrium is
attained, after which they are allowed to settle completely before separating. The
extraction and separation should be performed at constant temperature, since
the distribution ratio as well as the volumes of the solvent are influenced by
temperature changes. It must be borne in mind that too violent agitation of the
extraction mixture often serves no useful purpose: simple repeated inversions
of the vessel suffice to give equilibrium in a relatively few inversions. If droplets
of aqueous phase are entrained in the organic extract it is possible to remove
them by filtering the extract through a dry filter paper: the filter paper should
be washed several times with fresh organic solvent.

When the distribution ratio is low, continuous methods of extraction are
used. This procedure makes use of a continuous flow of immiscible solvent
through the solution; if the solvent is volatile, it is recycled by distillation and
condensation and is dispersed in the aqueous phase by means of a sintered glass
disc or equivalent device. Apparatus is available for effecting such continuous
extractions with automatic return of the volatilised solvent (see the Bibliography,
Section 9.10).

Stripping. Stripping is the removal of the extracted solute from the organic
phase for further preparation for the detailed analysis. In many analytical
procedures involving an extraction process, however, the concentration of the
desired solute is determined directly in the organic phase.

Where other methods of analysis are to be employed, or where further
separation steps are necessary, the solute must be removed from the organic
phase to a more suitable medium. If the organic solvent is volatile (e.g. diethyl
ether) the simplest procedure is to add a small volume of water and evaporate
the solvent on a water bath; care should be taken to avoid loss of a volatile
solute during the evaporation. Sometimes adjustment of the pH of the solution,
change in valence state, or the use of competitive water-soluble complexing
reagents may be employed to prevent loss of the solute. When the extracting
solvent is non-volatile the solute is removed from the solvent by chemical means,
e.g. by shaking the solvent with a volume of water containing acids or other
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reagents, whereby the extractable complex is decomposed. The metal ions are
then quantitatively back-extracted into the aqueous phase.

Impurities present in the organic phase may sometimes be removed by
backwashing. The organic extract when shaken with one or more small portions
of a fresh aqueous phase containing the optimum reagent concentration and of
correct pH will result in the redistribution of the impurities in favour of the
aqueous phase, since their distribution ratios are low: most of the desired element
will remain in the organic layer.

Completion of the analysis. The technique of solvent extraction permits the
separation and often the pre-concentration of a particular element or substance
(or of a group of elements or substances). Following this separation procedure,
the final step of the analysis involves the quantitative determination of the
species of interest by an appropriate technique.

Spectrophotometric methods may often be applied directly to the solvent
extract utilising the absorption of the extracted species in the ultraviolet or
visible region. A typical example is the extraction and determination of nickel
as dimethylglyoximate in chloroform by measuring the absorption of the
complex at 366 nm. Direct measurement of absorbance may also be made
with appropriate ion association complexes, e.g. the ferroin—anionic detergent
system, but improved results can sometimes be obtained by developing a chelate
complex after extraction. An example is the extraction of uranyl nitrate
from nitric acid into tributyl phosphate and the subsequent addition of
dibenzoylmethane to the solvent to form a soluble coloured chelate.

Further techniques which may be applied directly to the solvent extract are
flame spectrophotometry and atomic absorption spectrophotometry (AAS).!3
The direct use of the solvent extract in AAS may be advantageous since the
presence of the organic solvent generally enhances the sensitivity of the method.
However, the two main reasons for including a chemical separation in the
preparation of a sample for AAS are:

(a) the concentration of the element to be determined is below the detection
limit after normal preparation of the sample solution; and

(b) it is necessary to separate the species of interest from an excessive
concentration of other solutes, affecting the nebuliser and burner system,
or from a very strong chemical interference effect.

Solvent extraction is probably the separation technique which is most widely
used in conjunction with AAS. It often allows the extraction of a number of
elements in one operation and, because of the specific nature of AAS,
non-selective reagents such as the thiocarbamate derivatives (e.g. APDC) may
be used for the liquid—liquid extraction (see Section 6.18).

Multi-element analyses involving solvent extraction and high performance
liquid chromatography (HPLC) have also been described. The extracts,
containing metal—chelate complexes with sulphur-containing reagents, such as
dithizone and diethyldithiocarbamate, were used directly for determination of
the metals by HPLC.14

Automation of solvent extraction. Although automatic methods of analysis do
not fall within the scope of the present text, it is appropriate to emphasise here
that solvent extraction methods offer considerable scope for automation. A fully
automated solvent extraction procedure, using APDC, for the determination of
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trace metals in water has been described.!®> Details of the use of automatic
analysers are best obtained by referring to the appropriate manufacturers’
manuals.

SOME APPLICATIONS
6.8 DETERMINATION OF BERYLLIUM AS THE ACETYLACETONE COMPLEX

Discussion. Beryllium forms an acetylacetone complex, which is soluble in
chloroform, and yields an absorption maximum at 295 nm. The excess of
acetylacetone in the chloroform solution may be removed by rapid washing
with 0.1M-sodium hydroxide solution. It is advisable to treat the solution
containing up to 10 ug of Be with up to 10 mL of 2 per cent EDTA solution:
the latter will mask up to 1 mg of Fe, Al, Cr, Zn, Cu, Pb, Ag, Ce, and U.

Procedure. Prepare a solution containing 10 ug of beryllium in 50 mL. (CARE:
Beryllium compounds are toxic.) Use beryllium sulphate, BeSO,4,4H,0. To
50.0 mL of this solution contained in a beaker, add dilute hydrochloric acid
until the pH is 1.0, and then introduce 10.0 mL of 2 per cent EDTA solution.
Adjust the pH to 7 by the addition of 0.1M sodium hydroxide solution. Add
5.0mL of 1 per cent aqueous acetylacetone and readjust the pH to 7-8. After
standing for 5 minutes, extract the colourless beryllium complex with three
10 mL portions of chloroform. Wash the chloroform extract rapidly with two
50 mL portions of 0.1M sodium hydroxide in order to remove the excess of
acetylacetone. To determine the absorbance at 295 nm (in the ultraviolet region
of the spectrum) it may be necessary to dilute the extract with chloroform.
Measure the absorbance using 1.0 cm absorption cells against a blank.

Repeat the determination with a solution containing 100 ug of iron(III) and
of aluminium ion; the absorbance is unaffected.

6.9 DETERMINATION OF BORON USING FERROIN

Discussion. The method is based upon the complexation of boron as the
bis(salicylato)borate(III) anion (A), (borodisalicylate), and the solvent extraction
into chloroform of the ion-association complex formed with the ferroin.

1) -
JC0)
CcC—0O />
|
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The intensity of the colour of the extract due to ferroin is observed
spectrophotometrically and may be related by calibration to the boron content
of the sample.

The method has been applied to the determination of boron in river water
and sewage,'® the chief sources of interference being copper(II) and zinc
ions, and anionic detergents. The latter interfere by forming ion-association
complexes with ferroin which are extracted by chloroform; this property
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may, however, be utilised for the joint determination of boron and anionic
detergents by the one procedure. The basis of this joint determination is that
the ferroin—anionic detergent complex may be immediately extracted into
chloroform, whereas the formation of the borodisalicylate anion from boric acid
and salicylate requires a reaction time of one hour prior to extraction using
ferroin. The absorbance of the chloroform extract obtained after zero minutes
thus gives a measure of the anionic detergent concentration, whereas the
absorbance of the extract after a one-hour reaction period corresponds to the
amount of boron plus anionic detergent present. Interference due to copper(II)
ions may be eliminated by masking with EDTA.

Reagents. Sulphuric acid solution, 0.05M.

Sodium hydroxide solution, 0.1M.

Sodium salicylate solution, 10 per cent w/v.

EDTA solution, 1 per cent w/v. Use the disodium salt of EDTA.

Ferroin solution, 2.5 x 102 M. Dissolve 0.695 g of iron(II) sulphate
heptahydrate and 1.485 g of 1,10-phenanthroline hydrate in 100 mL of distilled
water.

Boric acid solution, 2.5 x 10~* M. Dissolve 61.8 mg of boric acid in 1 L of
distilled water; dilute 250 mL of this solution to 1 L to give the standard boric
acid solution.

Use analytical reagent grade materials whenever possible and store the
solutions in polythene bottles.

Procedure. (a) Zero-minutes reaction time. Neutralise a measured volume of
the sample containing 1-2 mg L ™! of boron with sodium hydroxide or sulphuric
acid (0.05M) to a pH of 5.5 (use a pH meter). Note the change in volume and
hence calculate the volume correction factor to be applied to the final result.
Measure 100 mL of the neutralised sample solution into a flask, add 10 mL of
10 per cent sodium salicylate solution and 17.5mL of 0.05M sulphuric acid,
and mix the solutions thoroughly. Adjust the pH of the solution to pH 6 to 7
with 0.IM sodium hydroxide and transfer the solution immediately to a
separatory funnel; wash the flask with 20 mL of distilled water and add the
washings to the rest of the solution. Add by pipette 1 mL of 1 per cent EDTA
solution and 1 mL of 2.5 x 10 2M ferroin solution and again throughly mix
the solution. Add 50 mL of chloroform and shake the funnel for 30 seconds to
mix the phases thoroughly. Allow the layers to separate and transfer the
chloroform layer to another separatory funnel. Wash the chloroform by shaking
it vigorously for 30 seconds with 100 mL of water and repeat this process with
a second 100 mL of water. Filter the chloroform phase through cotton-wool
and measure the absorbance, A4,, against pure chloroform at 516 nm ina 1 cm
cell [this 1 cm cell reading is used to calculate the boron concentration on the
basis of equation (1) (see below), but if the zero-minutes reading is to be used for
determination of anionic detergent concentration a 2 cm cell reading is more
suitable].

(b) One-hour reaction time. Measure a second 100 mL of neutralised sample
solution into a flask, add 10 mL of 10 per cent sodium salicylate solution and
17.5 mL of 0.05 M sulphuric acid solution. Mix the solutions thoroughly, allow
the mixture to stand for one hour and adjust the pH of the solution to 6-7
with 0.1 M sodium hydroxide. Now proceed as previously described, under (a),
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to obtain the absorbance, A4,;. The absorbance, A, to be used in the calculation
of the boron concentration is obtained from the following equation:

A=A1h_(A0_A(blank)0) (1)

A b1ankyo IS determined by repeating procedure (a),i.¢. zero-minutes, using 100 mL
of distilled water in place of the sample solution.

Calculate the amount of boron present by reference to a calibration graph
of absorbance against boron concentration (mg L~'). Multiply the result
obtained by the appropriate volume correction factor arising from neutralisation
of the sample.

Calibration. Take 5, 10, 25, 50, 75 and 100 mL of the standard boric acid
solution (2.5 x 10"*M) and make each up to 100 mL with distilled water;
this yields a boron concentration range up to 2.70mgL~!. Continue with
each solution as described under procedure (b), i.e. one-hour reaction time,
except that the initial neutralisation of the boron solution to pH 5.5 is not
necessary. Construct a calibration graph of absorbance at 516 nm against boron
concentration, mg L™!. For maximum accuracy, the calibration should be
carried out immediately prior to the analysis of samples.

6.10 DETERMINATION OF COPPER AS THE DIETHYLDITHIOCARBAMATE COMPLEX

Discussion. Sodium diethyldithiocarbamate (B) reacts with a weakly acidic or
ammoniacal solution of copper(II) in low concentration to produce a brown
colloidal suspension of the copper(II) diethyldithiocarbamate. The suspension
may be extracted with an organic solvent (chloroform, carbon tetrachloride or
butyl acetate) and the coloured extract analysed spectrophotometrically at
560 nm (butyl acetate) or 435 nm (chloroform or carbon tetrachloride).

S

7

(C,H;),N—C (B)

S™}Na*

Many of the heavy metals give slightly soluble products (some white, some
coloured) with the reagent, most of which are soluble in the organic solvents
mentioned. The selectivity of the reagent may be improved by the use of masking
agents, particularly EDTA.

The reagent decomposes rapidly in solutions of low pH.

Procedure. Dissolve 0.0393 g of pure copper(il) sulphate pentahydrate in 1 L
of water in a graduated flask. Pipette 10.0 mL of this solution (containing about
100 ug Cu) into a beaker, add 5.0 mL of 25 per cent aqueous citric acid solution,
render slightly alkaline with dilute ammonia solution and boil off the excess of
ammonia; alternatively, adjust to pH 8.5 using a pH meter. Add 15.0mL of
4 per cent EDTA solution and cool to room temperature. Transfer to a
separatory funnel, add 10 mL of 0.2 per cent aqueous sodium diethyldithio-
carbamate solution, and shake for 45 seconds. A yellow—brown colour develops
in the solution. Pipette 20 mL of butyl acetate (ethanoate) into the funnel and
shake for 30 seconds. The organic layer acquires a yellow colour. Cool, shake
for 15 seconds and allow the phases to separate. Remove the lower aqueous
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layer; add 20 mL of 5 per cent sulphuric acid (v/v), shake for 15 seconds, cool,
and separate the organic phase. Determine the absorbance at 560 nm in 1.0 cm
absorption cells against a blank. All the copper is removed in one extraction.

Repeat the experiment in the presence of 1 mg of iron(III); no interference
can be detected.

6.11 DETERMINATION OF COPPER AS THE 'NEO-CUPROIN’ COMPLEX

Discussion. ‘Neo-cuproin’ (2,9-dimethyl-1,10-phenanthroline) can, under certain
conditions, behave as an almost specific reagent for copper(I). The complex is
soluble in chloroform and absorbs at 457nm. It may be applied to the
determination of copper in cast iron, alloy steels, lead—tin solder, and various
metals.

Procedure. To 10.0 mL of the solution containing up to 200 ug of copper in a
separatory funnel, add 5.0 mL of 10 per cent hydroxylammonium chloride
solution to reduce Cu(II) to Cu(I), and 10 mL of a 30 per cent sodium citrate
solution to complex any other metals which may be present. Add ammonia
solution until the pH is about 4 (Congo red paper), followed by 10 mL of a
0.1 per cent solution of ‘neo-cuproin’ in absolute ethanol. Shake for about
30 seconds with 10 mL of chloroform and allow the layers to separate. Repeat
the extraction with a further 5mL of chloroform. Measure the absorbance at
457 nm against a blank on the reagents which have been treated similarly to
the sample.

6.12 DETERMINATION OF IRON AS THE 8-HYDROXYQUINOLATE

Discussion. Iron(IIT)(50-200 ug) can be extracted from aqueous solution with
a 1 per cent solution of 8-hydroxyquinoline in chloroform by double extraction
when the pH of the aqueous solution is between 2 and 10. At a pH of 2-2.5
nickel, cobalt, cerium(III), and aluminium do not interfere. Iron(III) oxinate is
dark-coloured in chloroform and absorbs at 470 nm.

Procedure. Weigh out 0.0226 g of hydrated ammonium iron(III) sulphate and
dissolve it in 1 L of water in a graduated flask; SO mL of this solution contain
100 ug of iron. Place 50.0 mL of the solution in a 100 mL separatory funnel,
add 10 mL of a 1 per cent oxine (analytical grade) solution in chloroform and
shake for 1 minute. Separate the chloroform layer. Transfer a portion of the
latter to a 1.0cm absorption cell. Determine the absorbance at 470 nm in a
spectrophotometer, using the solvent as a blank or reference. Repeat the
extraction with a further 10 mL of 1 per cent oxine solution in chloroform, and
measure the absorbance to confirm that all the iron was extracted.

Repeat the experiment using 50.0 mL of the iron(III) solution in the presence
of 100 ug of aluminium ion and 100 ug of nickel ion at pH 2.0 (use a pH meter
to adjust the acidity) and measure the absorbance. Confirm that an effective
separation has been achieved.

Note. Some typical results are given below. Absorbance after first extraction 0.605; after
second extraction 0.004; in presence of 100 ug Al and 100 ug Ni the absorbance obtained
is 0.602.
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6.13 DETERMINATION OF LEAD BY THE DITHIZONE METHOD*

Discussion. Diphenylthiocarbazone (dithizone) behaves in solution as a
tautomeric mixture of (C) and (D):

N—NHCH, NH—NHCH;
V4 — /
HS--C S=C
\
N=NCH, N=NCH,
(C) (D)

It functions as a monoprotic acid (pK,=4.7) up to a pH of about 12; the acid
proton is that of the thiol group in (C). ‘Primary’ metal dithizonates are formed
according to the reaction:

M"* + nH,Dz = M(HDz), + nH™

Some metals, notably copper, silver, gold, mercury, bismuth, and palladium,
form a second complex (which we may term ‘secondary’ dithizonates) at a
higher pH range or with a deficiency of the reagent:

2M(HDz), = M,Dz, + nH,Dz

In general, the ‘primary’ dithizonates are of greater analytical utility than the
‘secondary’ dithizonates, which are less stable and less soluble in organic
solvents.

Dithizone is a violet—black solid which is insoluble in water, soluble in dilute
ammonia solution, and also soluble in chloroform and in carbon tetrachloride
to yield green solutions. It is an excellent reagent for the determination of small
(microgram) quantities of many metals, and can be made selective for certain
metals by resorting to one or more of the following devices.

(a) Adjusting the pH of the solution to be extracted. Thus from acid solution
(0.1-0.5M) silver, mercury, copper, and palladium can be separated from
other metals; bismuth can be extracted from a weakly acidic medium; lead
and zinc from a neutral or faintly alkaline medium; cadmium from a strongly
basic solution containing citrate or tartrate.

(b) Adding a complex-forming agent or masking agent, e.g. cyanide, thiocyanate,
thiosulphate, or EDTA.

It must be emphasised that dithizone is an extremely sensitive reagent
and is applicable to quantities of metals of the order of micrograms. Only
the purest dithizone may be used, since the reagent tends to oxidise to
diphenylthiocarbadiazone, SS=C(N=NCHj),: the latter does not react with
metals, is insoluble in ammonia solution, and dissolves in organic solvents to
give yellow or brown solutions. Reagents for use in dithizone methods of analysis
must be of the highest purity. De-ionised water and redistilled acids are
recommended: ammonia solution should be prepared by passing ammonia gas
into water. Weakly basic and neutral solutions can frequently be freed from

* This experiment is not recommended for elementary students or students having little experience
of analytical work.
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reacting heavy metals by extracting them with a fairly strong solution of
dithizone in chloroform until a green extract is obtained. Vessels (of Pyrex)
should be rinsed with dilute acid before use. Blanks must always be run.

Only one example of the use of dithizone in solvent extraction will be given
in order to illustrate the general technique involved.

Procedure. Dissolve 0.0079 g of pure lead nitrate in 1 L of water in a graduated
flask. To 10.0 mL of this solution (containing about 50 ug of lead) contained in
a 250 mL separatory funnel, add 75 mL of ammonia—cyanide—sulphite mixture
(Note 1), adjust the pH of the solution to 9.5 (pH meter) by the cautious addition
of hydrochloric acid (CARE!),* then add 7.5 mL of a 0.005 per cent solution
of dithizone in chloroform (Note 2), followed by 17.5 mL of chloroform. Shake
for 1 minute, and allow the phases to separate. Determine the absorbance at
510 nm against a blank solution in a 1.0 cm absorption cell. A further extraction
of the same solution gives zero absorption indicative of the complete extraction
of the lead. Almost the same absorbance is obtained in the presence of 100 ug
of copper ion and 100 ug of zinc ion.

Notes. (1) This solution is prepared by diluting 35 mL of concentrated ammonia solution
(sp. gr. 0.88) and 3.0 mL of 10 per cent potassium cyanide solution (caution) to 100 mL,
and then dissolving 0.15 g of sodium sulphite in the solution.

(2) One millilitre of this solution is equivalent to about 20 ug of lead. The solution
should be freshly prepared using the analytical-grade reagent, ideally taken from a new
or recently opened reagent bottle.

6.14 DETERMINATION OF MOLYBDENUM BY THE THIOCYANATE METHOD

Discussion. Molybdenum(VI) in acid solution when treated with tin(II)
chloride [best in the presence of a little iron(II) ion] is converted largely into
molybdenum(V): this forms a complex with thiocyanate ion, probably largely
Mo(SCN);, which is red in colour. The latter may be extracted with solvents
possessing donor oxygen atoms (3-methylbutanol is preferred). The colour
depends upon the acid concentration (optimum concentration 1M) and the
concentration of the thiocyanate ion (<1 per cent, but colour intensity is
constant in the range 2—10 per cent); it is little influenced by excess of tin(II)
chloride. The molybdenum complex has maximum absorption at 465 nm.

Reagents. Standard molybdenum solution. Dissolve 0.184 g of ammonium
molybdate (NH,)¢[Mo0,0,,]4H,0 in 1L of distilled water in a graduated
flask: this gives a 0.01 per cent Mo solution containing 100 ug Mo mL ™!,
Alternatively, dissolve 0.150 g of molybdenum trioxide in a few millilitres of
dilute sodium hydroxide solution, dilute with water to about 100 mL, render
slightly acidic with dilute hydrochloric acid, and then dilute to 1 L with water
in a graduated flask: this is a 0.0100 per cent solution. It can be diluted to
0.001 per cent with 0.1M hydrochloric acid.

Ammonium iron(1I) sulphate solution. Dissolve 10 g of the salt in 100 mL of very
dilute sulphuric acid.

* It is essential that the pH of the mixture does not fall below 9.5, even temporarily, as there is
always the possibility that HCN could be liberated.
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Tin(1I) chloride solution. Dissolve 10 g of tin(II) chloride dihydrate in 100 mL
of 1M hydrochloric acid.

Potassium thiocyanate solution. Prepare a 10 per cent aqueous solution from
the pure salt.

Procedure. Construct a calibration curve by placing 1.0, 2.0, 3.0, 4.0, and 5.0 mL
of the 0.001 per cent Mo solution (containing 10 ug, 20 ug, 30 ug, 40 ug, and
50 ug Mo respectively) in 50 mL separatory funnels and diluting each with an
equal volume of water. Add to each funnel 2.0 mL of concentrated hydrochloric
acid, 1.0 mL of the ammonium iron(II) sulphate solution, and 3.0 mL of the
potassium thiocyanate solution; shake gently and then introduce 3.0 mL of the
tin(II) chloride solution. Add water to bring the total volume in each separatory
funnel to 25 mL and mix. Pipette 10.0 mL of redistilled 3-methylbutanol into
each funnel and shake individually for 30 seconds. Allow the phases to separate,
and carefully run out the lower aqueouslayer. Remove the glass stopper and pour
the alcoholic extract through a small plug of purified glass wool in a small
funnel and collect the organic extract in a 1.0 cm absorption cell. Measure the
absorbance at 465 nm in a spectrophotometer against a 3-methylbutanol blank.
Plot absorbance against ug of Mo. A straight line is obtained over the range
0-50 ug Mo: Beer’s law is obeyed (Section 17.2).

Determine the concentration of Mo in unknown samples supplied and
containing less than 50 ug Mo per 10 mL: use the calibration curve, and subject
the unknown to the same treatment as the standard solutions.

The above procedure may be adapted to the determination of molybdenum
in steel. Dissolve a 1.00 g sample of the steel (accurately weighed) in 5 mL of
1:1 hydrochloric acid and 15 mL of 70 per cent perchloric acid. Heat the solution
until dense fumes are evolved and then for 6—7 minutes longer. Cool, add 20 mL
of water, and warm to dissolve all salts. Dilute the resulting cooled solution to
volume in a 1L flask. Pipette 10.0 mL of the diluted solution into a 50 mL
separatory funnel, add 3 mL of the tin(II) chloride solution, and continue as
detailed above. Measure the absorbance of the extract at 465nm with a
spectrophotometer, and compare this value with that obtained with known
amounts of molybdenum. Use the calibration curve prepared with equal
amounts of iron and varying quantities of molybdenum. If preferred, a mixture
of 3-methylbutanol and carbon tetrachloride, which is heavier than water, can
be used as extractant.

Note. Under the above conditions of determination the following elements interfere in
the amount specified when the amount of Mo is 10 ug (error greater than 3 per cent):
V, 0.4 mg, yellow colour [interference prevented by washing extract with tin(II) chloride
solution]; Cr(VI), 2 mg, purple colour; W(VI), 0.15 mg, yellow colour; Co, 12 mg, slight
green colour; Cu, 5mg; Pb, 10 mg; Ti(III), 30 mg (in presence of sodium fluoride).

6.15 DETERMINATION OF NICKEL AS THE DIMETHYLGLYOXIME COMPLEX

Discussion. Nickel (200-400 pug) forms the red dimethylglyoxime complex
in a slightly alkaline medium; it is only slightly soluble in chloroform
(35-50 ug Ni mL~'). The optimum pH range of extraction of the nickel complex
is 7-12 in the presence of citrate. The nickel complex absorbs at 366 nm and
also at 465-470 nm.
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Procedure. Weigh out 0.135g of pure ammonium nickel sulphate
(NiSO,,(NH,),S0,,6H,0) and dissolve it in 1 L of water in a graduated flask.
Transfer 10.0 mL of this solution (Ni content about 200 ug) to a beaker
containing 90 mL of water, add 5.0 g of citric acid, and then dilute ammonia
solution until the pH is 7.5. Cool and transfer to a separatory funnel, add 20 mL
of dimethylglyoxime solution (Note 1) and, after standing for a minute or two,
12 mL of chloroform. Shake for 1 minute, allow the phases to settle out, separate
the red chloroform layer, and determine the absorbance at 366 nm in a 1.0 cm
absorption cell against a blank. Extract with a further 12 mL of chloroform and
measure the absorbance of the extract at 366 nm; very little nickel will be found.

Repeat the experiment in the presence of 500 ug of iron(IIT) and 500 ug of
aluminium ions; no interference will be detected, but cobalt may interfere
(Note 2).

Notes. (1) The dimethylglyoxime reagent is prepared by dissolving 0.50 g of
dimethylglyoxime in 250 mL of ammonia solution and diluting to 500 mL with water.

(2) Cobalt forms a brown soluble dimethylglyoxime complex which is very slightly
extracted by chloroform; the amount is only significant if large amounts of Co ( > 2—3 mg)
are present. If Co is suspected it is best to wash the organic extract with ca 0.5M ammonia
solution: enough reagent must be added to react with the Co and leave an excess for
the Ni. Large amounts of cobalt may be removed by oxidising with hydrogen peroxide,
complexing with ammonium thiocyanate (as a 60 per cent aqueous solution), and
extracting the compound with a pentyl alcohol—diethyl ether (3:1) mixture. Copper(II)
is extracted to a small extent, and is removed from the extract by shaking with
0.5M ammonia solution. Copper in considerable amounts is not extracted if it is
complexed with thiosulphate at pH 6.5. Much Mn tends to inhibit the extraction of Ni;
this difficulty is overcome by the addition of hydroxylammonium chloride. Iron(III)
does not interfere.

6.16 DETERMINATION OF SILVER BY EXTRACTION AS ITS ION ASSOCIATION
COMPLEX WITH 1,10-PHENANTHROLINE AND BROMOPYROGALLOL RED

Discussion. Silver can be extracted from a nearly neutral aqueous solution into
nitrobenzene as a blue ternary ion association complex formed between
silver(I) ions, 1,10-phenanthroline and bromopyrogallol red. The method is
highly selective in the presence of EDTA, bromide and mercury(II) ions as
masking agents and only thiosulphate appears to interfere.®

Reagents. Silver nitrate solution, 10~*M. Prepare by dilution of a standard
0.1 M silver nitrate solution.

1,10-Phenanthroline solution. Dissolve 49.60 mg of analytical grade 1,10-
phenanthroline in distilled water and dilute to 250 mL.

Ammonium acetate (ethanoate) solution, 20 per cent. Dissolve 20g of the
analytical grade salt in distilled water and dilute to 100 mL.

Bromopyrogallol red solution, 10~*M. Dissolve 14.0 mg of bromopyrogallol red
and 2.5 g of ammonium acetate in distilled water and dilute to 250 mL. This
solution should be discarded after five days.

EDTA solution, 10~'M. Dissolve 3.7225 g of analytical grade disodium salt in
distilled water and dilute to 100 mL.

Sodium nitrate solution, 1 M. Dissolve 8.5 g of analytical grade sodium nitrate
in distilled water and dilute to 100 mL.
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Nitrobenzene, analytical grade.
Sodium hydroxide, analytical grade pellets.

Procedure. Calibration. Pipette successively 1,2, 3,4 and S mL of 10™* M silver
nitrate solution, 1 mL of 20 per cent ammonium acetate solution, SmL of
10 ~3M 1,10-phenanthroline solution, 1 mL of 10 ~!M EDTA solution and 1 mL
of 1 M sodium nitrate solution into five 100 mL separatory funnels. Add sufficient
distilled water to give the same volume of solution in each funnel, then add
20 mL of nitrobenzene and shake by continuous inversion for one minute. Allow
about 10 minutes for the layers to separate, then transfer the lower organic
layers to different 100 mL separatory funnels and add to the latter 25 mL of
10 ~*M bromopyrogallol red solution. Again shake by continuous inversion for
one minute and allow about 30 minutes for the layers to separate. Run the
lower nitrobenzene layers into clean, dry 100 mL beakers and swirl each beaker
until all cloudiness disappears (Note 1). Finally transfer the solutions to 1 cm
cells and measure the absorbance at 590 nm against a blank carried through
the same procedure, but containing no silver. Plot a calibration curve of
absorbance against silver content (ug).

I mL of 107*M AgNO, = 10.788 ug of Ag

Determination. To an aliquot of the silver(I) solution containing between 10
and 50 ug of silver, add sufficient EDTA to complex all those cations present
which form an EDTA complex. If gold is present (3250 ug) it is masked by
adding sufficient bromide ion to form the AuBr, complex. Cyanide, thiocyanate
or iodide ions are masked by adding sufficient mercury(II) ions to complex
these anions followed by sufficient EDTA to complex any excess mercury(II).
Add 1mL of 20 per cent ammonium acetate solution, etc., and proceed as
described under Calibration.

Note. (1) More rapid clarification of the nitrobenzene extract is obtained if the beakers
contain about five pellets of sodium hydroxide. The latter is, however, a source of
instability of the colour system and its use is, therefore, not recommended.

6.17 DETERMINATION OF NICKEL BY SYNERGISTIC EXTRACTION"

Discussion. Using dithizone and 1,10-phenanthroline (Note 1), nickel is rapidly
and quantitatively extracted over a broad pH range (from 5.5 to at least 11.0)
to give a highly coloured mixed ligand complex having an absorption band
centred at 520 nm. The complex is sufficiently stable to permit the removal
of excess dithizone by back-extraction with 0.1 M sodium hydroxide, so that a
‘monocolour’ method is applicable. The molar absorptivity of this complex is
491 x 10* mol ! L cm ~ !, which makes the method significantly more sensitive
than any other method for determination of nickel.®

Procedure. To 10mL of a solution (Note 2) containing from 1 to 10 ug of
nickel(IT) add SmL of a phthalate or acetate (ethanoate) buffer of pH 6.0 or,
if the sample solution is acidic, use dilute ammonia to adjust the pH. To this
solution now add 15SmL of a chloroform solution of dithizone (7 x 10~° M)
and 1,10-phenanthroline (3 x 1073 M). Shake the phases for five minutes in a

*This experiment is not recommended for students having little experience of analytical work.
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6  SOLVENT EXTRACTION

separatory funnel, allow them to settle and separate the aqueous and chloroform
layers. Remove excess dithizone from the chloroform layer by back-extraction
with 10 mL of 0.1 M sodium hydroxide: vigorous shaking for about one minute
is sufficient. Again separate the chloroform layer and measure its absorbance
in a 1cm cell at 520nm against a similarly treated blank. Construct a
calibration curve (which should be a straight line through the origin) using
standard nickel(II) solutions containing 2, 4, 6, 8 and 10 ug in 10 mL.

Notes. (1) The reagent solution should be freshly prepared using analytical-grade
dithizone and 1,10-phenanthroline, preferably taken from new or recently opened reagent
bottles.

(2) Glassware should be rinsed with dilute acid and then several times with de-ionised
water. All aqueous solutions must be made up using de-ionised water.

6.18 EXTRACTION AND DETERMINATION OF LEAD, CADMIUM, AND COPPER USING
AMMONIUM PYROLLIDINE DITHIOCARBAMATE

Discussion. Because of the specific nature of atomic absorption spectroscopy
(AAS) as a measuring technique, non-selective reagents such as ammonium
pyrollidine dithiocarbamate (APDC) may be used for the liquid-liquid
extraction of metal ions. Complexes formed with APDC are soluble in a number
of ketones such as methyl isobutyl ketone which is a recommended solvent for
use in atomic absorption and allows a concentration factor of ten times. The
experiment described illustrates the use of APDC as a general extracting reagent
for heavy metal ions.

Reagents and solutions. APDC solution. Dissolve 1.0 g of APDC in water, dilute
to 100 mL and filter (Note 1).

Standard solutions. Prepare, by appropriate dilution of standardised stock
solutions of lead, cadmium and copper(II) ions, mixed aqueous standards of
Pb2*, Cd?* and Cu?” containing the following concentrations of each metal
ion: 0.4, 0.6, 0.8 and 1.0mgL ! (Note 2).

Procedure. To 100 mL of sample solution, containing 0.5 to 1.0mgL ™! of
Pb2* Cd2* and Cu?* ions, add 10 mL of APDC solution and adjust to pH 5
with dilute acetic (ethanoic) acid or sodium hydroxide. Transfer the solution
to a separatory funnel and extract the complex into 8 mL of methyl isobutyl
ketone (MIBK) by vigorously shaking the phases for 30 seconds. Allow the
mixture to stand for about two minutes, transfer the aqueous phase to another
separatory funnel and repeat the extraction with 2mL of MIBK. Discard the
aqueous phase, which should now be colourless, combine the extracts in the
first funnel, mix, and filter through a cotton-wool plug into a small dry beaker.
Standard extracts should be prepared from the mixed aqueous standards using
the same procedure. Aspirate the standard extracts successively into the flame,
followed by the sample extract. In each_case read the separate absorbances
obtained using lead, cadmium and copper hollow cathode lamps (Note 3). Plot
a calibration curve for each metal ion and use this to determine the concentrations
of Pb2*, Cd?*, and Cu?* in the sample solution.

When the AAS measurements have been completed, aspirate de-ionised water
for several minutes to ensure thorough cleaning of the nebuliser—burner system.
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Notes. (1) The solution should be freshly prepared using analytical reagent grade APDC
(see Section 6.6).

(2) De-ionised water must be used in the preparation of all aqueous solutions.

(3) The detailed experimental procedure for determinations by AAS is given in
Section 21.14.

For References and Bibliography see Sections 9.9 and 9.10.
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CHAPTER 7
ION EXCHANGE

7.1 GENERAL DISCUSSION

The term ion exchange is generally understood to mean the exchange of ions
of like sign between a solution and a solid highly insoluble body in contact with
it. The solid (ion exchanger) must, of course, contain ions of its own, and for
the exchange to proceed sufficiently rapidly and extensively to be of practical
value, the solid must have an open, permeable molecular structure so that ions
and solvent molecules can move freely in and out. Many substances, both natural
(e.g. certain clay minerals) and artificial, have ion exchanging properties, but
for analytical work synthetic organic ion exchangers are chiefly of interest,
although some inorganic materials, e.g. zirconyl phosphate and ammonium
12-molybdophosphate, also possess useful ion exchange capabilities and have
specialised applications.!” All ion exchangers of value in analysis have several
properties in common, they are almost insoluble in water and in organic solvents,
and they contain active or counter-ions that will exchange reversibly with other
ions in a surrounding solution without any appreciable physical change
occurring in the material. The ion exchanger is of complex nature and is, in
fact, polymeric. The polymer carries an electric charge that is exactly neutralised
by the charges on the counter-ions. These active ions are cations in a cation
exchanger and anions in an anion exchanger. Thus a cation exchanger consists
of a polymeric anion and active cations, while an anion exchanger is a polymeric
cation with active anions.

A widely used cation exchange resin is that obtained by the copolymerisation
of styrene (A) and a small proportion of divinylbenzene (B), followed by
sulphonation; it may be represented as (C):

—CH—CH,—CH—CH,—

Og= @ O 9

SOj; H * SO;H*
‘ H,—CH—CH,
CH,:CH--{3—(:]-{=CH2 —CH,—CH CH—CH,—
(B)
SO3H* SO;H* (C)
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The formula enables us to visualise a typical cation exchange resin. It consists
of a polymeric skeleton, held together by linkings crossing from one polymer
chain to the next: the ion exchange groups are carried on this skeleton. The
physical properties are largely determined by the degree of cross-linking. This
cannot be determined directly in the resin itself: it is often specified as the moles
per cent of the cross-linking agent in the mixture polymerised. Thus ‘polystyrene
sulphonic acid, 5 per cent DVB’ refers to a resin containing nominally 1 mole
in 20 of divinylbenzene: the true degree of cross-linking probably differs
somewhat from the nominal value, but the latter is nevertheless useful for grading
resins. Highly cross-linked resins are generally more brittle, harder, and more
impervious than the lightly cross-linked materials; the preference of a resin for
one ion over another is influenced by the degree of cross-linking. The solid
granules of resin swell when placed in water to give a gel structure, but the
swelling is limited by the cross-linking. In the above example the divinylbenzene
units ‘weld’ the polystyrene chains together and prevent it from swelling
indefinitely and dispersing into solution. The resulting structure is a vast
sponge-like network with negatively charged sulphonate ions attached firmly
to the framework. These fixed negative charges are balanced by an equivalent
number of cations: hydrogen ions in the hydrogen form of the resin and sodium
ions in the sodium form of the resin, etc. These ions move freely within the
water-filled pores and are sometimes called mobile ions; they are the ions which
exchange with other ions. When a cation exchanger containing mobile ions C™*
is brought into contact with a solution containing cations B* the latter diffuse
into the resin structure and cations C* diffuse out until equilibrium is attained.
The solid and the solution then contain both cations C* and B* in numbers
depending upon the position of equilibrium. The same mechanism operates for
the exchange of anions in an anion exchanger.

Anion exchangers are likewise cross-linked, high-molecular-weight polymers.
Their basic character is due to the presence of amino, substituted amino, or
quaternary ammonium groups. The polymers containing quaternary ammonium
groups are strong bases; those with amino or substituted amino groups possess
weak basic properties. A widely used anion exchange resin is prepared by
copolymerisation of styrene and a little divinylbenzene, followed by chloro-
methylation (introduction of the —CH,Cl grouping, say, in the free para
position) and interaction with a base such as trimethylamine. A hypothetical
formulation of such a polystyrene anion exchange resin is given as (D).

—CH—CH,—CH—CH,—CH—CH,—

53¢

CH,NMejy CH,NMe; Cl~
CH
_CHz—CH CH—CH,—
CH,NMe;Cl~ CH,NMe3Cl~
(D)
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Numerous types of both cation and anion exchange resins have been
prepared, but only a few can be mentioned here. Cation exchange resins include
that prepared by the copolymerisation of methacrylic acid (E) with glycol

CH,—C(CH,)—COOCH,
CH,—=C(CH,)—COOH

E) CH,—C(CH,)—COOCH,

(F)

bismethacrylate (F) (as the cross-linking agent); this contains free —COOH
groups and has weak acidic properties. Weak cation exchange resins containing
free —COOH and —OH groups have also been synthesised. Anion exchange
resins containing primary, secondary, or tertiary amino groups possess weakly
basic properties. We may define a cation exchange resin as a high-molecular-
weight, cross-linked polymer containing sulphonic, carboxyiic, phenolic, etc.,
groups as an integral part of the resin and an equivalent number of cations: an
anion exchange resin is a polymer containing amine (or quaternary ammonium)
groups as integral parts of the polymer lattice and an equivalent number of
anions, such as chloride, hydroxyl, or sulphate ions.
The fundamental requirements of a useful resin are:

—

. the resin must be sufficiently cross-linked to have only a negligible solubility;

2. the resin must be sufficiently hydrophilic to permit diffusion of ions through
the structure at a finite and usable rate;

3. the resin must contain a sufficient number of accessible ionic exchange groups
and it must be chemically stable;

4. the swollen resin must be denser than water.

A new polymerisation technique yields a cross-linked ion exchange resin
having a truly macroporous structure quite different from that of the conventional
homogeneous gels already described. An average pore diameter of 130 nm is
not unusual and the introduction of these macroreticular resins (e.g. the
Amberlyst resins developed by the Rohm and Haas Co.) has extended the scope
of the ion exchange technique. Thus, the large pore size allows the more complete
removal of high-molecular-weight ions than is the case with the gel-type resins.
Macroporous resins are also well suited for non-aqueous ion exchange
applications.!®

New types of ion exchange resins have also been developed to meet the
specific needs of high-performance liquid chromatography (HPLC) (Chapter 8).
These include pellicular resins and microparticle packings (e.g. the Aminex-type
resins produced by Bio-Rad). A review of the care, use and application of the
various ion exchange packings available for HPLC is given in Ref. 19.

Some of the commercially available ion exchange resins are collected in
Table 7.1. These resins, produced by different manufacturers, are often
interchangeable and similar types will generally behave in a similar manner.
For a more comprehensive list of ion exchange resins and their properties,
reference may be made to the booklet published by BDH Ltd (see the
Bibliography, Section 9.10).

Finally, mention should be made to the development of silica-based ion
exchange packings for HPLC. Their preparation is similar to that for the
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Table 7.1 Comparable ion exchange materials

Type Duolite Rohm & Haas Dow Chemical Bio-Rad Labs
International Ltd Co., USA Co., USA Ltd, Watford, UK

Strong acid Duolite C225 Amberlite 120 Dowex 50 AGS50W

cation Duolite C255 Amberlite 200* AGMP-50*

exchangers Duolite C26C*

Weak acid Duolite C433 Amberlite 84 Bio-Rex 70*

cation Duolite C464* Amberlite 50

exchangers

Strong base Duolite A113 Amberlite 400 Dowex 1 AGl1

anton Duolite A116 Amberlite 410 Dowex 2 AGMP-1*

exchangers Duolite A161* Amberlite 900*

Weak base Duolite A303 Amberlite 45 AG3-X4A

anion Duolite A378* Amberlite 68

exchangers Amberlite 93*

Chelating Duolite ES466* Amberlite 718* Chelex 100

resins

* Macroporous/macroreticular resins.

bonded-phase packings (Chapter 8) with the ion exchange groups being
subsequently introduced into the organic backbone. The small particle size
(5-10 um diameter) and narrow distribution of such packings provide high
column efficiencies and typical applications include high-resolution analysis of
amino acids, peptides, proteins, nucleotides, etc. These silica-based packings are
preferred when column efficiency is the main criterion but, when capacity is the
main requirement, the resin microparticle packings should be selected. The
chromatographic properties of ion exchange packings for analytical separations
have been compared.?®

1.2 ACTION OF ION EXCHANGE RESINS

Cation exchange resins* contain free cations which can be exchanged for cations
in solution (soln).

(Res. A7")B* + C* (soln) = (Res.A7)C* + B* (soln)

If the experimental conditions are such that the equilibrium is completely
displaced from left to right the cation C* is completely fixed on the cation
exchanger. If the solution contains several cations (C*, D*, and E*) the
exchanger may show different affinities for them, thus making separations
possible. A typical example is the displacement of sodium ions in a sulphonate
resin by calcium ions:

2(Res.SO; )Na*t + Ca?* (soln) = (Res.SO;); Ca?* +2Na* (soln)

* These will be represented by (Res.A ~)B*, where Res. is the basic polymer of the resin, A~ is the
anion attached to the polymeric framework, B * is the active or mobile cation: thus a sulphonated
polystyrene resin in the hydrogen form would be written as (Res.SO; )H*. A similar nomenclature
will be employed for anion exchange resins, e.g. (Res. NMe; )Cl™.
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The reaction is reversible; by passing a solution containing sodium ions through
the product, the calcium ions may be removed from the resin and the original
sodium form regenerated. Similarly, by passing a solution of a neutral salt
through the hydrogen form of a sulphonic resin, an equivalent quantity of the
corresponding acid is produced by the following typical reaction:

(Res.SO3)H* + Na®Cl™ (soln) = (Res.SO; )Na* + H* Cl~ (soln)

For the strongly acidic cation exchange resins, such as the cross-linked
polystyrene sulphonic acid resins, the exchange capacity is virtually independent
of the pH of the solution. For weak acid cation exchangers, such as those
containing the carboxylate group, ionisation occurs to an appreciable extent
only in alkaline solution, i.e. in their salt form; consequently the carboxylic
resins have very little action in solutions below pH 7. These carboxylic
exchangers in the hydrogen form will absorb strong bases from solution:

(Res.COO")H" + Na*OH ™ (soln) = (Res.COO ")Na* + H,O

but will have little action upon, say, sodium chloride; hydrolysis of the salt form
of the resin occurs so that the base may not be completely absorbed even if an
excess of resin is present.

Strongly basic anion exchange resins, e.g. a cross-linked polystyrene containing
quaternary ammonium groups, are largely ionised in both the hydroxide and
the salt forms. Some of their typical reactions may be represented as:

2(Res.NMey )Cl~ + SO3 ™ (soln) = (Res.NMe;),S0O2~ + 2Cl~ (soln)
(Res.NMe$)Cl~ + OH " (soln) = (Res.NMef)OH ™ + Cl~ (soln)
(Res.NMe3)OH™ + H*Cl~ (soln) = (Res.NMe3)Cl~ + H,O

These resins are similar to the sulphonate cation exchange resins in their activity,
and their action is largely independent of pH. Weakly basic ion exchange resins
contain little of the hydroxide form in basic solution. The equilibrium of, say,

(Res.NMe,) + H,O = (Res.NHMe,)* OH "

is mainly to the left and the resin is largely in the amine form. This may also
be expressed by stating that in alkaline solutions the free base Res. NHMe,-OH
is very little ionised. In acidic solutions, however, they behave like the strongly
basic ion exchange resins, yielding the highly ionised salt form:

(Res.NMe,)+ H*Cl~ = (Res.NHMe; )Cl~

They can be used in acid solution for the exchange of anions, for example:
(Res.NHMe; )Cl~ + NOj (soln) = (Res.NHMe; )NOj3 + Cl~ (soln)
Basic resins in the salt form are readily regenerated with alkali.

Ion exchange equilibria. The ion exchange process, involving the replacement
of the exchangeable ions A, of the resin by ions of like charge B, from a solution,
may be written:

Ar + Bs = Br + As
The process is a reversible one and for ions of like charge the selectivity
coefficient, K, is defined by:
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» _ [B1L4],
4= [41,[B],

where the terms in brackets represent the concentrations of ions A and B in
either the resin or solution phase. The values of selectivity coefficients are
obtained experimentally and provide a guide to the relative affinities of ions for
a particular resin. Thus if K& > 1 the resin shows a preference for ion B, whereas
if K5 <1 its preference is for ion A; this applies to both anion and cation
exchanges.

The relative selectivities of strongly acid and strongly basic polystyrene resins,
with about 8 per cent DVB, for singly charged ions are summarised in Table 7.2.
It should be noted that the relative selectivities for certain ions may vary with
a change in the extent of cross-linking of the resin; for example, with a 10 per
cent DVB resin the relative selectivity values for Li* and Cs* ions are 1.00 and
4.15, respectively.

K

Table 7.2

Cation  Relative selectivity Anion Relative selectivity

Li* 1.00 F- 0.09
H* 1.26 OH" 0.09
Na* 1.88 cl- 1.00
NH; 222 Br- 280
K* 2.63 NOj; 3.80
Rb* 2.89 1~ 8.70
Cs* 291 Clo; 100

The extent to which one ion is absorbed in preference to another is of
fundamental importance: it will determine the readiness with which two or more
substances, which form ions of like charge, can be separated by ion exchange
and also the ease with which the ions can subsequently be removed from the
resin. The factors determining the distribution of inorganic ions between an ion
exchange resin and a solution include:

1. Nature of exchanging ions. (a) At low aqueous concentrations and at ordinary
temperatures the extent of exchange increases with increasing charge of
the exchanging ion, i.e.

Na* <Ca?t < Al3* < Th**

(b) Under similar conditions and constant charge, for singly charged ions the
extent of exchange increases with decrease in size of the hydrated cation

Li*t <H*<Na® <NHf <K*<Rb* <Cs*

while for doubly charged ions the ionic size is an important factor but the
incomplete dissociation of salts of such cations also plays a part

Cd?* <Be?* <Mn?* <Mg?* = Zn?* <Cu?* = Ni**
<Co?* <Ca?* <Sr?* < Pb?* < Ba?*

(¢) With strongly basic anion exchange resins, the extent of exchange for
singly charged anions varies with the size of the hydrated ion in a similar
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manner to that indicated for cations. In dilute solution multicharged
anions are generally absorbed preferentially.

(d) When a cation in solution is being exchanged for an ion of different
charge the relative affinity of the ion of higher charge increases in direct
proportion to the dilution. Thus to exchange an ion of higher charge on
the exchanger for one of lower charge in solution, exchange will be
favoured by increasing the concentration, while if the ion of lower charge
is in the exchanger and the ion of higher charge is in solution, exchange
will be favoured by high dilutions.

2. Nature of ion exchange resin. The absorption* of ions will depend upon the
nature of the functional groups in the resin. It will also depend upon the
degree of cross-linking: as the degree of cross-linking is increased, resins
become more selective towards ions of different sizes (the volume of the ion
is assumed to include the water of hydration); the ion with the smaller
hydrated volume will usually be absorbed preferentially.

Exchange of organic ions. Although similar principles apply to the exchange
of organic ions, the following features must also be taken into consideration.

1. The sizes of organic ions differ to a much greater extent than is the case for
inorganic ions and may exceed 100-fold or even 1000-fold the average size
of inorganic ions.

2. Many organic compounds are only slightly soluble in water so that
non-aqueous ion exchange has an important role in operations with organic
substances.?!

Clearly the application of macroreticular (macroporous) ion exchange resins
will be often advantageous in the separation of organic species.

Ion exchange capacity. The total ion exchange capacity of a resin is dependent
upon the total number of ion-active groups per unit weight of material, and the
greater the number of ions, the greater will be the capacity. The total ion
exchange capacity is usually expressed as millimoles per gram of exchanger.
The capacities of the weakly acidic and weakly basic ion exchangers are
functions of pH, the former reaching moderately constant values at pH above
about 9 and the latter at pH below about 5. Values for the total exchange
capacities, expressed as mmol g ~! of dry resin, for a few typical resins are:
Duolite C225 (Na* form), 4.5-5; Zerolit 226 (H* form), 9-10; Duolite A113
(C1™ form), 4.0; Amberlite IR-45, 5.0. The total exchange capacity expressed as
mmol mL ~! of the wet resin is about 4 — 1 of the mmol g~ ! of the dry resin.
These figures are useful in estimating very approximately the quantity of resin
required in a determination: an adequate excess must be employed, since the
‘break-through’ capacity is often much less than the total capacity of the resin.
In most cases a 100 per cent excess is satisfactory.

The exchange capacity of a cation exchange resin may be measured in the
laboratory by determining the number of milligram moles of sodium ion which
are absorbed by 1 g of the dry resin in the hydrogen form. Similarly, the exchange
capacity of a strongly basic anion exchange resin is evaluated by measuring the
amount of chloride ion taken up by 1 g of dry resin in the hydroxide form.

* The term absorption is used whenever ions or other solutes are taken up by an ion exchanger. It
does not imply any specific types of forces responsible for this uptake.
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It should be noted that large-size ions may not be absorbed by a medium
cross-linked resin so that its effective capacity is seriously reduced. A resin with
larger pores should be used for such ions.

Changing the ionic form: some widely used resins. It is frequently necessary to
convert a resin completely from one ionic form to another. This should be done
after regeneration, if this is being practised to ‘clean’ the resin (for example, if
the ‘standard’ grade of ion exchanger is used). An excess of a suitable salt
solution should be run through a column of the resin. Ready conversion will
occur if the ion to be introduced into the resin has a higher, or only a slightly
lower, affinity than that actually on the resin. When replacing an ion of lower
charge number on the exchanger by one of higher charge number, the conversion
is assisted by using a dilute solution of replacing salt (preferably as low as
0.01 M), while to substitute a more highly charged ion in the exchanger by one
of lower charge number, a comparatively concentrated solution should be used
(say, a 1M solution).

Strongly acidic cation exchangers are usually supplied in the hydrogen or
sodium forms, and strongly basic anion exchangers in the chloride or hydroxide
forms; the chloride form is preferred to the free base form, since the latter readily
absorbs carbon dioxide from the atmosphere and becomes partly converted
into the carbonate form. Weakly acidic cation exchangers are generally supplied
in the hydrogen form, while weakly basic anion exchange resins are available
in the hydroxide or chloride forms.

The resins are available in ‘standard’ grade, in a purer ‘chromatographic’
grade, and in some cases in a more highly purified ‘analytical’ grade: ‘standard’
grade materials should be subjected to a preliminary ‘cleaning’ by a regeneration
procedure (see Section 7.8).

Strongly acidic cation exchangers (polystyrene sulphonic acid resins ). These
resins (Duolite C225, Amberlite 120, etc.) are usually marketed in the sodium
form* and to convert them into the hydrogen form (which, it may be noted,
are also available commercially) the following procedure may be used.

The cleaned standard grade resin (which may of course be replaced by one
of the purer grades) is treated with 2M or with 10 per cent hydrochloric acid;
one bed volume of the acid is passed through the column in 10—15 minutes.
The effluent should then be strongly acid to methyl orange indicator; if it is
not, further acid must be used (about three bed volumes may be required). The
excess of acid is drained to almost bed level and the remaining acid washed
away with distilled or de-ionised water, the volume required being about six
times that of the bed. This operation occupies about 20 minutes: it is complete
when the final 100 mL of effluent requires less than 1 mL of 0.2M sodium
hydroxide to neutralise its acidity using methyl orange as indicator. The resin
can now be employed for the exchange of its hydrogen ions for cations present
ina given solution. Tests on the effluent show that its acidity, due to the exchange,
rises to a maximum, which is maintained until the capacity is exhausted when
the acidity of the treated solution falls. Regeneration is then necessary and is
performed, after backwashing, with 2 M hydrochloric acid as before.

* The resin is supplied in moist condition, and should not be allowed to dry out; particulate fracture
may occur after repeated drying and re-wetting.
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Weakly acidic cation exchangers (e.g. polymethylacrylic acid resins). These
resins (Zerolit 226, Amberlite S0, etc.) are usually supplied in the hydrogen
form. They are readily changed into the sodium form by treatment with
1M sodium hydroxide; an increase in volume of 80—100 per cent may be
expected. The swelling is reversible and does not appear to cause any damage
to the bead structure. Below a pH of about 3.5, the hydrogen form exists almost
entirely in the little ionised carboxylic acid form. Exchange with metal ions will
occur in solution only when these are associated in solution with anions of
weak acids, i.e. pH values above about 4,

The exhausted resin is more easily regenerated than the strongly acidic
exchangers; about 1.5 bed volumes of 1 M hydrochloric acid will usually suffice.

Strongly basic anion exchangers ( polystyrene quaternary ammonium resins ).
These resins (Duolite A113, Amberlite 400, etc.) are usually supplied in the
chloride form. For conversion into the hydroxide form, treatment with 1 M
sodium hydroxide is employed, the volume used depending upon the extent of
conversion desired; two bed volumes are satisfactory for most purposes. The
rinsing of the resin free from alkali should be done with de-ionised water free
from carbon dioxide to avoid converting the resin into the carbonate form;
about 2 litres of such water will suffice for 100 g of resin. An increase in volume
of about 20 per cent occurs in the conversion of the resin from the chloride to
the hydroxide form.

Weakly basic anion exchangers ( polystyrene tertiary amine resins ). These resins
(Duolite A303, Amberlite 45, etc.) are generally supplied in the free base
(hydroxide) form. The salt form may be prepared by treating the resin with
about four bed volumes of the appropriate acid (e.g. 1 M hydrochloric acid)
and rinsing with water to remove the excess of acid; the final effluent will not
be exactly neutral, since hydrolysis occurs slowly, resulting in slightly acidic
effluents. As with cation exchange, quantitative anion exchange will occur only
if the anion in the resin has a lower affinity for the resin than the anion to be
exchanged in the solution. When the resin is exhausted, regeneration can be
accomplished by treatment with excess of 1 M sodium hydroxide, followed by
washing with de-ionised water until the effluent is neutral. If ammonia solution
is used for regeneration the amount of washing required is reduced.

1.3 10N EXCHANGE CHROMATOGRAPHY

If a mixture of two or more different cations, B, C, etc., is passed through an
ion exchange column, and if the quantities of these ions are small compared
with the total capacity of the column for ions, then it may be possible to recover
the absorbed ions separately and consecutively by using a suitable regenerating
(or eluting) solution. If cation B is held more firmly by the exchange resin than
cation C, all the C present will flow out of the bottom of the column before
any of B is liberated, provided that the column is long enough and other
experimental factors are favourable for the particular separation. This separation
technique is sometimes called ion exchange chromatography. Its most spectacular
success has been the separation of complex mixtures of closely related substances
such as amino acids and lanthanides.

The process of removing absorbed ions is known as elution, the solution
employed for elution is termed the eluant, and the solution resulting from elution
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is called the eluate. The liquid entering the ion exchange column may be termed
the influent and the liquid leaving the column is conveniently called the effluent.
If a solution of a suitable eluant is passed through a column charged with an
ion B the course of the reaction may be followed by analysing continuously the
efluent solution. If the concentration of B in successive portions of the eluate
is plotted against the volume of the eluate, an elution curve is obtained such
as is shown in Fig. 7.1. It will be seen that practically all the B is contained in
a certain volume of liquid and also that the concentration of B passes through
a maximum.

Concentration of ion in eluate

Volume of eluate, mL

Fig. 7.1

If the ion exchange column is loaded with several ions of similar charge, B,
C, etc,, elution curves may be obtained for each ion by the use of appropriate
eluants. If the elution curves are sufficiently far apart, as in Fig. 7.2, a quantitative
separation is possible; only an incomplete separation is obtained if the elution
curves overlap. Ideally the curves should approach a Gaussian (normal)
distribution (Section 4.9) and excessive departure from this distribution may
indicate faulty technique and/or column operating conditions.

Concentration of ion in eluate

Volume of eluate, mL
Fig. 7.2
The rate at which two constituents separate in the column is determined by
the ratio of the two corresponding distribution coefficients, where the distribution
coeflicient is given by the equation
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K. — Amount of solute on resin  Amount of solute in solution
e Weight of resin, g " Volume of solution, mL

The distribution coefficient can be determined by batch experiments in which
a small known quantity of resin is shaken with a solution containing a known
concentration of the solute, followed by analysis of the two phases after
equilibrium has been attained. The separation factor, «, is used as a measure
of the chromatographic separation possible and is given by the equation,

a= Ky /K,

where K, and K, are the distribution coefficients of the two constituents. The
greater the deviation of o from unity the easier will be the separation. For
normal laboratory practice, a useful guide is that quantitative separation should
be achieved if « is above 1.2 or less than 0.8.

An important relationship exists between the weight distribution coefficient
and the volume of eluant (V,,,,) required to reach the maximum concentration
of an eluted ion in the effluent. This is given by the equation:

Vmax = Kd VO + VO

where ¥V, is the volume of liquid in the interstices between the individual resin
beads. If the latter are spheres of uniform size and close-packed in the column,
V, is approximately 0.4 of the total bed volume, V,. The void fraction V/V,, of
the column may, however, be determined experimentally or calculated from
density data.

The volume distribution coefficient is also a useful parameter for chromato-
graphic calculations and is defined as

Amount of ion in 1 mL of resin bed

D, = — - —
Y Amount of ion in 1 mL of interstitial volume

It is related to the weight distribution coefficient by
DU = Kdﬁ

where f is the void fraction of the settled column.
It is also related to V,,,, by the equation

Vmax = Vb(Dv + .B)

It should be remembered that the relationships given above are strictly
applicable only when the loading of the column is less than 5 per cent of its
capacity.

The application of these parameters may be illustrated by the following
example.

Example. A mixture of ca 0.05 mmole each of chloride and bromide ions is to

be separated on an anion exchange column of length 10cm and 1c¢m?

cross-section, using 0.035M potassium nitrate as the eluant. The distribution

coefficients (K,) for the chloride and bromide ions respectively are 29 and 65.
. 65

Separation factor a = 29 = 224

This value indicates that a satisfactory separation could be achieved, and this
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is confirmed by calculation of the V,,,, values for the appearance of the chloride
and bromide peaks.

From the column dimensions, the bed volume is
V, = 10cm x 1.0cm? = 10.0mL
and the void volume (assuming f =0.4) is
Vo = 04 x 10.0mL = 4mL
Hence for the chloride peak,
Viax = KaVo + Vo = (29 x4)+4 = 120mL
and for bromide,
Vipax = (65 x4)+4 = 264 mL

The relatively large values of V,,,, indicate, however, that the separation will
be lengthy and the elution bands broad, particularly for the bromide band. The
use of a more concentrated solution of eluant significantly reduces the values
of V,,. and the elution bands become much sharper. Thus the distribution
coefficient for bromide using a 0.35 M potassium nitrate solution is 6.5 and using
the same column, V,,,, = (6.5 x 4)+ 4 =30 mL.

In many cases the efficient separation of a mixture by ion exchange
chromatography requires that the eluant concentration be changed during the
course of the elution. This may be done in a stepwise manner or by a continuous
change in concentration as in gradient elution; the latter procedure can be
carried out using simple laboratory equipment. A comprehensive discussion
of the technique and of gradient elution devices is given in the review by
L.R. Snyder.?? A more recent development, however, is the use of microcomputer-
controlled systems for gradient elution, e.g. for the separation of amino acids
by ion exchange chromatography.??

The scope of separations by ion exchange chromatography may be extended
by using for fixation or for elution a solution capable of complexing the ions
exchanged. The formation of complexes may assist separations by diminishing
the concentrations of free ions, and also by producing complexes of different
stabilities, thus leading to significantly different behaviour with selected eluants.>*

The results of ion exchange separations may be influenced by varying the
pH, the solvent or eluant, the temperature, the nature of the ion exchange resin,
the particle size, the rate of flow of eluant, and the length of the column.

ax
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Ion chromatography (IC) is a relatively new technique pioneered by Small
et al.? and which employs in a novel manner some well-established principles
of ion exchange and allows electrical conductance to be used for detection and
quantitative determination of ions in solution after their separation. Since
electrical conductance is a property common to all ionic species in solution, a
conductivity detector clearly has the potential of being a universal monitor for
all ionic species.

A feature of ion exchange chromatography is, of course, that ionic solutions
are used as eluants, so that the eluted species are present in an electrolyte
background. The problem which now arises in the application of electrical
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conductance for quantifying eluted ionic species may be illustrated by the simple
example of the separation and determination of sodium and potassium in a
sample in which these are the only cations present. Complete separation of these
two cations may be achieved using a strong acid cation exchange resin with
aqueous hydrochloric acid as eluant. However, the high conductance of the
hydrochloric acid in the effluent effectively ‘swamps’ the lower conductance due
to the sodium and potassium ions, so preventing their measurement by electrical
conductance.

In IC this problem of electrolyte background is overcome by means of eluant
suppression. Thus in the above example of sodium and potassium analysis, if
the effluent from the separating column is passed through a strong base
anion exchange resin in the hydroxide form (suppressor column) the following
two processes occur:

(a) Neutralisation of the hydrochloric acid
HCl + OH™ (resin) — Cl~ (resin) + H,O
(b) NaCl (KCl)+ OH ™ (resin) » NaOH (KOH) + C1™ (resin)

A consequence of these ion exchange processes is that the sample cations are
presented to the conductivity detector not in a highly conducting background
but in the very low conductivity of de-ionised water. It may be noted here that
de-ionised water is not always the product of eluant suppression, the essential
feature being that a background of low electrical conductivity is produced.
Analogous schemes can be devised for anion analysis, in which case a strong
acid cation exchange resin (H* form) is employed in the suppressor column.

Ion chromatography permits the determination of both inorganic and organic
ionic species, often in concentrations of 50 ug L™! (ppb) or less. Since analysis
time is short (frequently less than 20 minutes) and sample volumes may be less
than 1 mL, IC is a fast and economical technique. It has found increasing
application in a number of different areas of chemical analysis and particularly
for the quantitative determination of anions. The state-of-the-art has been
reviewed.2®

A flow scheme for the basic form of ion chromatography is shown in Fig. 7.3,
which illustrates the requirements for simple anion analysis. The instrumentation
used in IC does not differ significantly from that used in HPLC and the reader
is referred to Chapter 8 for details of the types of pump and sample injection
system employed. A brief account is given here, however, of the nature of the
separator and suppressor columns and of the detectors used in ion chromatography.

Separator column. The specific capacity of the separating column is kept small
by using resins of low capacity. For example, low-capacity anion exchangers
have been prepared by a surface agglomeration method in which finely divided
anion exchange resin is contacted with surface-sulphonated styrene—divinyl-
benzene copolymer; the small particles of anion exchanger are held tenaciously
on the oppositely charged surface of the sulphonated beads.?” These resins are
stable over a wide range of pH, in which respect they are superior to glass- or
silica-based pellicular resins.

Suppressor column. Where electrical conductance is used for detection of sample
ions in the effluent from the columns, an eluant background of low conductivity
is required. The function of the suppressor column is to convert eluant ions
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SAMPLE
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R *HCO; COLUMN
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NaHCO; eluant
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Strong acid suppressor
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background of dilute
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Fig. 7.3 Ion chromatography flow scheme (anion analysis).

into species giving low or zero conductance, e.g. where NaHCO, is used as
eluant for anion analysis this is converted into a background of dilute carbonic
acid by using a strong acid suppressor resin.

The low-concentration eluants used to separate the sample ions on the
separator column allow a substantial number of samples (typically about 50)
to be analysed before the suppressor column is completely exhausted. Clearly
an important practical consideration is the need to minimise the frequency of
regeneration of the suppressor column and, for this reason, the specific capacity
of the column is made as large as possible by using resins of moderate to high
cross-linking. Some instruments contain two suppressor columns in parallel,
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thus allowing one column to be regenerated while the other is in use. A more
convenient arrangement, however, is the use of a hollow-fibre suppressor, such
as that developed by Dionex Ltd, which allows continuous operation of the ion
chromatograph. In the case of anion analysis, the suppressor incorporates a
tubular cation exchange membrane which is constantly regenerated by dilute
sulphuric acid flowing through the outer casing.

It is appropriate to refer here to the development of non-suppressed ion
chromatography. A simple chromatographic system for anions which uses a
conductivity detector but requires no suppressor column has been described by
Fritz and co-workers.?® The anions are separated on a column of macroporous
anion exchange resin which has a very low capacity, so that only a very dilute
solution (ca 10~*M) of an aromatic organic acid salt (e.g. sodium phthalate)
is required as the eluant. The low conductance of the eluant eliminates the need
for a suppressor column and the separated anions can be detected by electrical
conductance. In general, however, non-suppressed ion chromatography is an
order of magnitude less sensitive than the suppressed mode.

Detectors. Although electrical conductance has been widely used for detecting
ions in ion chromatography, the scope of the technique has been considerably
extended by the use of other types of detector. It is convenient broadly to classify
detectors into two series.

1. Detectors employing electrochemical principles:

(a) Conductimetric detectors. Conductance is a fundamental property of ions
in solution making it an ideal technique for monitoring ion exchange
separations because of its universal and linear response. It is the optimum
mode of detection for strong acid anions (pK, <7), providing high
sensitivity in the absence of background electrolyte.

(b) Amperometric detectors. This type of detector may be used to detect ions
which are electrochemically active but not readily detected by conductance
measurement, e.g. weak acid anions such as CN~, HS™ (pK,> 7). The
detector commonly features interchangeable silver or platinum working
electrodes and may be used alone (no suppressor then being required)
or simultaneously with a conductivity detector.

2. Detectors based on established optical absorption and emission techniques,
are typified by:

(a) Spectrophotometric detectors. The operation of spectrophotometric
detectors is based on the absorbance of monochromatic light by the
column effluent in accordance with the Beer—Lambert law (Section 17.2).
As most organic species have significant absorption in the UV region of
the spectrum, these detectors have wide application. Sensitivity clearly
depends on how strongly the sample absorbs at the wavelength of
maximum absorption, but detection limits in the low- (or even sub-)
nanogram range may be achieved in favourable conditions.

An alternative approach using a spectrophotometric detector has been
described by Small and Miller?® The essential feature here is that the
eluting ion, which is commonly phthalate, must absorb ultraviolet light
thus allowing its concentration to be monitored at a suitable wavelength
as it emerges from the column. When a non-absorbing sample ion elutes
from the column, the concentration of eluting ion decreases and the
detector registers a negative response which is proportional to the
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concentration of sample ion. This procedure has contributed to the ease
with which non-absorbing species can be detected, particularly sample
ions with pK, > 7 for which conductance detection is not appropriate.
(b) Fluorescence detectors. Although only a small proportion of inorganic
and organic compounds are naturally fluorescent, the inherent sensitivity
and selectivity of fluorescence detection offers significant advantages. The
development of appropriate pre-column and post-column derivatisation
procedures has furthered the application of fluorescence detection for
the trace analysis of non-fluorescent or weakly fluorescing species.>®
The reader is recommended to consult the monograph by Scott for
further details of all detectors®! used in ion chromatography.

Ion chromatography has been successfully applied to the quantitative analysis
of ions in many diverse types of industrial and environmental samples. The
technique has also been valuable for microelemental analysis, e.g. for the
determination of sulphur, chlorine, bromine, phosphorus and iodine as
heteroatoms in solid samples. Combustion in a Schoniger oxygen flask
(Section 3.31)is a widely used method of degrading such samples, the products
of combustion being absorbed in solution as anionic or cationic forms, and the
solution then directly injected into the ion chromatograph.

A typical application of ion chromatography for the separation and
determination of simple anions is illustrated by the experiment described in
Section 7.15.

1.5 10N EXCHANGE IN ORGANIC AND AQUEOUS—ORGANIC SOLVENTS

Investigations in aqueous systems have established many of the fundamental
principles of ion exchange as well as providing useful applications. The scope
of the ion exchange process has, however, been extended by the use of both
organic and mixed aqueous—organic solvent systems.32-33

The organic solvents generally used are oxo-compounds of the alcohol, ketone
and carboxylic acid types, generally having dielectric constants below 40. Cations
and anions should, therefore, pair more strongly in such solvent systems than
in water and this factor may in itself be expected to alter selectivities for the resin.
In addition to influencing these purely electrostatic forces, the presence of the
organic solvent may enhance the tendency of a cation to complex with anionic
or other ligands, thus modifying its ion exchange behaviour. In mixed aqueous—
organic solvents the magnitude of such effects will clearly be dependent on the
proportion of organic solvent present.

As already indicated, ion exchange resins are osmotic systems which swell
owing to solvent being drawn into the resin. Where mixed solvent systems are
used the possibility of preferential osmosis occurs and it has been shown that
strongly acid cation and strongly basic anion resin phases tend to be
predominantly aqueous with the ambient solution predominantly organic. This
effect (preferential water sorption by the resin) increases as the dielectric constant
of the organic solvent decreases.

An interesting consequence of selective sorption is that conditions for
partition chromatography arise which may enhance the normal ion exchange
separation factors. This aspect has been utilised by Korkisch3* for separation
of inorganic ions by the so-called ‘combined ion exchange—solvent extraction
method’ (CISE).
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7.6 CHELATING ION EXCHANGE RESINS

The use of complexing agents in solution in order to enhance the efficiency of
separation of cation mixtures (e.g. lanthanides) using conventional cation or
anion exchange resins is well established. An alternative mode of application
of complex formation is, however, the use of chelating resins which are ion
exchangers in which various chelating groups (e.g. dimethylglyoxime and
iminodiacetic acid ) have been incorporated and are attached to the resin matrix.

An important feature of chelating ion exchangers is the greater selectivity
which they offer compared with the conventional type of ion exchanger. The
affinity of a particular metal ion for a certain chelating resin depends mainly
on the nature of the chelating group, and the selective behaviour of the resin
is largely based on the different stabilities of the metal complexes formed on
the resin under various pH conditions. It may be noted that the binding energy
in these resins is of the order of 60-105kJ mol~!, whereas in ordinary ion
exchangers the strength of the electrostatic binding is only about 813 kJ mol ~

The exchange process in a chelating resin is generally slower than in the
ordinary type of exchanger, the rate apparently being controlled by a particle
diffusion mechanism.

According to Gregor et al.> the following properties are required for a
chelating agent which is to be incorporated as a functional group into an
ion exchange resin:

1. the chelating agent should yield, either alone or with a cross-linking substance,
a resin gel of sufficient stability to be capable of incorporation into a polymer
matrix;

2. the chelating group must have sufficient chemical stability, so that during
the synthesis of the resin its functional structure is not changed by polymerisation
or any other reaction;

3. the steric structure of the chelating group should be compact so that the
formation of the chelate rings with cations will not be hindered by the resin
matrix.

4. the specific arrangements of the ligand groups should be preserved in the
resin. This is particularly necessary since the complexing agents forming
sufficiently stable complexes are usually at least tridentate.

These considerations indicate that many chelating agents could not be
incorporated into a resin without loss of their selective complexing abilities.
Ligands which do not form 1:1 complexes (e.g. 8-quinolinol) would be
unsuitable, as also would molecules such as EDTA, which are insufficiently
compact. In the latter case, it is improbable that the chelate configurations
occurring in aqueous solution could be maintained in a cross-linked polymer.
The closely related iminodiacetic acid group does, however, meet the requirements
described, being compact and forming 1:1 complexes with metal cations.

/\ /\
\/M\/
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The basicity of the nitrogen atom can be influenced by whether the imino
group is attached directly to a benzene nucleus or whether a methylene
group is interposed.

Although chelating resins containing various ligand donor atoms have
been synthesised, the iminodiacetic acid resins (N and O donor atoms)
undoubtedly form the largest group.3®37 The resin based on iminodiacetic
acid in a styrene divinylbenzene matrix is available commercially under
the trade names of Dowex Chelating Resin A-1 and Chelex 100, and its
chemical and physical properties have been fully investigated.

The starting material for the synthesis of this chelating resin is chloromethylated
styrene—divinylbenzene, which undergoes an amination reaction and is then
treated with monochloracetic acid:

—CH—CH,— —CH—CH,— — CH—CH,—
NH, @ _CH,CICOOH CH,COOH

CH,CI CH,NH, CHZN/
CH,COOH

The selectivity of this type of exchange resin is illustrated by Chelex 100
which shows unusually high preference for copper, iron and other heavy
metals (i.e. metals which form complexes having high stability constants
with this type of ligand) over such cations as sodium, potassium and calcium;
it is also much more selective for the alkaline earths than for the alkali metal
cations. The resin’s high affinity for these ions makes it very useful for removing,
concentrating or analysing traces of them in solutions, even when large
amounts of sodium and potassium are present (see the experiment described in
Section 7.14).

In contrast to the above resins, the chelating resin Amberlite IRC-718
is based upon a macroreticular matrix. It is claimed to exhibit superior
physical durability and adsorption kinetics when compared to chelating
resins derived from gel polymers and should also be superior for use in
non-aqueous solvent systems.

Itis appropriate here to refer to the use of chelating resins for ligand-exchange
chromatography, a useful technique for pre-concentration and separation of
compounds which can form complexes or adducts with metal ions. An ion
exchanger containing a complexing metal ion, e.g. Cu?*, Ni?*, is used as a
solid sorbent; the use of chelating resins is advantageous since the successful
application of ligand exchange depends on keeping the complexing metal ion
in the resin. The potential ligands, e.g. amines, amino acids, polyhydric alcohols,
are sorbed from solutions (or gases), separations occurring because of differences
in the stabilities of the metal-ligand complexes. On this basis high capacities and
selectivities can be achieved. Examples of the application of ligand-exchange
chromatography are:

1. the separation and quantitative determination of amphetamine and related
compounds,*® and
2. the concentration and separation of amino acids in saline solutions.®®
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An extensive review of ligand-exchange chromatography has been given by
Davankov.*°

1.1 LIQUID ION EXCHANGERS

The ion exchange processes involving exchange resins occur between a solid
and a liquid phase whereas in the case of liquid ion exchangers the process
takes place between two immiscible solutions. Liquid ion exchangers consist of
high-molecular-weight acids and bases which possess low solubility in water
and high solubility in water-immiscible solvents. Thus, a solution of a base
insoluble in water, in a solvent which is water-immiscible, can be used as an
anion exchanger; similarly a solution of an acid insoluble in water can act as
a cation exchanger for ions in aqueous solution. A comprehensive list of liquid
ion exchangers has been given by Coleman et al.*!

The liquid anion exchangers at present available are based largely on primary,
secondary and tertiary aliphatic amines, e.g. the exchangers Amberlite LA.1
[ N-dodecenyl(trialkylmethyl)amine] and Amberlite LA.2 [ N-lauryl(trialkyl-
methyl)amine ], both secondary amines. These anion exchange liquids are best
employed as solutions (ca 2.5 to 12.5% v/v) in an inert organic solvent such
as benzene, toluene, kerosene, petroleum ether, cyclohexane, octane, etc.

The liquid exchangers Amberlite LA.1 and LA.2 may be used to remove
acids from solution

R'R”"NH + HX — R'R”"NH,X
or in a salt form for various ion exchange processes
R'R“”NH,Cl + NaNO; = R'R"NH,NO; + NaCl

Examples of liquid cation exchangers are alkyl and dialkyl phosphoric acids,
alkyl sulphonic acids and carboxylic acids, although only two appear to have
been used to any extent, viz. di-(2-ethylhexyl)phosphoric(V) acid and
dinonylnaphthalene sulphonic acid.

The operation of liquid ion exchangers involves the selective transfer of a
solute between an aqueous phase and an immiscible organic phase containing
the liquid exchangers. Thus high-molecular-weight amines in acid solution yield
large cations capable of forming extractable species (e.g. ion pairs) with various
anions. The technique employed for separations using liquid ion exchangers is
thus identical to that used in solvent extraction separations and these exchangers
offer many of the advantages of both ion exchange and solvent extraction.
There are, however, certain difficulties and disadvantages associated with their
use which it is important to appreciate in order to make effective use of liquid
ion exchangers.

Probably the chief difficulty which arises is that due to the formation of
emulsions between the organic and aqueous phases. This makes separation of
the phases difficult and sometimes impossible. It is clearly important to select
liquid exchangers having low surface activity and to use conditions which will
minimise the formation of stable emulsions [ see Section 6.7, consideration (3)].

Another disadvantage in the use of liquid ion exchangers is that it is frequently
necessary to back-extract the required species from the organic phase into an
aqueous phase prior to completing the determination. The organic phase may,
however, sometimes be used directly for determination of the extracted species,
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in particular by aspirating directly into a flame and estimating extracted metal
ions by flame emission or atomic absorption spectroscopy.

The extraction of metals by liquid amines has been widely investigated and
depends on the formation of anionic complexes of the metals in aqueous solution.
Such applications are illustrated by the use of Amberlite LA.1 for extraction of
zirconium and hafnium from hydrochloric acid solutions, and the use of liquid
amines for extraction of uranium from sulphuric acid solutions.*?-43

Exhausted liquid ion exchangers may be regenerated in an analogous manner
to ion exchange resins, e.g. Amberlite LA.1 saturated with nitrate ions can be
converted to the chloride form by treatment with excess sodium chloride
solution. ,

The properties and applications of liquid ion exchangers have been
reviewed.**

APPLICATIONS IN ANALYTICAL CHEMISTRY
7.8 EXPERIMENTAL TECHNIQUES®

The simplest apparatus for ion exchange work in analysis consists of a burette
provided with a glass-wool plug or sintered glass disc (porosity O or 1) at the
lower end. Another simple column is shown in Fig. 7.4(a); the ion exchange
resin is supported on a glass-wool plug or sintered-glass disc. A glass-wool pad
may be placed at the top of the bed of resin and the eluting agent is added from
a tap funnel supported above the column. The siphon overflow tube, attached
to the column by a short length of rubber or PVC tubing, ensures that the level

—a

(a) (b)
Fig. 7.4

* The simple techniques described in this section do not, of course, apply to ion chromatography
(IC) or HPLC.

205



7  ION EXCHANGE

of the liquid does not fall below the top of the resin bed, so that the latter is
always wholly immersed in the liquid. The ratio of the height of the column to
the diameter is not very critical but is usually 10 or 20:1. Another form of
column is depicted in Fig. 7.4(b) (not drawn to scale): a convenient size is 30 cm
long, the lower portion of about 10 mm and the upper portion of about 25 mm
internal diameter. A commercially available column, fitted with ground-glass
joints is illustrated in Fig. 7.4(c).

The ion exchange resin should be of small particle size, so as to provide a
large surface of contact; it should, however, not be so fine as to produce a very
slow flow rate. For much laboratory work 50-100 mesh or 100-200 mesh
materials are satisfactory. In all cases the diameter of the resin bead should be
less than one-tenth of that of the column. Resins of medium and high
cross-linking rarely show any further changes in volume, and only if subjected
to large changes of ionic strength will any appreciable volume change occur.
Resins of low cross-linking may change in volume appreciably even with small
variations of ionic strength, and this may result in channelling and possible
blocking of the column; these effects limit the use of these materials. To obtain
satisfactory separations, it is essential that the solutions should pass through
the column in a uniform manner. The resin particles should be packed uniformly
in the column: the resin bed should be free from air bubbles so that there is no
channelling.

To prepare a well-packed column, a supply of exchange resin of narrow size
range is desirable. An ion exchange resin swells if the dry solid is immersed in
water; no attempt should therefore be made to set up a column by pouring the dry
resin into a tube and then adding water, since the expansion will probably
shatter the tube. The resin should be stirred with water in an open beaker for
several minutes, any fine particles removed by decantation, and the resin slurry
transferred portionwise to the tube previously filled with water. The tube may
be tapped gently to prevent the formation of air bubbles. To ensure the removal
of entrained air bubbles, or any remaining fine particles, and also to ensure an
even distribution of resin granules, it is advisable to ‘backwash’ the resin column
before use, i.e. a stream of good-quality distilled water or of de-ionised water
is run up through the bed from the bottom at a sufficient flow rate to loosen
and suspend the exchanger granules. The enlarged upper portion of the exchange
tube shown in Fig. 7.4(b) or (¢) will hold the resin suspension during washing,
If a tube of uniform bore is used the volume of resin employed must be suitably
adjusted or else a tube attached by a rubber bung to the top of the column;
the tube dips into an open filter flask, the side arm of which acts as the overflow
and is connected by rubber tubing to waste. When the wash water is clear, the
flow of water is stopped and the resin is allowed to settle in the tube. The excess
of water is drained off; the water level must never fall below the surface of the
resin, or else channelling will occur, with consequent incomplete contact between
the resin and solutions used in subsequent operations. The apparatus with a
side-arm outlet (Fig. 7.4a) has an advantage in this respect in that the resin
will not run dry even if left unattended, since the outlet is above the surface of
the resin.

Ion exchange resins (standard grades) as received from the manufacturers
may contain unwanted ionic impurities and sometimes traces of water-soluble
intermediates or incompletely polymerised material; these must be washed out
before use. This is best done by passing 2 M hydrochloric acid and 2M sodium
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hydroxide alternately through the column, with distilled-water rinsings in
between, and then washing with water until the effluent is neutral and salt-free.
‘Analytical grade’ and/or ‘chromatographic grade’ ion exchange resins that
have undergone this preliminary washing are available commercially.

For analytical work the exchange resin of ‘analytical’ grade (Amberlite) or
of ‘chromatographic’ grade (Duolite; Amberlite, etc.) of a particle size of
100-200 mesh is preferred. However, for student work, the ‘standard’ grade of
resin of 50—100 or 15-50 mesh, which is less expensive, is generally satisfactory.
The ‘standard’ grade of resin must, however, be conditioned before use. Cation
exchange resins must be soaked in a beaker in about twice the volume of
2M hydrochloric acid for 30-60 minutes with occasional stirring; the fine
particles are removed by decantation or by backwashing a column with distilled
or de-ionised water until the supernatant liquid is clear. Anion exchange resins
may be washed with water in a beaker until the colour of the decanted wash
liquid reaches a minimum intensity; they may then be transferred to a wide
glass column and cycled between 1 M hydrochloric acid and 1 M alkali. Sodium
hydroxide is used for strongly basic resins, and ammonia (preferably) or sodium
carbonate for weakly basic resins. For all resins the final treatment must be
with a solution leading to the resin in the desired ionic form.

A 50mL or 100 mL burette, with Pyrex glass-wool plug or sintered-glass
disc at the lower end, can generally be used for the determinations described
below: alternatively, the column with side arm (Fig. 7.4a) is equally convenient
in practice for student use. Reference will be made to the Duolite resins; the
equivalent Amberlite or other resin (see Table 7.1 in Section 7.1) may of course
be used.

1.9 DETERMINATION OF THE CAPACITY OF AN ION EXCHANGE RESIN {COLUMN
METHOD)

Cation exchange resin. Dry the purified resin (e.g. Duolite C225 in the hydrogen
form) by placing it in an evaporating dish, covering with a clockglass supported
on two glass rods to provide protection from dust while giving access to the
air, and leaving in a warm place (25-35°C) until the resin is completely
free-running (2-3 days). The capacity of the resulting resin remains constant
over a long period if kept in a closed bottle. Drying at higher temperatures (say,
100 °C) is not recommended, owing to possible fracture of the resin beads.

Partly fill a small column, 15 cm x 1 cm (Fig. 7.4a) with distilled water, taking
care to displace any trapped air from beneath the sintered-glass disc. Weigh
out accurately about 0.5 g of the air-dried resin in a glass scoop and transfer it
with the aid of a small camel-hair brush through a dry funnel into the column.
Add sufficient distilled water to cover the resin. Dislodge any air bubbles that
stick to the resin beads by applying intermittent pressure to the rubber
tubing, thus causing the level of the liquid in the column to rise and fall slightly.
Adjust the level of the outlet tube so that the liquid in the column will drain
to a level about 1 cm above the resin beads.

Fill a 250 mL separatory funnel with ca 0.25M sodium sulphate solution.
Allow this solution to drip into the column at a rate of about 2 mL per minute,
and collect the effluent in a 500 mL conical flask. When all the solution has
passed through the column, titrate the effluent with standard 0.1 M sodium
hydroxide using phenolphthalein as indicator.
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The reaction may be represented as:
R"H*+Na*=R Na*+H"
and proceeds to completion because of the large excess and large volume of
sodium sulphate solution passed through the column.

The capacity of the resin in millimoles per gram is given by av/W,

where a is the molarity of the sodium hydroxide solution, v is the volume in
mL, and W is the weight (g) of the resin.

Anion exchange resin. Proceed as in the previous experiment using 1.0g,
accurately weighed, of the air-dried strongly basic anion exchanger (e.g. Duolite
A113, chloride form). Fill the 250 mL separatory funnel with ca 0.25M sodium
nitrate solution, and allow this solution to drop into the column at the rate of
about 2 mL per minute. Collect the effluent in a 500 mL conical flask, and titrate
with standard 0.1 M silver nitrate using potassium chromate as indicator.

The reaction which occurs may be written as:

R*Cl” +NO; =R*NOj; +Cl-

The capacity of the resin expressed as millimoles per gram is given by
bv/W, where v mL of bM AgNOj are required by W g of the resin.

1.10 SEPARATION OF ZINC AND MAGNESIUM ON AN ANION EXCHANGER

Theory. Several metal ions (e.g. those of Fe, Al, Zn, Co, Mn, etc.) can be
absorbed from hydrochloric acid solutions on anion exchange resins owing to
the formation of negatively charged chloro-complexes. Each metal is absorbed
over a well-defined range of pH, and this property can be used as the basis of
a method of separation. Zinc is absorbed from 2 M acid, while magnesium (and
aluminium) are not; thus by passing a mixture of zinc and magnesium through
a column of anion exchange resin a separation is effected. The zinc is subsequently
eluted with dilute nitric acid.

Procedure. Prepare a column of the anion exchange resin using about 15 g of
Duolite A113 in the chloride form (Section 7.9). The column should be made
up in 2M hydrochloric acid.

Prepare separate standard zinc (about 2.5mgZnmL~!) and standard
magnesium (about 1.5mgMgmL™!) ion solutions by dissolving accurately
weighed quantities of zinc shot and magnesium (for Grignard reaction) in
2 M hydrochloric acid and diluting each to volume in a 250 mL graduated flask.
Pipette 10.0 mL of the zinc ion solution and 10.0 mL of the magnesium ion
solution into a small separatory funnel supported in the top of the ion exchange
column, and mix the solutions. Allow the mixed solution to flow through the
column at a rate of about SmL per minute. Wash the funnel and column with
50 mL of 2M hydrochloric acid: do not permit the level of the liquid to fall
below the top of the resin column. Collect all the effluent in a conical flask; this
contains all the magnesium. Now change the receiver. Elute the zinc with 30 mL
of water, followed by 80 mL of ca 0.25 M nitric acid. Determine the magnesium
and the zinc in the respective eluates by neutralisation with sodium hydroxide
solution, followed by titration with standard EDTA solution using a buffer
solution of pH = 10 and solochrome black indicator (Section 10.62).
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The following results were obtained in a typical experiment:

Weight of zinc taken = 25.62 mg; found = 25.60 mg
Weight of magnesium taken = 14.95 mg; found = 14.89 mg

Magnesium may conveniently be determined by atomic absorption spectro-
scopy (Section 21.21) if a smaller amount (ca 4 mg) is used for the separation.
Collect the magnesium effluent in a 1 L graduated flask, dilute to the mark with
de-ionised water and aspirate the solution into the flame of an atomic absorption
spectrometer. Calibrate the instrument using standard magnesium solutions
covering the range 2 to 8 ppm.

1.11 SEPARATION OF CHLORIDE AND BROMIDE ON AN ANION EXCHANGER

Theory. The anion exchange resin, originally in the chloride form, is converted
into the nitrate form by washing with sodium nitrate solution. A concentrated
solution of the chloride and bromide mixture is introduced at the top of the
column. The halide ions exchange rapidly with the nitrate ions in the resin,
forming a band at the top of the column. Chloride ion is more rapidly eluted
from this band than bromide ion by sodium nitrate solution, so that a separation
is possible. The progress of elution of the halides is followed by titrating fractions
of the effluents with standard silver nitrate solution.

Procedure. Prepare an anion exchange column (Section 7.8) using about 40 g
of Duolite A113 (chloride form). The ion exchange tube may be 16 cm long and
about 12 mm internal diameter. Wash the column with 0.6 M sodium nitrate
until the effluent contains no chloride ion (silver nitrate test) and then wash
with S0 mL of 0.3 M sodium nitrate.

Weigh out accurately about 0.10 g of analytical grade sodium chloride and
about 0.20 g of potassium bromide, dissolve the mixture in about 2.0 mL of
water and transfer quantitatively to the top of the column with the aid of
0.3 M sodium nitrate. Pass 0.3 M sodium nitrate through the column at a flow
rate of about 1 mL per minute and collect the efluent in 10 mL fractions.
Transfer each fraction in turn to a conical flask, dilute with an equal volume
of water, add 2 drops of 0.2M potassium chromate solution and titrate with
standard 0.02 M silver nitrate.

Before commencing the elution titrate 10.0 mL of the 0.3 M sodium nitrate
with the standard silver nitrate solution, and retain the product of this blank
titration for comparing with the colour in the titrations of the eluates. When
the titre of the eluate falls almost to zero (i.e. nearly equal to the blank
titration) — ca 150 mL of effluent — elute the column with 0.6 M sodium nitrate.
Titrate as before until no more bromide is detected (titre almost zero). A new
blank titration must be made with 10.0 mL of the 0.6 M sodium nitrate.

Plot a graph of the total effluent collected against the concentration of halide
in each fraction (millimoles per litre). The sum of the titres using 0.3 M sodium
nitrate eluant (less blank for each titration) corresponds to the chloride, and
the parallel figure with 0.6M sodium nitrate corresponds to the bromide
recovery.

A typical experiment gave the following results:

Weight of sodium chloride used =0.1012g=61.37mg Cl~
Weight of potassium bromide used =0.1934 g = 129.87 mg Br ~
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Concentration of silver nitrate solution =0.019 36 M
Cl7: total titres (less blanks) = 89.54 mL = 61.47 mg
Br ": total titres (less blanks) = 83.65 mL = 1294 mg

112 DETERMINATION OF THE TOTAL CATION CONCENTRATION IN WATER

Theory. The following procedure is a rapid one for the determination of the
total cations present in water, particularly that used for industrial ion exchange
plants, but may be used for all samples of water, including tap water. When
water containing dissolved ionised solids is passed through a cation exchanger
in the hydrogen form all cations are removed and replaced by hydrogen ions.
By this means any alkalinity present in the water is destroyed, and the neutral
salts present in solution are converted into the corresponding mineral acids.
The effluent is titrated with 0.02M sodium hydroxide using screened methyl
orange as indicator.

Procedure. Prepare a 25-30cm column of Duolite C225 in a 14-16 mm
chromatographic tube (Section 7.8). Pass 250 mL of 2M hydrochloric acid
through the tube during about 30 minutes; rinse the column with distilled water
until the effluent is just alkaline to screened methyl orange or until a 10 mL
portion of the effluent does not require more than one drop of 0.02M sodium
hydroxide to give an alkaline reaction to bromothymol blue indicator. The resin
is now ready for use: the level of the water should never be permitted to drop
below the upper surface of the resin in the column. Pass 50.0 mL of the sample
of water under test through the column at a rate of 3-4 mL per minute, and
discard the effluent. Now pass two 100.0 mL portions through the column at
the same rate, collect the effluents separately, and titrate each with standard
0.02 M sodium hydroxide using screened methyl orange as indicator. After the
determination has been completed, pass 100—150 mL of distilled water through
the column.

From the results of the titration calculate the millimoles of calcium present
in the water. It may be expressed, if desired, as the equivalent mineral acidity
(EMA)in terms of mg CaCOj per litre of water (i.e. parts per million of CaCOy).
In general, if the titre is A mL of sodium hydroxide of molarity B for an aliquot
volume of V' mL, the EMA is given by (4B x 50 x 1000)/V.

Commercial samples of water are frequently alkaline due to the presence of
hydrogencarbonates, carbonates, or hydroxides. The alkalinity is determined
by titrating a 100.0 mL sample with 0.02M hydrochloric acid using screened
methyl orange as indicator (or to a pH of 3.8). To obtain the total cation content
in terms of CaCOj, the total methyl orange alkalinity is added to the EMA.

7.13 SEPARATION OF CADMIUM AND ZINC ON AN ANION EXCHANGER

Theory. Cadmium and zinc form negatively charged chloro-complexes which
are absorbed by a strongly basic anion exchange resin, such as Duolite A113.
The maximum absorption of cadmium and zinc is obtained in 0.12 M hydrochloric
acid containing 100 g of sodium chloride per litre. The zinc is eluted quantitatively
by a 2M sodium hydroxide solution containing 20 g of sodium chloride per
litre, while the cadmium is retained on the resin. Finally, the cadmium is eluted
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with 1 M nitric acid. The zinc and cadmium in their respective effluents may be
determined by titration with standard EDTA.

Elements such as Fe(Ill), Mn, Al, Bi, Ni, Co, Cr, Cu, Ti, the alkaline-earth
metals, and the lanthanides are not absorbed on the resin in the HCl-NaCl
medium.

Reagents. Anion exchange column. Prepare an anion exchange column using
25-30 g of Duolite A113 (chloride form) following the experimental details given
in Section 7.8. Allow the resin to settle in 0.5M hydrochloric acid. Transfer the
resin slurry to the column: after settling, the resin column should be about
20 ¢m in length if a SO mL burette is used.

Reagent I. This consists of 0.12M hydrochloric acid containing 100 g of
analytical-grade sodium chloride per litre.

Reagent 11. This consists of 2 M sodium hydroxide containing 20 g of sodium
chloride per litre.

Zinc-ion solution. Dissolve about 7.0 g of analytical grade zinc sulphate
heptahydrate in 25 mL of Reagent L

Cadmium-ion solution. Dissolve about 6.0 g of analytical grade crystallised
cadmium sulphate in 25 mL of Reagent L.

EDTA solution. 0.01 M. See Section 10.49.

Buffer solution, pH = 10. Dissolve 7.0g of analytical grade ammonium
chloride and 57 mL of concentrated ammonia solution (sp. gr. 0.88) in water
and dilute to 100 mL.

Solochrome black indicator mixture. Triturate 0.20 g of the solid dyestuff with
50 g of potassium chloride.

Xylenol orange indicator. Finely grind (triturate) 0.20 g of the solid dyestuff
with 50 g of potassium chloride (or nitrate). This solid mixture is used because
solutions of xylenol orange are not very stable.

Nitric acid, ca I1M.

Procedure. Wash the anion exchange column with two 20 mL portions of
Reagent I; drain the solution to about 0.5 cm above the top of the resin. Mix
thoroughly equal volumes (2.00 mL each) of the zinc and cadmium ion
solutions and transfer by means of a pipette 2.00 mL of the mixed solution to
the top of the resin column. Allow the solution to drain to within about 0.5 cm
of the top of the resin and wash down the tube above the resin with a little of
Reagent I. Pass 150 mL of Reagent II through the column at a flow rate of
about 4 mL min~! and collect the eluate (containing the zinc) in a 250 mL
graduated flask; dilute to volume with water. Wash the resin with about 50 mL
of water to remove most of the sodium hydroxide solution. Now place a 250 mL
graduated flask in position as receiver and pass 150 mL of 1 M nitric acid through
the column at a rate of about 4 mL min ~!; the cadmium will be eluted. Dilute
the effluent to 250 mL with distilled water.

The resin may be regenerated by passing Reagent I through the column, and
can then be used again for analysis of another Zn—Cd sample.

Analyses. (a) Original zinc-ion solution. Dilute 2.00 mL (pipette) to 100 mL in
a graduated flask. Pipette 10.0 mL of the diluted solution into a 250 mL conical
flask, add ca 90 mL of water, 2 mL of the buffer solution, and sufficient of the
solochrome black indicator mixture to impart a pronounced red colour to the
solution. Titrate with standard 0.01M EDTA to a pure blue colour (see
Section 10.59).
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(b) Zinc ion eluate. Pipette 50.0 mL of the solution into a 250 mL conical
flask, neutralise with hydrochloric acid, and dilute to about 100 mL with water.
Add 2 mL of the buffer mixture, then a little solochrome black indicator powder,
and titrate with standard 0.01M EDTA until the colour changes from red to
pure blue.

(c) Original cadmium ion solution. Dilute 2.00 mL (pipette) to 100mL in a
graduated flask. Pipette 10.0 mL of the diluted solution into a 250 mL conical
flask, add ca 40 mL of water, followed by solid hexamine and a few milligrams
of xylenol orange indicator. If the pH is correct (5-6) the solution will have a
pronounced red colour (see Section 10.59). Titrate with standard 0.01M EDTA
until the colour changes from red to clear orange-yellow.

(d) Cadmium ion eluate. Pipette 50.0 mL of the solution into a conical flask,
and partially neutralise (to pH 3-4) with aqueous sodium hydroxide. Add solid
hexamine (to give a pH of 5-6) and a little xylenol orange indicator. Titrate
with standard 0.01 M EDTA to a colour change from red to clear orange—yellow.

Some typical results are given below.

0.20 mL of original Zn?" solution required 17.50 mL of 0.01038M EDTA
.. Weight of Zn2* per mL = 17.50 x 5 x 0.01038 x 65.38 = 59.35mg
50.0mL of Zn?* eluate = 17.45 mL of 0.010 38 M EDTA.

..Zn?" recovered =5 x 17.45 x 0.01038 x 65.38 = 59.21 mg

0.200 mL of original Cd** solution required 19.27 mL of 0.010 38 M EDTA.
.. Weight of Cd?* per mL =5 x 19.27 x 0.01038 x 112.4=112.4mg
50.0mL of Cd?™ eluate = 19.35mL of 0.01038M EDTA.

..Cd?* recovered = 5 x 19.35 x 0.01038 x 112.4 = 112.8 mg.

7.14 CONCENTRATION OF COPPER(II) IONS FROM A BRINE SOLUTION USING A
CHELATING ION EXCHANGE RESIN

Theory. Conventional anion and cation exchange resins appear to be of limited
use for concentrating trace metals from saline solutions such as sea water. The
introduction of chelating resins, particularly those based on iminodiacetic acid,
makes it possible to concentrate trace metals from brine solutions and separate
them from the major components of the solution. Thus the elements cadmium,
copper, cobalt, nickel and zinc are selectively retained by the resin Chelex-100
and can be recovered subsequently for determination by atomic absorption
spectrophotometry.*> To enhance the sensitivity of the AAS procedure the eluate
is evaporated to dryness and the residue dissolved in 90 per cent aqueous
acetone.* The use of the chelating resin offers the advantage over concentration
by solvent extraction that, in principle, there is no limit to the volume of sample
which can be used.

Reagents. Standard copper (11 ) solutions. Dissolve 100 mg of spectroscopically
pure copper metal in a slight excess of nitric acid and dilute to 1L in a
graduated flask with de-ionised water. Pipette a 10 mL aliquot into a 100 mL
graduated flask and make up to the mark with acetone (analytical grade); the
resultant solution contains 10 ug of copper per mL. Use this stock solution to

*In the illustrative experiment described here, copper(Il) ions in a brine solution are concentrated
from 0.1 to about 3.3 ppm prior to determination by atomic absorption spectrophotometry.
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prepare a series of standard solutions containing 1.0-5.0 ug of copper per mL,
each solution being 90 per cent with respect to acetone.

Sample solution. Prepare a sample solution containing 100 ug of copper(II)
in 1 L of 0.5M sodium chloride solution in a graduated flask.

Ion exchange column. Prepare the Chelex-100 resin (100-500 mesh) by
digesting it with excess (about 2-3 bed-volumes) of 2M nitric acid at room
temperature. Repeat this process twice and then transfer sufficient resin to fill
a 1.0cm diameter column to a depth of 8 cm. Wash the resin column with
several bed-volumes of de-ionised water.

Procedure. Allow the whole of the sample solution (1 L) to flow through the
resin column at a rate not exceeding 5 mL min ~!. Wash the column with 250 mL
of de-ionised water and reject the washings. Elute the copper(II) ions with
30mL of 2M nitric acid, place the eluate in a small conical flask (100 mL,
preferably silica) and evaporate carefully to dryness on a hotplate (use a low
temperature setting). Dissolve the residue in 1 mL of 0.1 M nitric acid introduced
by pipette and then add 9 mL of acetone. Determine copper in the resulting
solution using an atomic absorption spectrophotometer which has been
calibrated using the standard copper(II) solutions.

Note. All glass and silica apparatus to be used should be allowed to stand overnight
filled with a 1:1 mixture of concentrated nitric and sulphuric acids and then thoroughly
rinsed with de-ionised water. This treatment effectively removes traces of metal ions.

1.15 DETERMINATION OF ANIONS USING ION CHROMATOGRAPHY

The experiment described illustrates the application of ion chromatography
(Section 7.4) to the separation and determination of the following anions: Br
Cl7, NOj3 and NO; . It may be readily extended to include other anions, such
as F~, H,PO, , and SO3". The experiment is based on the Waters ILC Series
Ion/Liquid Chromatograph which does not require the use of a suppressor
column.

Solutions. Weigh out accurately the following amounts of analytical-grade salts:
NaCl(0.1648 g); KBr (0.1489 g); NaNO; (0.1372 g); NaNO, (0.1500 g). Dissolve
each salt in 100 mL of distilled, de-ionised water in a graduated flask to give
standard concentrates containing 1000 ppm of anion. Store these standard
solutions in clean plastic ware (e.g. polyethylene or polypropylene); glass
containers are not suitable for ion chromatography since cations tend to be
leached from them.

Prepare a series of standard solutions of each anion covering the required
concentration range by appropriate dilution of the standard concentrates with
distilled, de-ionised water.

Borate—gluconate eluant. Prepare a buffer concentrate by dissolving the
following substances in water and making up to 1 L with distilled, de-ionised
water:

Sodium gluconate 16g
Boric acid 18g
Sodium tetraborate ( Na,B,0,,10H,0 ) 25¢g
Glycerol 125mL

The concentrate is stable for up to six months.
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Prepare 1 L of the following borate/gluconate eluant* immediately prior to
its use:

Buffer concentrate 20mL
Acetonitrile 120 mL
Water 860 mL

The eluant must be filtered and de-gassed before use, e.g. using a Millipore filter
system.

Column. A Waters IC-PAK A or equivalent anion exchange column, operating
at ambient temperature. Equilibrate the column with the mobile phase (eluant)
by allowing the latter to flow through the column for 1 hour.
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Fig. 7.5

*If necessary, adjust the pH to 8.4—8.5 using boric acid crystals or 0.1 M sodium hydroxide; the
pH of the eluant is critical.
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Procedure. Inject 10 uL of standard anion solution into the column and elute
with the borate/gluconate eluant at a flow rate of 1.2 mL min~!. Record the
chromatogram and measure the peak height (or peak area). Repeat this
procedure using the range of standard anion solutions and prepare a calibration
graph of peak height against anion concentration (mgL ~!) for each of the
anions to be determined. Finally inject 10 uL of the anion mixture (e.g. Cl~,
10 ppm; NO;, Br 7, NOj, 20 ppm) and record the chromatogram ; the elution
sequence is C1 7, NO;, Br™ and NOj as shown in the typical chromatogram
(Fig. 7.5). Measure the peak height for each anion and find the anion
concentration by reference to the appropriate calibration graph.

For References and Bibliography see Sections 9.9 and 9.10.
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CHAPTER 8
COLUMN AND THIN-LAYER LIQUID
CHROMATOGRAPHY

8.1 INTRODUCTION

The term ‘liquid chromatography’ covers a variety of separation techniques,
such as liquid-solid, liquid-liquid, ion exchange (see Chapter 7) and size-
exclusion chromatography, all of course involving a liquid mobile phase.
Classical liquid column chromatography is characterised by use of relatively
wide-diameter glass columns, packed with a finely divided stationary phase,
with the mobile phase percolating through the column under gravity. Although
many remarkable separations have been achieved, these are generally slow and
examination of the recovered fractions (e.g. by chemical or spectroscopic
techniques) can be tedious. Since about 1969, however, the development of
modern high-performance liquid chromatography (HPLC) has enabled liquid
chromatography to match the great success achieved by gas chromatography
in providing the following features:

. high resolving power;

. speed of separation;

. continuous monitoring of the column effluent;

. accurate quantitative measurement;

. repetitive and reproducible analysis using the same column; and
. automation of the analytical procedure and data handling.

AN bW —

High-performance liquid chromatography is in some respects more versatile
than gas chromatography since (a) it is not limited to volatile and thermally
stable samples, and (b) the choice of mobile and stationary phases is wider.

The present chapter is largely concerned with HPLC, together with a
summary of developments in quantitative thin-layer chromatography, but a
brief account of the various types of liquid chromatography is given first together
with a guide to the choice of appropriate separation mode.

8.2 TYPES OF LIQUID CHROMATOGRAPHY

There are four main types of liquid chromatography which require discussion.

1. Liquid—solid chromatography (LSC). This process, often termed adsorption
chromatography, is based on interactions between the solute and fixed active
sites on a finely divided solid adsorbent used as the stationary phase. The
adsorbent, which may be packed in a column or spread on a plate, is generally
a high surface area, active solid such as alumina, charcoal or silica gel, the last
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of these being the most widely used. A practical consideration is that highly
active adsorbents may give rise to irreversible solute adsorption; silica gel, which
is slightly acidic, may strongly retain basic compounds, whilst alumina (non-acid
washed) s basic and should not be used for the chromatography of base-sensitive
compounds. Adsorbents of varying particle size, e.g. 20-40 um for TLC and
down to 5 um for HPLC, may be purchased commercially.

The role of the solvent in LSC is clearly vital since mobile-phase (solvent)
molecules compete with solute molecules for polar adsorption sites. The stronger
the interaction between the mobile phase and the stationary phase, the weaker
will be solute adsorption, and vice versa. The classification of solvents according
to their strength of adsorption is referred to as an eluotropic series,*® which
may be used as a guide to find the optimum solvent strength for a particular
separation; a trial-and-error approach may, however, be required and this is
done more rapidly by TLC than by using a column technique. Solvent purity
is very important in LSC since water and other polar impurities may significantly
affect column performance, whilst the presence of UV-active impurities is
undesirable when using UV-type detectors.

In general, the compounds best separated by LSC are those which are soluble
in organic solvents and are non-ionic. Water soluble non-ionic compounds are
better separated using either reverse-phase or bonded-phase chromatography.

2. Liquid—liquid (partition) chromatography (LLC). This type of chromatography
is similar in principle to solvent extraction (see Chapter 6), being based upon
the distribution of solute molecules between two immiscible liquid phases
according to their relative solubilities. The separating medium consists of a
finely divided inert support (e.g. silica gel, kieselguhr, etc.) holding a fixed
(stationary) liquid phase, and separation is achieved by passing a mobile phase
over the stationary phase. The latter may be in the form of a packed column,
a thin layer on glass, or a paper strip.

It is convenient to divide LLC into two categories, based on the relative
polarities of the stationary and mobile phases. The term ‘normal LLC’ is used
when the stationary phase is polar and the mobile phase is non-polar. In this
case the solute elution order is based on the principle that non-polar solutes
prefer the mobile phase and elute first, while polar solutes prefer the stationary
phase and elute later. In reverse-phase chromatography (RPC), however, the
stationary phase is non-polar and the mobile phase is polar; the solute elution
order is commonly the reverse of that observed in normal LLC, i.e. with polar
compounds eluting first and non-polar ones later. This is a popular mode of
operation due to its versatility and scope, the almost universal application of
RPC arising from the fact that nearly all organic molecules have hydrophobic
regions in their structure and are therefore capable of interacting with the
non-polar stationary phase.* Since the mobile phase in RPC is polar, and
commonly contains water, the method is particularly suited to the separation
of polar substances which are either insoluble in organic solvents or bind too
strongly to solid adsorbents (LSC) for successful elution. Table 8.1 shows some
typical stationary and mobile phases which are used in normal and reverse
phase chromatography.

* The reverse-phase technique is used less, however, with the advent of hydrophobic bonded phases
(Section 8.2(3)).
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Table 8.1 Typical stationary and mobile phases for normal and reverse phase chromatography

Stationary phases Mobile phases
Normal
B, B’-Oxydipropionitrile Saturated hydrocarbons, e.g. hexane, heptane; aromatic solvents,

Carbowax (400, 600, 750, etc.) e.g. benzene, xylene; saturated hydrocarbons mixed with up to
Glycols (ethylene, diethylene)“ 10 per cent dioxan, methanol, ethanol, chloroform, methylene

Cyanoethylsilicone chloride (dichloromethane)

Reverse-phase

Squalane Water and alcohol-water mixtures; acetonitrile and
Zipax-HCP acetonitrile—water mixtures

Cyanoethylsilicone

Although the stationary and mobile phases in LLC are chosen to have as
little solubility in one another as possible, even slight solubility of the stationary
phase in the mobile phase may result in the slow removal of the former as the
mobile phase flows over the column support. For this reason the mobile phase
must be pre-saturated with stationary phase before entering the column. This
is conveniently done by using a pre-column before the chromatographic column;
the pre-column should contain a large-particle packing (e.g. 30—60 mesh silica
gel) coated with a high percentage (30-40 per cent) of the stationary phase to
be used in the chromatographic column. As the mobile phase passes through
the pre-column it becomes saturated with stationary phase before entering the
chromatographic column.

The support materials for the stationary phase can be relatively inactive
supports, e.g. glass beads, or adsorbents similar to those used in LSC. It is
important, however, that the support surface should not interact with the solute,
as this can result in a mixed mechanism (partition and adsorption) rather than
true partition. This complicates the chromatographic process and may give
non-reproducible separations. For this reason, high loadings of liquid phase are
required to cover the active sites when using high surface area porous adsorbents.

It is appropriate here to refer to ion-pair chromatography (IPC) which is
essentially a partition-type process analogous to the ion-association systems
used in solvent extraction (see Section 6.5). In this process the species of interest
associates with a counter ion of opposite charge, the latter being selected to
confer solubility in an organic solvent on the resulting ion pair. The technique
can be used for a wide variety of ionisable compounds but particularly for those
yielding large aprotic ions, e.g. quaternary ammonium compounds, and for
compounds such as amino acids which are difficult to extract in the uncharged
form. The stationary phase consists of an aqueous medium containing a high
concentration of a counter ion and at an appropriate pH, typical support
materials being cellulose, diatomaceous earth and silica gel. The mobile phase
is generally an organic medium having low to moderate solvating power. The
application of IPC is well illustrated by the separation of sulpha drugs on a
microparticulate silica;*” the stationary phase contains 0.1 M tetrabutylammonium
sulphate and is buffered at pH 9.2, and a butanol-hexane (25:75) mobile phase
is used. A useful advantage of the ion-pair technique is the possibility of selecting
counter ions which have a high response to specific detectors, e.g. counter ions
of high molar absorptivity like bromothymol blue, or highly fluorescent
anions such as anthracene sulphonate.
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3. Bonded-phase chromatography (BPC). To overcome some of the problems
associated with conventional LLC, such as loss of stationary phase from the
support material, the stationary phase may be chemically bonded to the support
material. This form of liquid chromatography, in which both monomeric and
polymeric phases have been bonded to a wide range of support materials, is
termed ‘bonded-phase chromatography’.

Silylation reactions have been widely used to prepare bonded phases. The

silanol groups (ASi—OH) at the surface of silica gel are reacted with substituted

chlorosilanes. A typical example is the reaction of silica with a dimethylchlorosilane
which produces a monomeric bonded phase, since each molecule of the silylating
agent can react with only one silanol group:

CH, ) CH,
—Si—OH+Cl—Si—R ——— Ti—O—Si—R + HCI
CH, CH,

The use of di- or tri-chlorosilanes in the presence of moisture can result in a
polymeric layer being formed at the silica surface, i.e. a polymeric bonded phase.
Monomeric bonded phases are, however, preferred since they are easier to
manufacture reproducibly than the polymeric type. The nature of the main
chromatographic interaction can be varied by changing the characteristics of
the functional group R; in analytical HPLC the most important bonded phase
is the non-polar C-18 type in which the modifying group R is an octadecyl
hydrocarbon chain. Unreacted silanol groups are capable of adsorbing polar
molecules and will therefore affect the chromatographic properties of the bonded
phase, sometimes producing undesirable effects such as tailing in RPC. Such
effects can be minimised by the process of ‘end-capping’ in which these silanol
groups are rendered inactive by reaction with trimethylchlorosilane:

| s R
— Si—OH + C1—Si — CH, — Si—O—Si—CH,

| CH, ] CH,

An important property of these siloxane phases is their stability under the
conditions used in most chromatographic separations; the siloxane bonds are
attacked only in very acidic (pH < 2) or basic (pH > 9) conditions. A large
number of commercial bonded-phase packings are available in particle sizes
suitable for HPLC.*®

4. Gel permeation (exclusion) chromatography (GPC). This form of liquid
chromatography permits the separation of substances largely according to their
molecular size and shape. The stationary phases used in GPC are porous
materials with a closely controlled pore size, the primary mechanism of retention
of solute molecules being the different penetration (or permeation) by each
solute molecule into the interior of the gel particles. Molecules whose size is
too great will be effectively barred from certain openings into the gel network
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and will, therefore, pass through the column chiefly by way of the interstitial
liquid volume. Smaller molecules are better able to penetrate into the interior
of the gel particles, depending of course on their size and upon the distribution
of pore sizes available to them, and are more strongly retained.

The materials originally used as stationary phases for GPC were the xerogels
of the polyacrylamide (Bio-Gel) and cross-linked dextran (Sephadex) type.
However, these semi-rigid gels are unable to withstand the high pressures used
in HPLC, and modern stationary phases consist of microparticles of styrene—
divinylbenzene copolymers (Ultrastyragel, manufactured by Waters Associates),
silica, or porous glass.

The extensive analytical applications of GPC cover both organic and
inorganic materials.*® Although there have been many applications of GPC to
simple inorganic and organic molecules, the technique has been mainly applied
to studies of complex biochemical or highly polymerised molecules.

Choice of mode of separation. To select the most appropriate column type, the
analyst requires some knowledge of the physical characteristics of the sample
as well as the type of information required from the analysis. The diagram in
Fig. 8.1 gives a general guide to the selection of a chromatographic method for
separation of compounds of molecular weight <2000; for samples of higher
molecular weight ( >2000) the method of choice would be size-exclusion or
gel-permeation chromatography. A prediction of the correct chromatographic
system to be used for a given sample cannot be made with certainty, however,
and must usually be confirmed by experiment. For a complex sample, no single
method may be completely adequate for the separation and a combination of
techniques may be required. Computer-aided methods for optimisation of
separation conditions in HPLC have been described.>°

Sample
Water-soluble Organic-solveni-soluble
| | I
lonic Non-ionic Polar Non-polar
[ | I I

1EC IPC  LSC BPC RPC BPC RPC  RPC LSC

IEC = ion exchange chromalography = BPC = bonded-phase chromatography

IPC = ion pair chromatography RPC = reverse-phase chromatography

LSC = liquid —solid chromatography
Fig. 8.1

8.3 EQUIPMENT FOR HPLC

The essential features of a modern liquid chromatograph are illustrated in the

block diagram (Fig. 8.2) and comprise the following components;

1. solvent delivery system which includes a pump, associated pressure and flow
controls and a filter on the inlet side;
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Solveni Gradient Pum Sample
reservoirs device P injector
Column
Detector Data Recorder
processor
Fig. 8.2
2. sample injection system;
3. the column;
4. the detector;
5. strip chart recorder;
6. data handling device and microprocessor control.

A brief account of the individual components will be given here, but specialised
texts should be consulted for a detailed description of the instrumentation
available for HPLC.®! The manufacturer’s instructions must be consulted for
details of the mode of operation of particular instruments.

High-pressure pumps. The pump is one of the most important components of
the liquid chromatograph, since its performance directly affects retention time,
reproducibility and detector sensitivity. For analytical applications in which
columns 25-50 ¢m in length (4.0- 10 mm i.d.) and packed with particles as small
as 5 or 10 um are typically used, the pump should be capable of delivering the
mobile phase at flow rates of 1-5mL min~! and at pressures reaching 5000 psi.
Most of the work in analytical HPLC is, however, done using pressures between
about 400 and 1500 psi. Although the SI unit of pressure is the Pascal (Pa),
instrument manufacturers commonly report pressures in bar or pounds per
square inch (psi), the relevant conversion factors being, 1 bar = 10° Pa = 14.5 psi.
The supply of mobile phase to the column should be constant, reproducible
and pulse-free.

The types of pumps used for HPLC can be divided into two categories:
constant-pressure pumps (e.g. the inexpensive gas-displacement pump) and the
constant-volume type (e.g. the reciprocating and syringe pumps). The most
commonly used pumps in HPLC are the single- or multi-head reciprocating
type. The former delivers the flow as a series of pulses which must be damped
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using a pulse dampener; dual- and triple-head reciprocating pumps can be
operated without a pulse dampener since they minimise pulsation, but are more
expensive than single-head pumps.

The choice of a suitable mobile phase is vital in HPLC and it is appropriate
to refer to the factors influencing this choice. Thus, the eluting power of the
mobile phase is determined by its overall polarity, the polarity of the stationary
phase and the nature of the sample components. For ‘normal-phase’ separations
eluting power increases with increasing polarity of the solvent, while for
‘reverse-phase’ separations eluting power decreases with increasing solvent
polarity. Optimum separating conditions can be often achieved by using a
mixture of two solvents, and gradient elution is frequently used where sample
components vary widely in polarity. For gradient elution using a low-pressure
mixing system, the solvents from separate reservoirs are fed to a mixing chamber
and the mixed solvent is then pumped to the column; in modern instruments
delivery of solvent to the pump is controlled by time-proportioning electrovalves,
regulated by a microprocessor.>?

Other properties of solvents which need to be considered are boiling point,
viscosity (lower viscosity generally gives greater chromatographic efficiency),
detector compatibility, flammability, and toxicity. Many of the common solvents
used in HPLC are flammable and some are toxic and it is therefore advisable
for HPLC instrumentation to be used in a well-ventilated laboratory, if possible
under an extraction duct or hood.

Special grades of solvents are available for HPLC which have been carefully
purified to remove UV-absorbing impurities and any particulate matter. If,
however, other grades of solvent are used, purification may be required since
impurities present would, if strongly UV-absorbing, affect the detector or, if of
higher polarity than the solvent (e.g. traces of water or ethanol, commonly
added as a stabiliser, in chloroform), influence the separation. It is also important
to remove dissolved air or suspended air bubbles which can be a major cause
of practical problems in HPLC, particularly affecting the operation of the pump
and detector. These problems may be avoided by de-gassing the mobile phase
before use; this can be accomplished by placing the mobile phase under vacuum,
or by heating and ultrasonic stirring. Compilations of useful solvents for HPLC
are available.>3

Sample injection system. Introduction of the sample is generally achieved in
one of two ways, either by using syringe injection or through a sampling valve.

Septum injectors allow sample introduction by a high-pressure syringe
through a self-sealing elastomer septum. One of the problems associated with
septum injectors is the leaching effect of the mobile phase in contact with the
septum, which may give rise to ghost peaks. In general, syringe injection for
HPLC is more troublesome than in gas chromatography.

Although the problems associated with septum injectors can be eliminated
by using stop-flow septumless injection, currently the most widely used devices
in commercial chromatographs are the microvolume sampling valves (Fig. 8.3)
which enable samples to be introduced reproducibly into pressurised columns
without significant interruption of the mobile phase flow. The sample is loaded
at atmospheric pressure into an external loop in the valve and introduced into
the mobile phase by an appropriate rotation of the valve. The volume of sample
introduced, ranging from 2 yL to over 100 uL, may be varied by changing
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Mobile phase  To column Mobile phase  To column

Adjustable

length

sample loop Sample Sample Sample Sample
in out | in

(a) Sampling mode (b) Injection mode
Fig. 8.3 Operation of a sample loop.

the volume of the sample loop or by using special variable-volume sample
valves. Automatic sample injectors are also available which allow unattended
(e.g. overnight) operation of the instrument. Valve injection is preferred for
quantitative work because of its higher precision compared to syringe injection.

The column. The columns most commonly used are made from precision-bore
polished stainless steel tubing, typical dimensions being 10-30c¢m long and
4 or Smm internal diameter. The stationary phase or packing is retained at
each end by thin stainless steel frits with a mesh of 2 ym or less.

The packings used in modern HPLC consist of small, rigid particles having
a narrow particle-size distribution. The types of packing may conveniently be
divided into the following three general categories.

(a) Porous, polymeric beads based on styrene—divinylbenzene copolymers.
These are used for ion exchange (see Chapter 7) and size exclusion
chromatography (Section 8.2), but have been replaced for many analytical
applications by silica-based packings which are more efficient and
mechanically stable.

(b) Porous-layer beads (diameter 30-55 um) consisting of a thin shell (1-3 um)
of silica, or modified silica or other material, on an inert spherical core (e.g.
glass beads). These pellicular-type packings are still used for some ion
exchange applications, but their general use in HPLC has declined with
the development of totally porous microparticulate packings.

(c) Totally porous silica particles (diameter < 10 um, with narrow particle size
range) are now the basis of the most commercially important column
packings for analytical HPLC. Compared with the porous-layer beads,
totally porous silica particles give considerable improvements in column
efficiency, sample capacity, and speed of analysis.

The development of bonded phases (Section 8.2) for liquid-liquid chromato-
graphy on silica-gel columns is of major importance. For example, the widely
used C-18 type permits the separation of moderately polar mixtures and is used
for the analysis of pharmaceuticals, drugs and pesticides.

The procedure chosen for column packing depends chiefly on the mechanical
strength of the packing and its particle size. Particles of diameter > 20 um can
usually be dry-packed, whereas for particles with diameters <20 um slurry
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packing techniques are used in which the particles are suspended in a suitable
solvent and the suspension (or slurry) driven into the column under pressure.
The essential features for successful slurry packing of columns have been
summarised.’* Many analysts will, however, prefer to purchase the commercially
available HPLC columns, for which the appropriate manufacturer’s catalogues
should be consulted.

Finally, the useful life of an analytical column is increased by introducing a
guard column. This is a short column which is placed between the injector and
the HPLC column to protect the latter from damage or loss of efficiency caused
by particulate matter or strongly adsorbed substances in samples or solvents. It
may also be used to saturate the eluting solvent with soluble stationary phase
[see Section 8.2(2)]. Guard columns may be packed with microparticulate
stationary phases or with porous-layer beads; the latter are cheaper and easier
to pack than the microparticulates, but have lower capacities and therefore
require changing more frequently.

Detectors. The function of the detector in HPLC is to monitor the mobile phase
as it emerges from the column. The detection process in liquid chromatography
has presented more problems than in gas chromatography; there is, for example
no equivalent to the universal flame ionisation detector of gas chromatography
for use in liquid chromatography. Suitable detectors can be broadly divided
into the following two classes:

(a) Bulk property detectors which measure the difference in some physical
property of the solute in the mobile phase compared to the mobile phase
alone, e.g. refractive index and conductivity* detectors. They are generally
universal in application but tend to have poor sensitivity and limited range.
Such detectors are usually affected by even small changes in the mobile-phase
composition which precludes the use of techniques such as gradient elution.

(b) Solute property detectors, e.g. spectrophotometric, fluorescence and electro-
chemical detectors. These respond to a particular physical or chemical
property of the solute, being ideally independent of the mobile phase. In
practice, however, complete independence of the mobile phase is rarely
achieved, but the signal discrimination is usually sufficient to permit
operation with solvent changes, e.g. gradient elution. They generally provide
high sensitivity (about 1 in 10° being attainable with UV and fluorescence
detectors) and a wide linear response range but, as a consequence of their
more selective natures, more than one detector may be required to meet
the demands of an analytical problem. Some commercially available
detectors have a number of different detection modes built into a single
unit, e.g. the Perkin—Elmer ‘3D’ system which combines UV absorption,
fluorescence and conductimetric detection.

Some of the important characteristics required of a detector are the following.

(a) Sensitivity, which is often expressed as the noise equivalent concentration,
i.e. the solute concentration, C,, which produces a signal equal to the
detector noise level. The lower the value of C, for a particular solute, the
more sensitive is the detector for that solute.

*The conductance detector is a universal detector for tonic species and is widely used in ion
chromatography (see Section 7.4).
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(b) A linear response. The linear range of a detector is the concentration range
over which its response is directly proportional to the concentration of
solute. Quantitative analysis is more difficult outside the linear range of
concentration.

(¢) Type of response,i.e. whether the detector is universal or selective. A universal
detector will sense all the constituents of the sample, whereas a selective
one will only respond to certain components. Although the response of the
detector will not be independent of the operating conditions, e.g. column
temperature or flow rate, it is advantageous if the response does not change
too much when there are small changes of these conditions.

A summary of these characteristics for different types of detectors is given
in Table 8.2.

Table 8.2 Typical detector characteristics in HPLC

Type Response C,(gmL~ 1y Linear range*
Amperometric Selective 107 1° 10*-10°
Conductimetric Selective 1077 103-10*
Fluorescence Selective 10712 103-104
UV/visible absorption  Selective 1078 10*-10°
Refractive index Universal 10°¢ 103-10%

* The range over which the response is essentially linear is expressed
as the factor by which the lowest concentration (C,) must be
multiplied to obtain the highest concentration.

A detailed description of the various detectors available for use in HPLC is
beyond the scope of the present text and the reader is recommended to consult
the monograph by Scott.>®> A brief account of the principal types of detectors
is given below.

Refractive index detectors. These bulk property detectors are based on the
change of refractive index of the eluant from the column with respect to pure
mobile phase. Although they are widely used, the refractive index detectors
suffer from several disadvantages — lack of high sensitivity, lack of suitability
for gradient elution, and the need for strict temperature control ( +0.001 °C)
to operate at their highest sensitivity. A pulseless pump, or a reciprocating pump
equipped with a pulse dampener, must also be employed. The effect of these
limitations may to some extent be overcome by the use of differential systems
in which the column eluant is compared with a reference flow of pure mobile
phase. The two chief types of RI detector are as follows.

1. The deflection refractometer (Fig. 8.4), which measures the deflection of a
beam of monochromatic light by a double prism in which the reference and
sample cells are separated by a diagonal glass divide. When both cells contain
solvent of the same composition, no deflection of the light beam occurs; if,
however, the composition of the column mobile phase is changed because
of the presence of a solute, then the altered refractive index causes the beam
to be deflected. The magnitude of this deflection is dependent on the
concentration of the solute in the mobile phase.

2. The Fresnel refractometer which measures the change in the fractions of
reflected and transmitted light at a glass-liquid interface as the refractive
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Fig. 8.4 Refractive index detector.

index of the liquid changes. In this detector both the column mobile phase
and a reference flow of solvent are passed through small cells on the back
surface of a prism. When the two liquids are identical there is no difference
between the two beams reaching the photocell, but when the mobile phase
containing solute passes through the cell there is a change in the amount of
light transmitted to the photocell, and a signal is produced. The smaller cell
volume (about 3 uL)in this detector makes it more suitable for high-efficiency
columns but, for sensitive operation, the cell windows must be kept
scrupulously clean. ‘

Ultraviolet detectors. The UV absorption detector is the most widely used in
HPLC, being based on the principle of absorption of UV visible light as the
effluent from the column is passed through a small flow cell held in the radiation
beam. It is characterised by high sensitivity (detection limit of about
1 x107°gmL ! for highly absorbing compounds) and, since it is a solute
property detector, it is relatively insensitive to changes of temperature and flow
rate. The detector is generally suitable for gradient elution work since many of
the solvents used in HPLC do not absorb to any significant extent at the
wavelengths used for monitoring the column effluent. The presence of air bubbles
in the mobile phase can greatly impair the detector signal, causing spikes on
the chromatogram; this effect can be minimised by degassing the mobile phase
prior to use, e.g. by ultrasonic vibration. Both single and double beam
(Fig. 8.5) instruments are commercially available. Although the original
detectors were single- or dual-wavelength instruments (254 and/or 280 nm),
some manufacturers now supply variable-wavelength detectors covering the
range 210-800 nm so that more selective detection is possible.

No account of UV detectors would be complete without mention of the diode
array (multichannel) detector, in which polychromatic light is passed through
the flow cell. The emerging radiation is diffracted by a grating and then falls
on to an array of photodiodes, each photodiode receiving a different narrow-
wavelength band. A microprocessor scans the array of diodes many times a
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Fig. 8.5 Block diagram of a double-beam UV detector.

second and the spectrum so obtained may be displayed on the screen of a VDU
or stored in the instrument for subsequent print-out. An important feature of
the multichannel detector is that it can be programmed to give changes in
detection wavelength at specified points in the chromatogram; this facility can
be used to ‘clean up’ a chromatogram, e.g. by discriminating against interfering
peaks due to compounds in the sample which are not of interest to the analyst.

Fluorescence detectors. These devices enable fluorescent compounds (solutes)
present in the mobile phase to be detected by passing the column effluent through
a cell irradiated with ultraviolet light and measuring any resultant fluorescent
radiation. Although only a small proportion of inorganic and organic compounds
are naturally fluorescent, many biologically active compounds (e.g. drugs)
and environmental contaminants (e.g. polycyclic aromatic hydrocarbons) are
fluorescent and this, together with the high sensitivity of these detectors, explains
their widespread use. Because both the excitation wavelength and the detected
wavelength can be varied, the detector can be made selective. The application
of fluorescence detectors has been extended by means of pre- and post-column
derivatisation of non-fluorescent or weakly fluorescing compounds (see
Section 8.4).

Electrochemical detectors. The term ‘electrochemical detector’ in HPLC
normally refers to amperometric or coulometric detectors, which measure the
current associated with the oxidation or reduction of solutes. In practice it is
difficult to use electrochemical reduction as a means of detection in HPLC
because of the serious interference (large background current) caused by
reduction of oxygen in the mobile phase. Complete removal of oxygen is difficult
so that electrochemical detection is usually based on oxidation of the solute.
Examples of compounds which can be conveniently detected in this way are
phenols, aromatic amines, heterocyclic nitrogen compounds, ketones, and
aldehydes. Since not all compounds undergo electrochemical oxidation, such
detectors are selective and selectivity may be further increased by adjusting the
potential applied to the detector to discriminate between different electroactive
species. It may be noted here that an anode becomes a stronger oxidising agent
as its electrode potential becomes more positive. Of course, electrochemical
detection requires the use of conducting mobile phases, e.g. containing inorganic
salts or mixtures of water with water-miscible organic solvents, but such
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conditions are often difficult to apply to techniques other than reverse phase
and ion exchange chromatography.

The amperometric detector is currently the most widely used electrochemical
detector, having the advantages of high sensitivity and very small internal cell
volume. Three electrodes are used:

1. the working electrode, commonly made of glassy carbon, is the electrode at
which the electroactive solute species is monitored;

2. the reference electrode, usually a silver—silver chloride electrode, gives a stable,
reproducible voltage to which the potential of the working electrode is
referred; and )

3. the auxiliary electrode is the current-carrying electrode and usually made of
stainless steel.

Despite their higher sensitivity and relative cheapness compared with ultraviolet
detectors, amperometric detectors have a more limited range of applications,
being often used for trace analyses where the ultraviolet detector does not have
sufficient sensitivity.

8.4 DERIVATISATION

Inliquid chromatography, in contrast to gas chromatography [ see Section 9.2(2)],
derivatives are almost invariably prepared to enhance the response of a particular
detector to the substance of analytical interest. For example, with compounds
lacking an ultraviolet chromophore in the 254 nm region but having a reactive
functional group, derivatisation provides a means of introducing into the
molecule a chromophore suitable for its detection. Derivative preparation can
be carried out either prior to the separation (pre-column derivatisation) or
afterwards (post-column derivatisation). The most commonly used techniques
are pre-column off-line and post-column on-line derivatisation.

Pre-column off-line derivatisation requires no modification to the instrument
and, compared with the post-column techniques, imposes fewer limitations on
the reaction conditions. Disadvantages are that the presence of excess reagent
and by-products may interfere with the separation, whilst the group introduced
into the molecules may change the chromatographic properties of the sample.

Post-column on-line derivatisation is carried out in a special reactor situated
between the column and detector. A feature of this technique is that the
derivatisation reaction need not go to completion provided it can be made
reproducible. The reaction, however, needs to be fairly rapid at moderate
temperatures and there should be no detector response to any excess reagent
present. Clearly an advantage of post-column derivatisation is that ideally the
separation and detection processes can be optimised separately. A problem
which may arise, however, is that the most suitable eluant for the chromatographic
separation rarely provides an ideal reaction medium for derivatisation; this is
particularly true for electrochemical detectors which operate correctly only
within a limited range of pH, ionic strength and aqueous solvent composition.

Reagents which form a derivative that strongly absorbs UV /visible radiation
are called chromatags; an example is the reagent ninhydrin, commonly used
to obtain derivatives of amino acids which show absorption at about 570 nm.
Derivatisation for fluorescence detectors is based on the reaction of non-
fluorescent reagent molecules (fluorotags) with solutes to form fluorescent
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derivatives; the reagent dansyl chloride (I) is used to obtain fluorescent
derivatives of proteins, amines and phenolic compounds, the excitation and
emission wavelengths being 335-365 nm and 520 nm, respectively.

(I)

The reader is recommended to consult the relevant textbooks®$ (see also
Bibliography, Section 9.10) for a more comprehensive account of chemical
derivatisation in liquid chromatography.

8.5 QUANTITATIVE ANALYSIS

Quantitative analysis by HPLC clearly requires that a relationship is established
between the magnitude of the detector signal and the concentration of a
particular solute in the sample, the former being measured by either the
corresponding peak area or the peak height. Peak area measurements are
preferred when the column flow can be controlled precisely, since peak area is
relatively independent of mobile-phase composition. Manual methods may be
used for calculating peak areas (see Section 9.4) but computing integrators are
preferred for data handling in chromatography and are now often a part of the
instrumental package. If the peak areas are measured with an integrator, the
latter prints out the retention time for each peak together with a number which
is proportional to the peak area. The percentage of each compound in the
mixture may then be calculated on the basis of area normalisation, i.e. by
expressing each peak area as a percentage of the total area of all the peaks in
the chromatogram. Since, however, the detector response is likely to differ for
the various components of the mixture, it is essential to correct each peak area
before using area normalisation; this is done by finding the relative response
factors for the detector (see Section 8.8).

8.6 THIN-LAYER CHROMATOGRAPHY

The important difference between thin-layer chromatography (TLC) and
high-performance liquid chromatography is one of practical technique rather
than of the physical phenomena (adsorption, partition, etc.) on which separation
is based. Thus, in TLC the stationary phase consists of a thin layer of sorbent
(e.g. silica gel or cellulose powder) coated on an inert, rigid, backing material
such as a glass plate or plastic foil so that the separation process occurs on a
flat essentially two-dimensional surface. The analogous technique of paper
chromatography has largely been superseded by TLC in analytical laboratories,
especially with the advent of thin-layer plates coated with cellulose. Although
TLC is widely used for qualitative analysis, it does not in general provide
quantitative information of high precision and accuracy. Recent changes in the
practice of TLC have, however, resulted in improved performance both in terms
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of separations and in quantitative measurements; these developments are
referred to as high-performance thin-layer chromatography (HPTLC). A brief
account of the technique of thin-layer chromatography follows together with a
summary of the main features of HPTLC (Section 8.7).

Technique of thin-layer chromatography. Preparation of the plate. In thin-layer

chromatography a variety of coating materials is available, but silica gel is most

frequently used. A slurry of the adsorbent (silica gel, cellulose powder, etc.) is

spread uniformly over the plate by means of one of the commercial forms of

spreader, the recommended thickness of adsorbent layer being 150-250 pm.

After air-drying overnight, or oven-drying at 80-90 °C for about 30 minutes, -
it is ready for use.

Ready to use thin-layers (i.e. pre-coated plates or plastic sheets) are
commercially available; the chief advantage of plastic sheets is that they can be
cut to any size or shape required, but they have the disadvantage that they
bend in the chromatographic tank unless supported.

Two points of practical importance may be noted here:

1. care should be exercised in handling the plate to avoid placing fingers on
the active adsorbent surface and so introducing extraneous substances;

2. pre-washing of the plate is advisable in order to remove extraneous material
contained in the layer, and this may be done by running the development
solvent to the top of the plate.

Sample application. The origin line, to which the sample solution is applied, is
usually located 2-2.5cm from the bottom of the plate. The accuracy and
precision with which the sample ‘spots’ are applied is, of course, very important
when quantitative analysis is required. Volumes of 1, 2 or 5 uL are applied using
an appropriate measuring instrument, e.g. an Agla syringe or a Drummond
micropipette (the latter is a calibrated capillary tube fitted with a small rubber
teat). Care must be taken to avoid disturbing the surface of the adsorbent as
this causes distorted shapes of the spots on the subsequently developed
chromatogram and so hinders quantitative measurement. It may also be noted
that losses may occur if the usual method of drying applied spots in a gentle
current of air is used. The use of low boiling point solvents clearly aids drying
and also helps to ensure compact spots ( +2-3 mm diameter).

Development of plates. The chromatogram is usually developed by the ascending
technique in which the plate is immersed in the developing solvent (redistilled
or chromatographic grade solvent should be used) to a depth of 0.5 cm. The
tank or chamber used is preferably lined with sheets of filter paper which dip
into the solvent in the base of the chamber; this ensures that the chamber is
saturated with solvent vapour (Fig. 8.6). Development is allowed to proceed
until the solvent front has travelled the required distance (usually 10—15cm),
the plate is then removed from the chamber and the solvent front immediately
marked with a pointed object.

The plate is allowed to dry in a fume cupboard or in an oven; the drying
conditions should take into account the heat- and light-sensitivity of the
separated compounds.

The positions of the separated solutes can be located by various methods.
Coloured substances can be seen directly when viewed against the stationary
phase whilst colourless species may usually be detected by spraying the plate
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Fig. 8.6 Reproduced from D. Abbott and R. S. Andrews, An Introduction to Chromatography,
Longman, London, 1965.

with an appropriate* reagent which produces coloured areas in the regions which
they occupy. Some compounds fluoresce in ultraviolet light and may be located
in this way. Alternatively if fluorescing material is incorporated in the adsorbent
the solute can be observed as a dark spot on a fluorescent background when
viewed under ultraviolet light. (When locating zones by this method the eyes
should be protected by wearing special protective goggles or spectacles.) The
spots located by this method can be delineated by marking with a needle.

Quantitative evaluation. Methods for the quantitative measurement of separated
solutes on a thin-layer chromatogram can be divided into two categories. In
the more generally used in-situ methods, quantitation is based on measurement
of the photodensity of the spots directly on the thin-layer plate, preferably using
a densitometer. The latter instrument scans the individual spots by either
reflectance or absorption of a light beam, the scan usually being along the line
of development of the plate. The difference in intensity of the reflected (or
transmitted) light between the adsorbent and the solute spots is observed as a
series of peaks plotted by a chart recorder. The areas of the peaks correspond
to the quantities of the substances in the various spots. This type of procedure
requires comparison with spots obtained using known amounts of standard
mixtures which must be chromatographed on the same plate as the sample. The
design and specifications of commercially available densitometers have been
reviewed.>’

The alternative, and cheaper, procedure is to remove the separated components
by scraping off the relevant portion of the adsorbent after visualisation by a
non-destructive technique. The component is conveniently extracted by placing
the adsorbent in a centrifuge tube and adding a suitable solvent to dissolve the
solute. When the solute has dissolved the tube is spun in a centrifuge, the
supernatant liquid removed and analysed by an appropriate quantitative
technique, e.g. ultraviolet, visible or fluorescence spectrometry or gas-liquid
chromatography. Alternatively the solute may be extracted by transferring the
adsorbent on to a short column of silica gel supported by a sinter filter and
eluting with the solvent. Again the extract is analysed by a suitable quantitative
technique. In each case, of course, it is necessary to obtain a calibration curve

*Spraying of locating reagents should always be performed in a fume cupboard.
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for known quantities of the solute in the chosen solvent. Quantitative thin-layer
elution techniques have been reviewed by Court.>®

It should be noted that to obtain the best results in any of these quantitative
TLC methods, the spots being used should have R; values between 0.3 and 0.7;
spots with R; values <0.3 tend to be too concentrated whereas those with R,
values >0.7 are too diffuse.

8.7 HIGH PERFORMANCE THIN-LAYER CHROMATOGRAPHY (HPTLC)

Recent developments in the practice of thin-layer chromatography have resulted
in a breakthrough in performance which has led to the expression ‘high
performance thin-layer chromatography’. These developments have not been
the result of any specific advance in instrumentation (as with HPLC), but rather
the culmination of improvements in the various operations involved in TLC.
The three chief features of HPTLC are summarised below, but for a
comprehensive account of the subject the reader is recommended to consult a
more specialised text.>®

Quality of the adsorbent layer. Layers for HPTLC are prepared using specially
purified silica gel with average particle diameter of 5—-15 um and a narrow
particle size distribution. The silica gel may be modified if necessary, e.g.
chemically bonded layers are available commercially as reverse-phase plates.
Layers prepared using these improved adsorbents give up to about 5000
theoretical plates and so provide a much improved performance over
conventional TLC; this enables more difficult separations to be effected using
HPTLC, and also enables separations to be achieved in much shorter times.

Methods of sample application. Due to the lower sample capacity of the HPTLC
layer, the amount of sample applied to the layer is reduced. Typical sample
volumes are 100-200 nL. which give starting spots of only 1.0—1.5 mm diameter;
after developing the plate for a distance of 3—6 cm, compact separated spots
are obtained giving detection limits about ten times better than in conventional
TLC. A further advantage is that the compact starting spots allow an increase
in the number of samples which may be applied to the HPTLC plate.

The introduction of the sample into the adsorbent layer is a critical process
in HPTLC. For most quantitative work a platinum—iridium capillary of fixed
volume (100 or 200 nL), sealed into a glass support capillary of larger bore,
provides a convenient spotting device. The capillary tip is polished to provide
a smooth, planar surface of small area (ca 0.05 mm?), which when used with a
mechanical applicator minimises damage to the surface of the plate; spotting
by manual procedures invariably damages the surface.

The availability of scanning densitometers. Commercial instruments for in-situ
quantitative analysis based on direct photometric measurement have played an
important role in modern thin-layer chromatography. Although double beam
instruments are available, single beam single wavelength operation is mainly
used in HPTLC since the quality and surface homogeneity of the plates are
generally very good.

High performance thin-layer chromatography has found its greatest application
in the areas of clinical (e.g. analysis of drugs in blood) and environmental
analysis.
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8.8 DETERMINATION OF ASPIRIN, PHENACETIN AND CAFFEINE IN A MIXTURE

High performance liquid chromatography is used for the separation and
quantitative analysis of a wide variety of mixtures, especially those in which the
components are insufficiently volatile and/or thermally stable to be separated
by gas chromatography. This is illustrated by the following method which may
be used for the quantitative determination of aspirin and caffeine in. the common
analgesic tablets, using phenacetin as internal standard; where APC tablets are
available the phenacetin can also be determined by this procedure.

Sample mixture. A suitable sample mixture is obtained by weighing out
accurately about 0.601 g of aspirin, 0.076 g of phenacetin and 0.092 g of caffeine.
Dissolve the mixture in 10 mL absolute ethanol, add 10 mL of 0.5M ammonium
formate solution and dilute to 100 mL with de-ionised water.

Solvent (mobile phase). Ammonium formate (0.05M) in 10 per cent (v/v)
ethanol-water at pH 4.8. Use a flow rate of 2 mL min~! with inlet pressure of
about 117 bar (1 bar = 10° Pa).

Column. 15.0cm x 4.6 mm, packed with a 5um silica SCX (strong cation
exchanger) bonded phase.

Detector. UV absorbance at 244 nm (or 275 nm).

Procedure. Inject 1 uL. of the sample solution and obtain a chromatogram.
Under the above conditions the compounds are separated in about 3 minutes, the
elution sequence being (1) aspirin; (2) phenacetin; (3) caffeine. Measure peak
areas with an integrator and normalise the peak area for each compound (i.e.
express each peak area as a percentage of the total peak area). Compare these
results with the known composition of the mixture; discrepancies arise because
of different detector response to the same amount of each substance.

Determine the response factors (r) for the detector relative to phenacetin
(=1) as internal standard by carrying out three runs, using 1 uL injection, and
obtaining the average value of r.

Peak area of compound/Mass of compound
Peak area of standard/Mass of standard

Relative response factor, r =

Correct the peak areas initially obtained by dividing by the appropriate response
factor and normalise the corrected values. Compare this result with the known
composition of the mixture.

8.9 THIN-LAYER CHROMATOGRAPHY — THE RECOVERY OF SEPARATED SUBSTANCES
BY ELUTION TECHNIQUES

The purpose of the experiment is to illustrate the elution technique for the
recovery of pure substances after their separation by thin-layer chromatography.
The experiment can be readily extended to include the quantitative determination
of the recovered substances.

Apparatus. Prepared silica gel plates.
Chromatographic tank (see Fig. 8.6).
Drummond (or similar) micropipette.
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Chemicals. Indicator solutions ( ~0.1 per cent, aq. ). Bromophenol blue; Congo
red; phenol red.

Mixture (M) of above three indicator solutions.

Developing solvent. n-Butanol —ethanol-0.2M ammonia (60:20:20 by volume).
Chromatographic grade solvents should be used.

Procedure. Pour the developing solvent into the chromatographic tank to a
depth of about 0.5 cm and replace the lid. Take a prepared plate and carefully
‘spot’ 5 uL of each indicator on the origin line (see Section 8.6, under Sample
application) using a micropipette. Allow to dry, slide the plate into the tank
and develop the chromatogram by the ascending solvent for about 1 h. Remove
the plate, mark the solvent front and dry the plate in an oven at 60 °C for about
15 min. Evaluate the R; value for each of the indicators using the equation

R. — Distance compound has moved from origin
f Distance of solvent front from origin

Take a second prepared plate and ‘spot’ three separate 5 uL. of mixture M
on to the origin line using a micropipette. Place the dry plate into the tank,
replace the lid and allow the chromatogram to run for about 1 h. Remove the
plate, mark the solvent front and dry the plate at 60 °C for about 15 min. Identify
the separated components on the basis of their R, values.

Carefully scrape the separated bromophenol blue ‘spots’ on to a sheet of
clean smooth-surfaced paper using a narrow spatula (this is easier if two grooves
are made down to the glass on either side of the spots). Pour the blue powder
into a small centrifuge tube, add 2 mL of ethanol, 5 drops of 0.880 ammonia
solution, and stir briskly until the dye is completely extracted. Centrifuge and
remove the supernatant blue solution from the residual white powder. Repeat
this procedure with the separated Congo red and phenol red ‘spots’.

An alternative elution technique is to transfer the powder (e.g. for bromophenol
blue) to a glass column fitted with a glass-wool plug or glass sinter, and elute
the dye with ethanol containing a little ammonia. The eluted solution, made up
to a fixed volume in a small graduated flask, may be used for colorimetric/
spectrophotometric analysis of the recovered dye (see Chapter 17). A calibration
curve must, of course, be constructed for each of the individual compounds.

For References and Bibliography see Sections 9.9 and 9.10.
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CHAPTER 9
GAS CHROMATOGRAPHY

9.1 INTRODUCTION

Gas chromatography is a process by which a mixture is separated into its
constituents by a moving gas phase passing over a stationary sorbent. The
technique is thus similar to liquid—liquid chromatography except that the mobile
liquid phase is replaced by a moving gas phase. Gas chromatography is divided
into two major categories: gas—liquid chromatography (GLC), where separation
occurs by partitioning a sample between a mobile gas phase and a thin layer
of non-volatile liquid coated on an inert support, and gas—solid chromatography
(GSC), which employs a solid of large surface area as the stationary phase. The
present chapter deals with gas—liquid chromatography and some of its
applications in the field of quantitative chemical analysis. However, before
considering these applications it is appropriate to describe briefly the apparatus
used in, and some of the basic principles of, gas chromatography. A comprehensive
account of the various aspects of modern gas chromatography is, of course,
beyond the scope of the present text and, for more detailed accounts of these
topics the texts listed in the Bibliography at the end of this chapter should be
consulted.

9.2 APPARATUS

A gas chromatograph (see block diagram Fig. 9.1a) consists essentially of
the following parts.

Peaks correspond to
individual components detected

Flowmeter — Sample injected
Gas Heated
cylinder GLC
column l A
M
0 Time —=
Detector
(a) (b)

Fig. 9.1 (a) Block diagram of a gas chromatograph. (5) Typical chart record. Reproduced
by permission from R. C. Denney, The Truth about Breath Tests, Nelson, London, 1970.
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1. A supply of carrier gas from a high-pressure cylinder. The carrier gas used
is either helium, nitrogen, hydrogen or argon, the choice of gas depending on
factors such as availability, purity required, consumption and the type of detector
employed. Thus helium is preferred when thermal conductivity detectors are
employed because of its high thermal conductivity relative to that of the vapours
of most organic compounds. Associated with this high pressure supply of carrier
gas are the attendant pressure regulators and flow meters to control and monitor
the carrier gas flow; the operating efficiency of the apparatus is very dependent
on the maintenance of a constant flow of carrier gas.
It is appropriate to emphasise here two important safety considerations:

(a) free-standing gas cylinders must always be supported by means of clamps
or chains;

(b) waste gases, especially hydrogen, must be vented through an extraction
hood.

2. Sample injection system and derivatisation. Numerous devices have been
developed for introducing the sample, but the major applications involve liquid
samples that are introduced using a microsyringe with hypodermic needle. The
latter is inserted through a self-sealing silicone rubber septum and the sample
injected smoothly into a heated metal block at the head of the column.
Manipulation of the syringe may be regarded as an art developed with practice
and the aim must be to introduce the sample in a reproducible manner. The
temperature of the sample port should be such that the liquid is rapidly vaporised
but without either decomposing or fractionating the sample; a useful rule of
thumb is to set the sample port temperature approximately to the boiling point
of the least volatile component. For greatest efficiency, the smallest possible
sample size (1-10 uL) consistent with detector sensitivity should be used.

It should be noted here that the difficulty of accurately injecting small
quantities of liquids imposes a significant limitation on quantitative gas
chromatography. For this reason, it is essential in quantitative GLC to use a
procedure, such as the use of an internal standard, which allows for any variation
in size of the sample and the effectiveness with which it is applied to the column
(see Sections 9.4(5) and 9.7).

Many samples are, however, unsuitable for direct injection into a gas
chromatograph because, for example, of their high polarity, low volatility or
thermal instability. In this respect the versatility and application of gas
chromatography has been greatly extended by the formation of volatile
derivatives, especially by the use of silylation reagents. The term ‘silylation’ is
normally taken to mean the introduction of the trimethylsilyl, —Si(CH3);, or
similar group in place of active hydrogen atoms in the substance under
investigation. A considerable number of such reagents is now available,®®
including some special silylating agents which give improved detector response,
usually by incorporating a functional group suitable for a selective detector
system. Reagents containing chlorine and bromine atoms, for example, in the
silyl group are used particularly for preparing derivatives injected on to gas
chromatographs fitted with electron-capture detectors. Derivatisation can also
give enhanced resolution from other components in a mixture and improved
peak shape for quantitative analysis.

Although inorganic compounds are generally not so volatile as are organic
compounds, gas chromatography has been applied in the study of certain
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inorganic compounds which possess the requisite properties. If gas chromatography
is to be used for metal separation and quantitative analysis, the types of
compounds which can be used are limited to those that can be readily formed
in virtually quantitative and easily reproducible yield. This feature, together
with the requirements of sufficient volatility and thermal stability necessary for
successful gas chromatography, make neutral metal chelates the most favourable
compounds for use in metal analysis. f-Diketone ligands, e.g. acetylacetone and
the fluorinated derivatives, trifluoroacetylacetone (TFA) and hexafluoroacetyl-
acetone (HFA) form stable, volatile chelates with aluminium, beryllium,
chromium(III) and a number of other metal ions; it is thus possible to
chromatograph a wide range of metals as their f-diketone chelates.

O (O

] |
CF;—C—CH—=C—CH, TFA anion

O (O

J |
CF;—C—CH=C—CF, HFA anion

The number of reported applications to analytical determinations at the trace
level appear to be few, probably the best known being the determination of
beryllium in various samples. The method generally involves the formation of
the volatile beryllium trifluoroacetylacetonate chelate, its solvent extraction into
benzene with subsequent separation and analysis by gas chromatography..®?

Various types of derivatisation have now been developed for both gas and
liquid chromatography. For more detailed information regarding the choice of
a suitable derivative for a particular analytical problem, the appropriate works
of reference should be consulted.62-63

For compounds of high molecular mass, however, the formation of derivatives
does not help to solve the problem of involatility. This difficulty may be overcome
by breaking the large molecules up into smaller and more volatile fragments
which may then be analysed by gas—liquid chromatography, i.e. by using the
technique known as pyrolysis gas chromatography (PGC).

Pyrolysis GC is a technique in which a non-volatile sample is pyrolysed
under rigidly controlled conditions, usually in the absence of oxygen, and the
decomposition products separated in the gas chromatographic column. The
resulting chromatogram ( pyrogram) is used for both qualitative and quantitative
analysis of the sample. If the latter is very complex, complete identification of
the pyrolysis fragments may not be possible, but in such cases the pyrogram
may be used to ‘fingerprint’ the sample. PGC has been applied to a wide variety
of samples, but its major use has been in polymer analysis for the investigation
of both synthetic and naturally occurring polymers. The various PGC systems
can generally be classified into two distinct types:

(a) Static-mode (furnace) reactors which typically consist of a quartz reactor
tube and a Pregl type of combustion furnace. Solid samples are placed in
the reactor tube and the system is closed. The furnace is then placed over
the combustion tube and the sample heated to the pyrolysis temperature.
In this type of pyrolysis system, the time required to reach the necessary
temperature is much longer (up to 30 seconds) than in dynamic pyrolysis,
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resulting in a greater number of secondary reactions. An important
advantage of the static-mode system, however, is the usually larger sample
capacity.

(b) Dynamic ( filament ) reactors in which the sample is placed on the tip of a
filament or wire igniter (platinum and nichrome wires have been used)
which is then sealed in a reactor chamber; in PGC the latter is typically
the injection port of the gas chromatograph. As the carrier gas passes over
the sample, a d.c. charge is applied, and the sample is heated rapidly to the
pyrolysis temperature. As the sample decomposes, the pyrolysis products
are carried away into a cooler area (reducing the possibility of secondary
reactions) before entering the gas chromatographic column.

3. The column. The actual separation of sample components is effected in the
column where the nature of the solid support, type and amount of liquid phase,
method of packing, length and temperature are important factors in obtaining
the desired resolution.

The column is enclosed in a thermostatically controlled oven so that its
temperature is held constant to within 0.5°C, thus ensuring reproducible
conditions. The operating temperature may range from ambient to over 400 °C
and for isothermal operation is kept constant during the separation process.

Although many types of column have been developed for gas chromatography,
they may be divided into two major groups:

(a) Packed columns. Conventional analytical columns are usually prepared with
2-6 mm internal diameter glass tubing or 3—10 mm outer diameter metal tubing,
which is normally coiled for compactness. Glass columns must be used if any
of the sample components are decomposed by contact with metal.

The material chosen as the inert support should be of uniform granular size
and have good handling characteristics (i.e. be strong enough not to break down
in handling) and be capable of being packed into a uniform bed in a column.
The surface area of the material should be large so as to promote distribution
of the liquid phase as a film and ensure the rapid attainment of equilibrium
between the stationary and mobile phases. The most commonly used supports
(e.g. Celite) are made from diatomaceous materials which can hold liquid phases
in amounts exceeding 20 per cent without becoming too sticky to flow freely
and can be easily packed.

Commercial preparations of these supports are available in narrow mesh-
range fractions; to obtain particles of uniform size the material should be sieved
to the desired particle size range and repeatedly water floated to remove fine
particles which contribute to excessive pressure drop in the final column. To a
good approximation the height equivalent of a theoretical plate is proportional
to the average particle diameter so that theoretically the smallest possible
particles should be preferred in terms of column efficiency. Decreasing particle
size will, however, rapidly increase the gas pressure necessary to achieve
flow through the column and in practice the best choice is 80/100 mesh for a
3 mm i.d. column. It may be noted here that for effective packing of any column
the internal diameter of the tubing should be at least eight times the diameter
of the solid support particles.

Various types of porous polymers have also been developed as column
packing material for gas chromatography, e.g. the Porapak series (Waters
Associates) and the Chromosorb series (Johns Manville) which are styrene
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copolymers although modified with different, mainly polar, monomers. An
entirely different type of porous polymer is Tenax GC which is based on
2,6-diphenylphenylene oxide; a special feature of this column packing is its high
maximum operating temperature of 400 °C. Tenax GC has been used for
concentrating and determining trace volatile organic constituents in gases and
biological fluids.®*

The selection of the most suitable liquid phase for a particular separation is
crucial. Liquid phases can be broadly classified as follows:

1. Non-polar hydrocarbon-type liquid phases, e.g. paraffin oil (Nujol), squalane,
Apiezon L grease and silicone-gum rubber; the latter is used for high-
temperature work (upper limit ~400 °C).

2. Compounds of intermediate polarity which possess a polar or polarisable
group attached to a large non-polar skeleton, e.g. esters of high-molecular-
weight alcohols such as dinonyl phthalate.

3. Polar compounds containing a relatively large proportion of polar groups,
e.g. the carbowaxes (polyglycols).

4. Hydrogen-bonding class, ie. polar liquid phases such as glycol, glycerol,
hydroxyacids, etc., which possess an appreciable number of hydrogen atoms
available for hydrogen bonding.

The column packing is prepared by adding the correct amount of liquid
phase dissolved in a suitable solvent (e.g. acetone or dichloromethane) to a
weighed quantity of the solid support in a suitable dish. The volatile solvent is
removed either by spontaneous evaporation or by careful heating, the mixture
being gently agitated to ensure a uniform distribution of the liquid phase in the
support. Final traces of the solvent may be removed under vacuum and the
column packing re-sieved to remove any fines produced during the preparation.
The relative amount of stationary liquid phase in the column packing is usually
expressed on the basis of the percentage by weight of liquid phase present,
e.g. 15 per cent loading indicates that 100 g column packing contains 15g of
liquid phase on 85 g of inert support. The solid should remain free flowing after
being coated with the liquid phase.

Micropacked columns, sometimes referred to as packed capillary columns,
have been used in gas chromatography, e.g. for the determination of trace
components in complex mixtures. These columns are characterised by small
internal diameters (i.d. <1.0mm) and packing densities comparable with
conventional packed columns. In general, the column packing technique requires
higher pressures and constant vibration (e.g. ultrasonic) to achieve the necessary
packing density. Micropacked columns give high efficiency but practical
problems, especially sample injection at high back-pressures, have limited their
use.

(b) Open tubular columns. These capillary columns (i.d. <1 mm) are increasingly
used in GLC because of their superior resolving power for complex mixtures.
This results from the high theoretical plate numbers which can be attained with
long columns of this type for a relatively small pressure drop. In these capillary
columns the stationary phase is coated on the inner wall of the tube, two basic
types of capillary column being available:

1. wall-coated open tubular (WCOT), in which the stationary phase is coated
directly on to the inner wall of the tubing;
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2. support-coated open tubular (SCOT), which have a finely-divided layer of
solid support material deposited on the inner wall on to which the stationary
phase is then coated These SCOT columns are not as efficient as WCOT
columns but have a higher sample capacity, which enables them to be used
without a stream splitter.

Capillary columns are fabricated from thin-walled stainless steel, glass, or
high-purity fused silica tubing (the last is preferred for its inertness). Typical
dimensions of the columns, which are coiled, are 25-200m long and 0.2-0.5mm i.d.

Excellent open tubular columns may now be purchased, providing a number
of stationary phases of differing polarity on WCOT and SCOT columns, and
whose efficiency, greatly improved sample detectability, and thermal stability
surpass those exhibited by packed columns; their chief disadvantage is that they
have a lower sample capacity than packed columns.®>-¢6

4. The detector. The function of the detector, which is situated at the exit of
the separation column, is to sense and measure the small amounts of the
separated components present in the carrier gas stream leaving the column. The
output from the detector is fed to a recorder which produces a pen-trace called
a chromatogram (Fig. 9.15). The choice of detector will depend on factors such
as the concentration level to be measured and the nature of the separated
components. The detectors most widely used in gas chromatography are the
thermal conductivity, flame-ionisation and electron-capture detectors, and a
brief description of these will be given. For more detailed descriptions of these
and other detectors more specialised texts should be consulted.®”%°

Some of the important properties of a detector in gas chromatography are
briefly discussed below.

(a) Sensitivity. This is usually defined as the detector response (mV) per unit
concentration of analyte (mgmL™!). It is closely related to the limit of
detection (MDL) since high sensitivity often gives a low limit of detection.
Since, however, the latter is generally defined as the amount (or concentration)
of analyte which produces a signal equal to twice the baseline noise, the
limit of detection will be raised if the detector produces excessive noise. The
sensitivity also determines the slope of the calibration graph (slope increases
with increasing sensitivity) and therefore influences the precision of the
analysis [see also (b) below].

(b) Linearity. The linear range of a detector refers to the concentration range
over which the signal is directly proportional to the amount (or concentration)
of analyte. Linearity in detector response will give linearity of the calibration
graph and allows the latter to be drawn with more certainty. With a convex
calibration curve, the precision is reduced at the higher concentrations
where the slope of the curve is much less. A large linear range is a great
advantage, but detectors with a small linear range may still be used because
of their other qualities, although they will need to be recalibrated over a
number of different concentration ranges.

(¢) Stability. An important characteristic of a detector is the extent to which
the signal output remains constant with time, assuming there is a constant
input. Lack of stability can be exhibited in two ways, viz. by baseline noise
or by drift, both of which will limit the sensitivity of the detector. Baseline
noise, caused by a rapid random variation in detector output, makes it
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difficult to measure small peaks against the fluctuating background. Baseline
drift, a slow systematic variation in output, results in a sloping baseline which
in severe cases may even go off scale during the analysis. Drift is often due
to factors external to the detector, such as temperature change or column
bleed, and so is controllable, whereas noise is usually due to poor contacts
within the detector and imposes a more fundamental limit on its performance.

(d) Upniversal or selective response. A universal detector will respond to all the
components present in a mixture. In contrast, a selective detector senses
only certain components in a sample which can be advantageous if it
responds only to those which are of interest, thus giving a considerably
simplified chromatogram and avoiding interference.

Thermal conductivity detector. The most important of the bulk physical
property detectors is the thermal conductivity detector (TCD) which is a
universal, non-destructive, concentration-sensitive detector. The TCD was one
of the earliest routine detectors and thermal conductivity cells or katharometers
are still widely used in gas chromatography. These detectors employ a heated
metal filament or a thermistor (a semiconductor of fused metal oxides) to sense
changes in the thermal conductivity of the carrier gas stream. Helium and
hydrogen are the best carrier gases to use in conjunction with this type of
detector since their thermal conductivities are much higher than any other gases;
on safety grounds helium is preferred because of its inertness.

In the detector two pairs of matched filaments are arranged in a Wheatstone
bridge circuit; two filaments in opposite arms of the bridge are surrounded by
the carrier gas only, while the other two filaments are surrounded by the effluent
from the chromatographic column. This type of thermal conductivity cell is
illustrated in Fig. 9.2(a) with two gas channels through the cell; a sample channel
and a reference channel. When pure carrier gas passes over both the reference
and sample filaments the bridge is balanced, but when a vapour emerges from
the column, the rate of cooling of the sample filaments changes and the bridge
becomes unbalanced. The extent of this imbalance is a measure of the
concentration of vapour in the carrier gas at that instant, and the out-of-balance

Carrier

gas Pure
+ carrier
sample gas

Detector
outpul

Hydrogen flame

Polarised jet
i Insulators
Air 2 Body (earthed)

Hydrogen

Carrier gas + sample
(@) (b) T

Fig. 9.2 (a) Thermal conductivity detector. () Flame ionisation detector.
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signal is fed to a recorder thus producing the chromatogram. The differential
technique used is thus based on the measurement of the difference in thermal
conductivity between the carrier gas and the carrier gas/sample mixture.

The TCD is generally used for the detection of permanent gases, light
hydrocarbons and compounds which respond poorly to the flame-ionisation
detector (FID). Used in conjunction with a Porapak column it is useful for the
determination of water (see Section 9.5) and it has also been employed in gas
chromatographic studies of metal chelates, e.g. for the quantitative determination
of mixtures of beryllium, aluminium, gallium and indium trifluoroacetylacetonates
(see Section 9.2(2)). For many general applications, however, it has been replaced
by the FID, which is more sensitive (up to 1000-fold), has a greater linear
response range, and provides a more reliable signal for quantitative analysis.

Ionisation detectors. An important characteristic of the common carrier gases
is that they behave as perfect insulators at normal temperatures and pressures.
The increased conductivity due to the presence of a few charged molecules in
the effluent from the column thus provides the high sensitivity which is a feature
of the ionisation based detectors. Ionisation detectors in current use include the
flame ionisation detector (FID), thermionic ionisation detector (TID), photo-
ionisation detector (PID) and electron capture detector (ECD) each, of course,
employing a different method to generate an ion current. The two most widely
used ionisation detectors are, however, the FID and ECD and these are described
below.

Flame ionisation detector. The basis of this detector is that the effluent from
the column is mixed with hydrogen and burned in air to produce a flame which
has sufficient energy to ionise solute molecules having low ionisation potentials.
The ions produced are collected at electrodes and the resulting ion current
measured; the burner jet is the negative electrode whilst the anode is usually a
wire or grid extending into the tip of the flame. This is shown diagrammatically
in Fig. 9.2(b).

The combustion of mixtures of hydrogen and air produces very few ions so
that with only the carrier gas and hydrogen burning an essentially constant
signal is obtained. When, however, carbon-containing compounds are present
ionisation occurs and there is a large increase in the electrical conductivity of
the flame. Because the sample is destroyed in the flame a stream-splitting device
is employed when further examination of the eluate is necessary; this device is
inserted between the column and detector and allows the bulk of the sample
to by-pass the detector.

The FID has wide applicability, being a very nearly universal detector for
gas chromatography of organic compounds, and this, coupled with its high
sensitivity, stability, fast response and wide linear response range ( ~ 107), has
made it the most popular detector in current use.”®

Electron capture detector. Most ionisation detectors are based on measurement
of the increase in current (above that due to the background ionisation of the
carrier gas) which occurs when a more readily ionised molecule appears in the
gas stream. The electron capture detector differs from other ionisation detectors
in that it exploits the recombination phenomenon, being based on electron
capture by compounds having an affinity for free electrons; the detector thus
measures a decrease rather than an increase in current.
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A B-ray source (commonly a foil containing *H or ®3Ni) is used to generate
‘slow’ electrons by ionisation of the carrier gas (nitrogen preferred) flowing
through the detector. These slow electrons migrate to the anode under a fixed
potential and give rise to a steady baseline current. When an electron-capturing
gas (i.e. eluate molecules) emerges from the column and reacts with an electron,
the net result is the replacement of an electron by a negative ion of much greater
mass with a corresponding reduction in current flow.

The response of the detector is clearly related to the electron affinity of the
eluate molecules being particularly sensitive to compounds containing halogens
and sulphur, anhydrides, conjugated carbonyls, nitrites, nitrates and organo-
metallic compounds. The ECD is the second most widely used ionisation detector
due to its high sensitivity to a wide range of compounds. It is, for example, used
in trace analysis of pesticides, herbicides, drugs, and other biologically active
compounds, and is of value in detecting ultratrace amounts of metals as their
chelate complexes.”?

Compared with the flame ionisation detector, however, the ECD is more
specialised and tends to be chosen for its selectivity which can simplify
chromatograms. The ECD requires careful attention to obtain reliable results.
Cleanliness is essential and the carrier gases must be very pure and dry. The
two most likely impurities in these gases are water and oxygen which are
sufficiently electronegative to produce a detector response and so give a noisy
baseline.

Table 9.1 gives a summary of some important detector characteristics.

Table 9.1 Detector characteristics

Type MDL* (gs~!)  Linear range Temp. limit (°C) Features

TCD 10°¢-10"8 104 450 Non-destructive, but
temperature and flow-sensitive

FID 10-1t 107 400 Destructive, excellent stability
and linearity

ECD 1013 102 350 Non-destructive but easily

contaminated and
temperature-sensitive

* The minimum detectable level is commonly given in terms of the mass flow rate in grams per second.

Element-selective detectors. Many samples, e.g. those originating from
environmental studies, contain so many constituent compounds that the gas
chromatogram obtained is a complex array of peaks. For the analytical chemist,
who may be interested in only a few of the compounds present, the replacement
of the essentially non-selective type of detector (i.e. thermal conductivity,
flame ionisation, etc.) by a system which responds selectively to some property
of certain of the eluted species may overcome this problem.

The most common selective detectors in use generally respond to the presence
of a characteristic element or group in the eluted compound. This is well
illustrated by the thermionic ionisation detector (TID) which is essentially a
flame ionisation detector giving a selective response to phosphorus- and/or
nitrogen-containing compounds. Typically the TID contains an electrically
heated rubidium silicate bead situated a few millimetres above the detector jet
tip and below the collector electrode. The temperature of the bead is maintained
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at 600-800 °C while a plasma is sustained in the region of the bead by hydrogen
and air support gases. A reaction cycle is so produced in which the rubidium
is vaporised, ionised and finally recaptured by the bead. During this process an
electron flow to the positive collector electrode occurs and this background
current is enhanced when nitrogen or phosphorus compounds are eluted, due
itis thought to the production of radicals in the flame or plasma which accelerate
the rate of rubidium recycling.”? The selectivity of this detector can facilitate
otherwise difficult analyses, e.g. the determination of pesticides such as Malathion
and Parathion.

Another example is the flame photometric detector (FPD) which offers
simultaneous sensitivity and specificity for the determination of compounds
containing sulphur and phosphorus. The operating principle of the FPD is that
combustion of samples containing phosphorus or sulphur in a hydrogen-rich
flame results in the formation of luminescent species that emit light characteristic
of the heteroatom introduced into the flame. Selection of an appropriate filter
(394 or 526 nm bandpass) allows selectivity for sulphur or phosphorus,
respectively. It is advantageous to use nitrogen as the carrier gas and mix it
with oxygen at the column exit; hydrogen is introduced at the burner
to initiate combustion.”?

The principles and applications of element-selective detectors have been
reviewed.”*

The element specificity of atomic absorption spectrometry has also been used
in conjunction with gas chromatography to separate and determine organo-
metallic compounds of similar chemical composition, e.g. alkyl leads in petroleum;
here lead is determined by AAS for each compound as it passes from the gas
chromatograph.”?

Finally, a high degree of specific molecular identification can be achieved by
the interfacing of the gas chromatograph with various spectroscopic instruments.
Although the quantitative information obtained from a chromatogram is usually
good, the certainty of identification based only on the retention parameter may
be suspect. In the case of spectroscopic techniques, however, the reverse situation
applies since these provide excellent qualitative information, enabling a pure
substance to be identified, but less satisfactory quantitative information is
often obtained from their signals. The combination of chromatographic and
spectroscopic techniques thus provides more information about a sample than
may be obtained from either instrument independently. The chief combined
techniques are gas chromatography interfaced with mass spectrometry (GC-MS),
Fourier transform infrared spectrometry (GC-FTIR), and optical emission
spectroscopy (GC-OES).”®

9.3 PROGRAMMED TEMPERATURE GAS CHROMATOGRAPHY

Gas chromatograms are usually obtained with the column kept at a constant
temperature. Two important disadvantages result from this isothermal mode
of operation.

1. Early peaks are sharp and closely spaced (i.e. resolution is relatively poor in
this region of the chromatogram), whereas late peaks tend to be low, broad
and widely spaced (i.e. resolution is excessive).

2. Compounds of high boiling point are often undetected, particularly in the
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study of mixtures of unknown composition and wide boiling point range;
the solubilities of the higher-boiling substances in the stationary phase are
so large that they are almost completely immobilised at the inlet to the
column, especially where the latter is operated at a relatively low temperature.

The above consequences of isothermal operation may be largely avoided by
using the technique of programmed-temperature gas chromatography (PTGC)
in which the temperature of the whole column is raised during the sample
analysis.

A temperature programme consists of a series of changes in column
temperatures which may be conveniently selected by a microprocessor controller.
The programme commonly consists of an initial isothermal period, a linear
temperature rise segment, and a final isothermal period at the temperature which
has been reached, but may vary according to the separation to be effected.
The rate of temperature rise, which may vary over a wide range, is a compromise
between the need for a slow rate of change to obtain maximum resolution and
a rapid change to minimise analysis time.

Programmed-temperature gas chromatography permits the separation of
compounds of a very wide boiling range more rapidly than by isothermal
operation of the column. The peaks on the chromatogram are also sharper and
more uniform in shape so that, using PTGC, peak heights may be used to obtain
accurate quantitative analysis.””

9.4 QUANTITATIVE ANALYSIS BY GLC

The quantitative determination of a component in gas chromatography using
differential-type detectors of the type previously described is based upon
measurement of the recorded peak area or peak height; the latter is more suitable
in the case of small peaks, or peaks with narrow band width. In order that these
quantities may be related to the amount of solute in the sample two conditions
must prevail:

(a) the response of the detector—recorder system must be linear with respect
to the concentration of the solute;

(b) factors such as the rate of carrier gas flow, column temperature, etc., must
be kept constant or the effect of variation must be eliminated, e.g. by use
of the internal standard method.

Peak area is commonly used as a quantitative measure of a particular
component in the sample and can be measured by one of the following
techniques.

1. Planimetry. The planimeter is a mechanical device which enables the peak
area to be measured by tracing the perimeter of the peak. The method is slow
but can give accurate results with experience in manipulation of the planimeter.
Accuracy and precision, however, decrease as peak area diminishes.

2. Geometrical methods. In the so-called triangulation methods, tangents are
drawn to the inflection points of the elution peak and these two lines together
with the baseline form a triangle (Fig. 9.3); the area of the latter is calculated
as one-half the product of the base length times the peak height, the value
obtained being about 97 per cent of the actual area under the chromatographic
peak when this is Gaussian in shape.
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Detector response

Time or volume of carrier gas

Fig. 9.3 Measurement of peak area by triangulation.

The area may also be computed as the product of the peak height times the
width at half the peak height, i.e., by the height x width at half height method.
Since the exact location of the tangents (required for the triangulation method)
to the curve is not easily determined it is in general more accurate to use the
method based on width at half-height.

3. Integration by weighing. The chromatographic peak is carefully cut out of
the chart and the paper weighed on an analytical balance. The accuracy of the
method is clearly dependent upon the constancy of the thickness and moisture
content of the chart paper, and it is usually preferable (unless an automatic
integrator is available) to use geometrical methods.

4. Automatic integration. The older methods for computing peak area are
time-consuming and often unsatisfactory in terms of accuracy and reproducibility
of results. The greater use of capillary column chromatography, with its resulting
sharp, closely spaced peaks has accentuated the need for a rapid, automatic
instrumental method for data processing. The instrument currently most widely
used in quantitative gas chromatography is the digital integrator; real-time
digital automatic integrators process the analytical signal as the analyses are being
run. These systems automatically identify peaks, compute peak areas and/or
peak heights, and provide the results either in printed form or in one
of the various computer-compatible formats.

The measurement of individual peak areas can be difficult when the
chromatogram contains overlapping peaks. However, this problem can be often
overcome by the use of derivative facilities which give first- or second-derivative
chromatograms (see Section 17.12, for the analogous derivative procedures used
in spectroanalytical methods).

5. Data evaluation. It is, of course, necessary to correlate peak area with the
amount or concentration of a particular solute in the sample. Quantitation by
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simple calibration with standards is prone to errors (e.g. arising from the use
of a microsyringe with a conventional injection port), and is not generally used;
the commonly used methods are those of area normalisation and internal
standards which allow for variations in the size of sample, etc. In area
normalisation, the composition of the mixture is obtained by expressing the
area of each individual peak as a percentage of the total area of all the peaks
in the chromatogram; correction should be made for any significant variation
in sensitivity of the detector for the different components of the mixture (see
Section 9.7).

Quantitative analysis using the internal standard method. The height and area
of chromatographic peaks are affected not only by the amount of sample but
also by fluctuations of the carrier gas flow rate, the column and detector
temperatures, €tc., i.e. by variations of those factors which influence the sensitivity
and response of the detector. The effect of such variations can be eliminated by
use of the internal standard method in which a known amount of a reference
substance is added to the sample to be analysed before injection into the column.
The requirements for an effective internal standard (Section 4.5) may be
summarised as follows:

(a) it should give a completely resolved peak, but should be eluted close to the
components to be measured;

(b) its peak height or peak area should be similar in magnitude to those of the
components to be measured; and

(c) it should be chemically similar to but not present in the original sample.

The procedure comprises the addition of a constant amount of internal
standard to a fixed volume of several synthetic mixtures which contain varying
known amounts of the component to be determined. The resulting mixtures are
chromatographed and a calibration curve is constructed of the percentage of
component in the mixtures against the ratio of component peak area/standard
peak area. The analysis of the unknown mixture is carried out by addition of
the same amount of internal standard to the specified volume of the mixture;
from the observed ratio of peak areas the solute concentration is read off using
the calibration curve.

Provided a suitable internal standard is available, this is probably the most
reliable method for quantitative GLC. For example, the concentration of ethanol
in blood samples has been determined using propan-2-ol as the internal standard.

Standard addition. The sample is chromatographed before and after the
addition of an accurately known amount of the pure component to be
determined, and its weight in the sample is then derived from the ratio of its
peak areas in the two chromatograms. Standard addition is particularly useful
in the analysis of complex mixtures where it may be difficult to find an internal
standard which meets the necessary requirements.

9.5 ELEMENTAL ANALYSIS USING GAS CHROMATOGRAPHY

An important application of gas chromatography is its use for determination
of the elements carbon, hydrogen, nitrogen, oxygen and sulphur in organic and
organometallic samples. A brief account of the procedure used is given here,
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based on those adopted for the Carlo Erba Elemental Analyser; further details
may of course be obtained by referring to the manufacturer’s manual.

Determination of C, H and N. The weighed samples (usually about 1 mg), held
in a clean, dry, tin container, are dropped at pre-set intervals of time into a
vertical quartz tube maintained at 1030 °C and through which flows a constant
stream of helium gas. When the samples are introduced the helium stream is
temporarily enriched with pure oxygen and flash combustion occurs. The
mixture of gases so obtained is passed over Cr,O; to obtain quantitative
combustion, and then over copper at 650 °C to remove excess oxygen and reduce
oxides of nitrogen to N,. Finally the gas mixture passes through a chromato-
graphic column (2 m long) of Porapak QS heated to approximately 100 °C.
The individual components (N,, CO,, H,O) are separated and eluted to a
thermal conductivity detector, the detector signal being fed to a potentiometric
recorder in parallel with an integrator and digital print-out. The instrument is
calibrated by combustion of standard compounds, such as cyclohexanone-2,4-
dinitrophenylhydrazone.

It is appropriate to mention here the determination of Total Organic Carbon
(TOC) which is important in water analysis and water quality monitoring,
giving an indication of the overall amount of organic pollutants. The water is
first acidified and purged to remove carbon dioxide from any carbonate or
hydrogencarbonate present. After this treatment, a small measured volume of
the water is injected into a gas stream which then passes through a heated
packed tube where the organic material is oxidised to carbon dioxide. The latter
is determined either by infrared absorption or is converted to methane for
determination by gas chromatography using a flame ionisation detector [see
Section 9.27].

Determination of oxygen. The sample is weighed into a silver container which
has been solvent-washed, dried at 400 °C and kept in a closed container to
avoid oxidation. It is dropped into a reactor heated at 1060 °C, quantitative
conversion of oxygen to carbon monoxide being achieved by a layer of
nickel-coated carbon (see Note). The pyrolysis gases then flow into the
chromatographic column (1 m long) of molecular sieves (5 x 108 cm) heated
at 100 °C; the CO is separated from N,, CH,, and H,, and is measured by a
thermal conductivity detector.

Note. The addition of a chlorohydrocarbon vapour to the carrier gas is found to
enhance the decomposition of the oxygen-containing compounds.

Determination of sulphur. The initial procedure for flash combustion of the
sample is essentially that described for the determination of C, H and N.
Quantitative conversion of sulphur to sulphur dioxide is then achieved by
passing the combustion gases over tungsten( VI) oxide, WO, and excess oxygen
is removed by passing the gases through a heated reduction tube containing
copper. Finally the gas mixture passes through a Porapak chromatographic
column heated at 80 °C in which SO, is separated from other combustion gases
and measured by a thermal conductivity detector.

9.6 DETERMINATION OF ALUMINIUM BY GAS CHROMATOGRAPHIC ANALYSIS OF ITS
TRIS(ACETYLACETONATO) COMPLEX

The purpose of this experiment is to illustrate the application of gas chromato-
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graphic analysis to the determination of trace amounts of metals as their chelate
complexes. The procedure described for the determination of aluminium may
be adapted for the separation and determination of aluminium and chromium(I1I)
as their acetylacetonates.”®

Sample. The solvent extraction of aluminium from aqueous solution using
acetylacetone can provide a suitable sample solution for gas chromatographic
analysis.

Take SmL of a solution containing about 15 mg of aluminium and adjust
the pH to between 4 and 6. Equilibrate the solution for 10 minutes with two
successive 5 mL portions of a solution made up of equal volumes of acetylacetone
(pure, redistilled) and chloroform. Combine the organic extracts. Fluoride ion
causes serious interference to the extraction and must be previously removed.

Introduce a 0.30 uL portion of the solvent extract into the gas chromatograph.
It is found that solutions of concentrations greater than 0.3 M are unsuitable
as they deposit solid and thus cause a blockage of the 1 uL microsyringe used
for the injection of the sample. The syringe is flushed several times with the
sample solution, filled with the sample to the required volume, excess liquid
wiped from the tip of the needle and the sample injected into the chromatograph.

Apparatus. A gas chromatograph equipped with a flame-ionisation detector
and data-handling system. The use of a digital integrator is particularly
convenient for quantitative determinations, but other methods of measuring
peak area may be used (Section 9.4).

Pure nitrogen (oxygen-free), at a flow rate of 40 mL min ~!, is used as carrier
gas. The dimensions of the glass column are 1.6 m length and 6 mm o.d., and
itis packed with 5 per cent by weight SE-30 on Chromosorb W as the stationary
phase. The column is maintained at a temperature of 165 °C.

Procedure. Extract a series of aqueous aluminium solutions containing 5—25 mg
aluminium in SmL, using the procedure described above under Sample.
Calibrate the apparatus by injecting 0.30 uL of each extract into the column
and recording the peak area on the chromatogram. Plot a graph of peak area
against concentration.

Determine aluminium (present as its acetylacetonate) in the sample solution
by injecting 0.30 uL into the column. Record the peak area obtained and read
off the aluminium concentration from the calibration graph (see Note).

Note. The calibration procedure is, however, of limited accuracy and a more accurate
result may be obtained using the method of standard addition (Section 9.4)

9.7 ANALYSIS OF A MIXTURE USING THE INTERNAL NORMALISATION METHOD

To obtain an accurate quantitative analysis of the composition of a mixture, a
knowledge of the response of the detector to each component is required. If the
detector response is not the same for each component, then the areas under the
peaks clearly cannot be used as a direct measure of the proportion of the
components in the mixture. The experiment described illustrates the use of an
internal normalisation method for the quantitative analysis of a mixture of the
following three components: ethyl acetate (ethanoate), octane, and ethyl
n-propyl ketone (hexan-3-one).
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Reagents and apparatus required. Ethyl acetate (1), octane (11 ), ethyl n-propyl
ketone (111 ) and toluene (1V), all GPR or comparable grade.

Mixture A containing compounds (I), (II), and (III) in an unknown ratio.
Microsyringe.

Gas chromatograph. Preferably equipped with a flame ionisation detector and
a digital integrator.

Column. Packed with stationary phase containing 10 per cent by weight of
dinonyl phthalate.

Procedure.

1. Prepare a mixture B which contains equal amounts by weight of the
compounds (I), (IT), and (III).

2. Set the chromatograph oven to 75°C and the carrier gas (pure nitrogen)
flow rate to 40-45 mL min ",

3. When the oven temperature has stabilised, inject a 0.3 uL sample of mixture
B and decide from the peak areas whether the detector response is the same
for each component.

4. If the detector response differs, make up by weight a 1:1 mixture of each of
the separate components (I, II, and IIT) with compound (IV). Inject a 0.1 uL
sample of each mixture, measure the corresponding peak area, and hence
deduce the factors which will correct the peak areas of components (I), (IT),
and (IIT) with respect to the internal standard (IV).

5. Prepare a mixture, by weight, of 4 with compound (IV). Inject a 0.3 uL
sample of this mixture, measure the various peak areas and, after making
appropriate corrections for differences in detector sensitivity, determine the
percentage composition of A.

9.8 DETERMINATION OF SUCROSE AS ITS TRIMETHYLSILYL DERIVATIVE USING
GAS—LIQUID CHROMATOGRAPHY

The purpose of the experiment is to illustrate the application of derivatisation
in the analysis of sugar and related substances by gas—liquid chromatography.
The silylation method described is an almost universal derivatisation procedure
for carbohydrate analysis by GC.”°

Reagents and apparatus. The reagents and solvents should be pure and dry,
and should be tested in advance in the gas chromatographic system which is
to be used in the experiment.

Pyridine. Purify by refluxing over potassium hydroxide, followed by distillation.
Store the purified pyridine over the same reagent.

Trimethylchlorosilane ( TMCS ), (CH;);SiCl.

Hexamethyldisilazane (HMDS ), (CH,);Si—NH—Si(CH,),.

Reaction vessel. Use a small tube or vial fitted with a Teflon-lined screw cap.
Gas chromatograph. Operate the column isothermally at 210 °C using a flame
ionisation detector.

Procedure. Treat 10 mg of sucrose with 1 mL of anhydrous pyridine, 0.2 mL of
HMDS, and 0.1 mL of TMCS in the plastic-stoppered vial (or similar container).
Shake the mixture vigorously for about 30 seconds and allow it to stand for
10 min at room temperature; if the carbohydrate appears to remain insoluble
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in the reaction mixture, warm the vial for 2-3 min at 75-85 °C. Inject 0.3 uL.
of the resulting mixture into the gas chromatograph.

Note. Anhydrous reaction conditions are generally essential since the silylated derivatives
are sensitive to water in varying degrees.

9.9 REFERENCES FOR PART C

1.H Irving and R J P Williams, Metal complexes and partition equilibria, J. Chem.
Soc., 1949, 1841,
2.H Akaiwa and H Kawamoto, Anal. Chim. Acta, 1968, 40, 407
3.K S Math, K S Bhatki and H Freiser, Talanta, 1969, 16, 412
4.J Hala, J. Radioanal. Chem., 1979, 51, 15
5.K J Doolan and L E Smythe, Talanta, 1973, 20, 241
6.D Thorburn Burns, Anal. Proc., 1982, 19, 355
7.C G Taylor and B Fryer, Analyst, 1969, 94, 1106
8.R M Dagnall and T S West, Talanta, 1964, 11, 1627
9.A K Babko, Talanta, 1968, 15, 721
10.M Jawaid and F Ingram, Talanta, 1978, 25, 91
11.K L Cheng, K Ueno and T Imamura, Handbook of Organic Analytical Reagents,
CRC Press, Boca Raton, FL, 1982
12.T Kamada, T Shiraishi and Y Yamamoto, Talanta, 1978, 25, 15
13.M S Cresser, Solvent Extraction in Flame Spectroscopic Analysis, Butterworth,
London, 1978
14.E B Edward-Inatimi and J A W Daliziel, Anal. Proc., 1980, 17, 40
15.P D Goulden, P Brooksbank and J F Ryan, Internat. Lab., Sept/Oct 1973, 31
16.J Bassett and P J Matthews, Analyst, 1974, 99, 1
17. A Clearfield (Ed), Inorganic Ion Exchange Materials, CRC Press, Boca Raton, FL,
1982
18.R Kunin, E F Meitzner and N Bortnick, J. Am. Chem. Soc., 1962, 84, 305
19.F M Rabel, Adv. Chromatogr., 1979, 17, 53
20.R E Majors, J. Chromatogr. Sci., 1977, 15, 334
21.G J Moody and J D R Thomas, Lab. Practice, 1970, 19, 487
22.L R Snyder, Chromatogr. Rev., 1965, 7, 1
23.A M C Davies, E H A Prescott and R Stansfield, J. Chromatogr., 1979, 171, 117
24.J Inczédy, Analytical Applications of Complex Equilibria, Ellis Horwood, Chichester,
1976
25.H Small, T S Stevens and W C Baumann, Anal. Chem., 1975, 47, 47
26.C A Pohl and E L Johnson, J. Chromatogr. Sci., 1980, 18, 442
27.T S Stevens and M A Langhorst, Anal. Chem., 1982, 54, 950
28.D T Gjerde, J S Fritz and G Schmuckler, J. Chromatogr., 1979, 186, 509
29.H Small and T E Miller, Anal. Chem., 1982, 54, 462
30.A T Rhys Williams, Fluorescence Detection in Liquid Chromatography, Perkin—
Elmer, Beaconsfield, 1980
31.R P W Scott, Liquid Chromatography Detectors Elsevier, Amsterdam, 1979
32.W R Heumann, CRC Crit. Rev. Anal. Chem., 1971, 2, 425
33.G J Moody and J D R Thomas, Analyst 1968, 93, 557
34.J Korkisch, Separation Science, 1966, 1, 159
35.H P Gregor et al., Ind. Eng. Chem., 1952, 44, 2834
36.E Blasius and B Brozio, Chelating ion-exchange resins. In Chelates in Analytical
Chemistry, H A Flaschka and A J Barnard (Eds), Vol. 1, Marcel Dekker, New York,
1967, p 49
37.G Schmuckler, Chelating resins — Their analytical properties and applications
Talanta, 1965, 12, 281
38.C M de Hernandez and H F Walton, Anal. Chem., 1972, 44, 890

251



9 GAS CHROMATOGRAPHY

39.A Siegel and E T Degens, Science, 1966, 151, 1098

40.V A Davankov, Adv. Chromatogr., 1980, 18, 139

41.C F Coleman et al., Talanta, 1962, 9, 297

42.H Green, Recent uses of liquid ion exchanges in inorganic analysis Talanta, 1964,
11, 1561

43.H Green, Use of liquid ion-exchanges in inorganic analysis Talanta, 1973, 20, 139

44.R Kunin and A G Winger, Chem. Ing. Tech., 1962, 34, 461

45.J P Riley and D Taylor, Anal. Chim. Acta, 1968, 40, 479

46.L R Snyder, Principles of Adsorption Chromatography, Marcel Dekker, New York,
1968

47.B L Karger, S C Su, S Marchese and B A Persson, J. Chromatogr. Sci., 1974,
12, 678

48.R E Majors, Am. Lab., 1975, 7, 13

49.D M W Anderson, I C M Dea and A Hendrie, Sel. Ann. Rev. Anal. Sci., 1971, 1, 1

50.J C Berridge, Anal. Proc., 1985, 22, 323

51.J F K Huber (Ed), Instrumentation for High Performance Liquid Chromatography,
Elsevier, Amsterdam, 1978

52.P A Bristow, Anal. Chem., 1976, 48, 237

53.R P W Scott, Contemporary Liquid Chromatography, Wiley, New York, 1976

54.J H Knox, J. Chromatogr. Sci., 1977, 15, 353

55.R P W Scott, Liquid Chromatography Detectors, 2nd edn, Elsevier, Amsterdam,
1986

56.J F Lawrence and R W Frei, Chemical Derivatisation in Liquid Chromatography,
Elsevier, Amsterdam, 1976

57.J C Touchstone and J Sherma (Eds), Densitometry in Thin-Layer Chromatography —
Practice and Applications, Wiley—Interscience, New York, 1979

58 W E Court, Quantitative thin-layer chromatography using elution techniques. In
Quantitative Paper and Thin-Layer Chromatography E J Shellard (Ed) Academic
Press, New York, 1968, p 29

59.A Zlatkis and R E Kaiser (Eds), HPTLC: High Performance Thin-Layer Chromatography,
Elsevier, Amsterdam, 1977

60.R C Denney, Silylation reagents for chromatography Speciality Chemicals, 1983,
3,6-7, 12

61.R S Barratt, Analytical applications of gas chromatography of metal chelates Proc.
Soc. Anal. Chem., 1973, 10, 167

62.K Blau and G S King (Eds), Handbook of Derivatives for Chromatography, London,
Heyden, 1977

63.D Knapp (Ed), Handbook of Analytical Derivatisation Reactions, Wiley, New York,
1979

64.A Zlatkis et al., Anal. Chem., 1973, 45, 763

65.W G Jennings, Gas Chromatography with Glass Capillary Columns, Academic
Press, New York, 1980

66.M L Lee, F J Yang and K D Bartle, Open Tubular Column Gas Chromatography,
Theory and Practice, Wiley, New York, 1984

67.D J David, Gas Chromatographic Detectors, Wiley, New York, 1974

68.] Sevcik, Detectors in Gas Chromatography, Elsevier, Amsterdam, 1976

69.E R Adlard, CRC Crit. Rev. Anal. Chem., 1975, 5, 1, 13

70.1 I G McWilliam, Chromatographia, 1983, 17, 241

71. A Zlatkis and C F Poole (Eds), Electron Capture. Theory and Practice in Chromatography,
Elsevier, Amsterdam, 1981

72.R C Hall, CRC Crit. Rev. Anal. Chem., 1978, 8, 323

73.S S Brody and J E Chaney, J. Gas Chromatogr., 1966, 4, 42

74.D F S Natusch and T M Thorpe, Element selective detectors in gas chromatography,
Anal. Chem., 1973, 45, 1184A

252



SELECTEO BIBLIOGRAPHY FOR PARTC  9.10

75.P R Ballinger and I M Whittemore, Proc. Am. Chem. Soc. Div. Petroleum Chem.,
1968, 13, 133

76.T Hirschfield, Anal. Chem., 1980, 52, 297A

77.W E Harris and H W Habgood, Programmed Temperature Gas Chromatography,
Wiley, New York, 1966

78.R D Hill and H Gesser, J. Gas Chromatogr., 1963, 1, 11

79.C C Sweeley et al., J. Am. Chem. Soc., 1963, 85, 2497

9.10 SELECTED BIBLIOGRAPHY FOR PART C

1.LA K De, S M Khopkar and R A Chalmers, Solvent Extraction of Metals, Van
Nostrand Reinhold, London, 1970
2.J Stary, The Solvent Extraction of Metal Chelates, Pergamon Press, Oxford, 1964
3.Y. Marcus (Ed), Solvent Extraction Reviews, Vol. 1, Marcel Dekker, New York, 1971
4.H Irving and R J P Williams, Liquid—liquid extraction. In Treatise on Analytical
Chemistry, Part 1, Vol 3, I Kolthoff and P Elving (Eds), Interscience, New York,
1961
5.R M Diamond and D G Tuck, Extraction of inorganic compounds into organic
solvents. In Progress in Inorganic Chemistry, Vol 2, F A Cotton (Ed), Interscience,
New York, 1960
6.Yu A Zolotov (trans. J Schmorak), Extraction of Chelate Compounds, Ann Arbor
Science Publishers, Ann Arbor, MI, 1970
7.H Freiser, Some recent developments in solvent extraction Crit. Rev. Anal. Chem.,
1970, 1, 47
8.H Freiser, Solvent extraction in analytical chemistry and separation science Bunseki
Kagaku, 1981, 30, S47-S57
9.R Paterson, An Introduction to Ion Exchange, Heydon—Sadtler, London, 1970
10.0 Samuelson, Ion Exchanger Separations in Analytical Chemistry, John Wiley,
New York, 1962
11.Anon., Ion Exchange Resins, 6th edn, British Drug Houses Ltd, Poole, Dorset,
UK, 1981
12.J A Marinsky and Y Marcus (Eds), Ion Exchange and Solvent Extraction — A
series of Advances, Marcel Dekker, New York, 1973
13.F Helfferich, Ion Exchange, McGraw-Hill, New York, 1962
14.M Qureshi et al, Recent progress in ion-exchange studies on insoluble salts of
polybasic metals Separation Sci. 1972, 7, 615
15.W Riemann and H F Walton, Ion Exchange in Analytical Chemistry, Pergamon
Press, Oxford, 1970
16.J Inczédy, Use of ion exchangers in analytical chemistry, Rev. Anal. Chem., 1972,
1, 157
17.J Inczédy, Analytical Applications of Ion Exchangers, Pergamon Press, Oxford, 1966
18.F C Smith, Jr, and R C Chang, The Practice of Ion Chromatography, John Wiley,
New York, 1983
19.E Sawicki, J D Mulik and E Wittgenstein (Eds), Ion Chromatographic Analysis
of Environmental Pollutants, Vol. 1, Ann Arbor Science, Ann Arbor, MI, 1978
20.R J Hamilton and P A Sewell, Introduction to High Performance Liquid Chromatography,
Chapman and Hall, London, 1982
21.J H Knox (Ed), High Performance Liquid Chromatography, Edinburgh University
Press, Edinburgh, 1982
22.J J Kirkland and L R Snyder, Introduction to Modern Liquid Chromatography,
2nd edn, John Wiley, New York, 1979
23.CF Simpson (Ed), Techniques in Liquid Chromatography, John Wiley, New York, 1982
24.E Stahl and H Jork, Thin-Layer Chromatography: a Laboratory Handbook, Springer-
Verlag, New York, 1969

253



9 GAS CHROMATOGRAPHY

25.J C Touchstone and M F Dobbins, Practice of Thin-Layer Chromatography,
John Wiley, New York, 1978

26.J C Touchstone (Ed), Quantitative Thin-Layer Chromatography, Wiley, New York,
1973

27.R C Denney, A Dictionary of Chromatography, 2nd edn, Macmillan, London 1982

28.J B Pattison, A Programmed Introduction to Gas—Liquid Chromatography, 2nd
edn, Heyden, London, 1973

29.L S Ettre and A Zlatkis (Eds), The Practice of Gas Chromatography, Wiley, New
York, 1967

30.R W Moshier and R E Sievers, Gas Chromatography of Metal Chelates, Pergamon
Press, Oxford, 1965

31.R L Grob (Ed), Modern Practice of Gas Chromatography, 2nd edn, Wiley, New
York, 1985

32.C F Poole and S A Schuette, Contemporary Practice of Chromatography, Elsevier,
Amsterdam, 1984

33.J Novak, Quantitative Analysis by Gas Chromatography, Marcel Dekker, New
York, 1975

254



PART D
TITRIMETRY AND GRAVIMETRY






CHAPTER 10
TITRIMETRIC ANALYSIS

THEORETICAL CONSIDERATIONS
10.1 TITRIMETRIC ANALYSIS

The term ‘titrimetric analysis’ refers to quantitative chemical analysis carried
out by determining the volume of a solution of accurately known concentration
which is required to react quantitatively with a measured volume of a solution
of the substance to be determined. The solution of accurately known strength
is called the standard solution, see Section 10.3. The weight of the substance to
be determined is calculated from the volume of the standard solution used and
the chemical equation and relative molecular masses of the reacting compounds.

The term ‘volumetric analysis’ was formerly used for this form of quantitative
determination but it has now been replaced by titrimetric analysis. It is
considered that the latter expresses the process of titration rather better, and
the former is likely to be confused with measurements of volumes, such as those
involving gases. In titrimetric analysis the reagent of known concentration is
called the titrant and the substance being titrated is termed the titrand. The
alternative name has not been extended to apparatus used in the various
operations; so the terms volumetric glassware and volumetric flasks are still
common, but it is better to employ the expressions graduated glassware and
graduated flasks and these are used throughout this book.

The standard solution is usually added from a long graduated tube called a
burette. The process of adding the standard solution until the reaction is just
complete is termed a titration, and the substance to be determined is titrated.
The point at which this occurs is called the equivalence point or the theoretical
(or stoichiometric) end point. The completion of the titration is detected by
some physical change, produced by the standard solution itself (e.g. the faint
pink colour formed by potassium permanganate) or, more usually, by the
addition of an auxiliary reagent, known as an indicator; alternatively some
other physical measurement may be used. After the reaction between the
substance and the standard solution is practically complete, the indicator should
give a clear visual change (either a colour change or the formation of turbidity)
in the liquid being titrated. The point at which this occurs is called the end point
of the titration. In the ideal titration the visible end point will coincide with the
stoichiometric or theoretical end point. In practice, however, a very small
difference usually occurs; this represents the titration error. The indicator and
the experimental conditions should be so selected that the difference between
the visible end point and the equivalence point is as small as possible.
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10 TITRIMETRIC ANALYSIS

For use in titrimetric analysis a reaction must fulfil the following conditions.

1. There must be a simple reaction which can be expressed by a chemical
equation; the substance to be determined should react completely with the
reagent in stoichiometric or equivalent proportions.

2. The reaction should be relatively fast. (Most ionic reactions satisfy this
condition.) In some cases the addition of a catalyst may be necessary to
increase the speed of a reaction.

3. There must be an alteration in some physical or chemical property of the
solution at the equivalence point.

4. An indicator should be available which, by a change in physical properties
(colour or formation of a precipitate), should sharply define the end point
of the reaction. [If no visible indicator is available, the detection of the
equivalence point can often be achieved by following the course of the
titration by measuring (a) the potential between an indicator electrode and
a reference electrode (potentiometric titration, see Chapter 15); (b) the
change in electrical conductivity of the solution (conductimetric titration, see
Chapter 13); (c) the current which passes through the titration cell between
an indicator electrode and a depolarised reference electrode at a suitable
applied e.m.f. (amperometric titration, see Chapter 16); or (d) the change in
absorbance of the solution (spectrophotometric titration, see Section 17.48).]

Titrimetric methods are normally capable of high precision (1 part in 1000)
and wherever applicable possess obvious advantages over gravimetric methods.
They need simpler apparatus, and are, generally, quickly performed; tedious
and difficult separations can often be avoided. The following apparatus is
required for titrimetric analysis: (i) calibrated measuring vessels, including
burettes, pipettes, and measuring flasks (see Chapter 3); (ii) substances of known
purity for the preparation of standard solutions; (iii) a visual indicator or an
instrumental method for detecting the completion of the reaction.

10.2 CLASSIFICATION OF REACTIONS IN TITRIMETRIC ANALYSIS

The reactions employed in titrimetric analysis fall into four main classes. The
first three of these involve no change in oxidation state as they are dependent
upon the combination of ions. But the fourth class, oxidation-reduction
reactions, involves a change of oxidation state or, expressed another way, a
transfer of electrons.

1. Neutralisation reactions, or acidimetry and alkalimetry. These include the
titration of free bases, or those formed from salts of weak acids by hydrolysis,
with a standard acid (acidimetry), and the titration of free acids, or those formed
by the hydrolysis of salts of weak bases, with a standard base (alkalimetry).
The reactions involve the combination of hydrogen and hydroxide ions to form
water.

Also under this heading must be included titrations in non-aqueous solvents,
most of which involve organic compounds.

2. Complex formation reactions. These depend upon the combination of ions,

other than hydrogen or hydroxide ions, to form a soluble, slightly dissociated
ion or compound, as in the titration of a solution of a cyanide with silver nitrate
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(2CN~ + Ag"=[Ag(CN),]") or of chloride ion with mercury(Il) nitrate
solution (2C1~ + Hg?* =< HgCl,).

Ethylenediaminetetra-acetic acid, largely as the disodium salt of EDTA, is a
very important reagent for complex formation titrations and has become one
of the most important reagents used in titrimetric analysis. Equivalence point
detection by the use of metal-ion indicators has greatly enhanced its value in
titrimetry.

3. Precipitation reactions. These depend upon the combination of ions to form
a simple precipitate as in the titration of silver ion with a solution of a chloride
(Section 10.74). No change in oxidation state occurs.

4. Oxidation—reduction reactions. Under this heading are included all reactions
involving change of oxidation number or transfer of electrons among the
reacting substances. The standard solutions are either oxidising or reducing
agents. The principal oxidising agents are potassium permanganate, potassium
dichromate, cerium(IV) sulphate, iodine, potassium iodate, and potassium
bromate. Frequently used reducing agents are iron(II) and tin(II) compounds,
sodium thiosulphate, arsenic(III) oxide, mercury(I) nitrate, vanadium(II)
chloride or sulphate, chromium(II) chloride or sulphate, and titanium(III)
chloride or sulphate.

10.3 STANDARD SOLUTIONS

The word ‘concentration’ is frequently used as a general term referring to a
quantity of substance in a defined volume of solution. But for quantitative
titrimetric analysis use is made of standard solutions in which the base unit of
quantity employed is the mole. This follows the definition given by the
International Union of Pure and Applied Chemistry’® in which:

‘The mole is the amount of substance which contains as many elementary
units as there are atoms in 0.012 kilogram of carbon-12. The elementary unit
must be specified and may be an atom, a molecule, an ion, a radical, an
electron or other particle or a specified group of such particles.’

As a result standard solutions are now commonly expressed in terms of molar
concentrations or molarity (M). Such standard solutions are specified in terms
of the number of moles of solute dissolved in 1 litre of solution; for any solution,

Moles of solute
Volume of solution in litres

Molarity (M) =

As the term ‘mole’ refers to an amount of substance with reference to the
specified mass of carbon-12, it is possible to express the relative molecular mass
(the basis for the mole) for any substance as the additive sum of the relative
atomic masses (R.A.M.s) of its component elements, for example:

The relative molecular mass for sulphuric acid, H,SO,, is calculated from
the relative atomic masses as follows:
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Element R.AM.

Hydrogen 1.0079 x 2= 2.0158
Sulphur 3206 x1=3206
Oxygen 15.9994 x 4 = 63.9986
Relative Molecular Mass =98.0744

This approach can be used to obtain the R.A.M. of any compound, so that

1 mole of Hg,Cl, has a mass of 0.47209 kg
1 mole of Na,CO5, 10H,O has a mass of 0.286 141 kg
1 mole of H,SO, has a mass of 0.098074 kg

It follows from this, that a molar solution of sulphuric acid will contain
98.074 grams of sulphuric acid in 1 litre of solution, or 49.037 grams in 500 mL
of solution. Similarly, a 0.1 M solution will contain 9.8074 grams of sulphuric
acid in 1 litre of solution, and a 0.01 M solution will have 0.98074 gram in the
same volume. So that the concentration of any solution can be expressed in
terms of the molar concentration so long as the weight of substance in any
specified volume is known.

104 EQUIVALENTS, NORMALITIES AND OXIDATION NUMBERS

Although molar concentrations are now commonly used in determinations of
reacting quantities in titrimetric analysis, it has been traditional to employ other
concepts involving what are known as ‘equivalent weights’ and ‘normalities’
for this purpose. In neutralisation reactions the equivalent weight/normality
concept is relatively straightforward, but for reduction—oxidation titrations it
often requires an understanding of what are known as ‘oxidation numbers’ of
the substances involved in the redox reaction. Although the modern approach
is to discard this form of calculation and quantitation, the authors of this book
fully appreciate that there are many scientists who do prefer to use it, and some
who claim it has clear advantages over the molar concept. Because of this, a
full explanation of this approach to titrimetry is retained as Appendix 17 but
all other quantitative aspects in this book are in terms of moles per litre.

10.5 PREPARATION OF STANDARD SOLUTIONS

If a reagent is available in the pure state, a solution of definite molar strength
is prepared simply by weighing out a mole, or a definite fraction or multiple
thereof, dissolving it in an appropriate solvent, usually water, and making up
the solution to a known volume. It is not essential to weigh out exactly a mole
(or a multiple or sub-multiple thereof); in practice it is more convenient to
prepare the solution a little more concentrated than is ultimately required, and
then to dilute it with distilled water until the desired molar strength is obtained.
If M, is the required molarity, V; the volume after dilution, M, the molarity
originally obtained, and V, the original volume taken, M,V,=M,V,, or
Vi=M,V,/M,. The volume of water to be added to the volume V, is
(V, — V,)mL.

The following is a list of some of the substances which can be obtained in a
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state of high purity and are therefore suitable for the preparation of standard
solutions: sodium carbonate, potassium hydrogenphthalate, benzoic acid,
sodium tetraborate, sulphamic acid, potassium hydrogeniodate, sodium oxalate,
silver, silver nitrate, sodium chloride, potassium chloride, iodine, potassium
bromate, potassium iodate, potassium dichromate, lead nitrate and arsenic(III)
oxide.

When the reagent is not available in the pure form as in the cases of most
alkali hydroxides, some inorganic acids and various deliquescent substances,
solutions corresponding approximately to the molar strength required are first
prepared. These are then standardised by titration against a solution of a pure
substance of known concentration. It is generally best to standardise a solution
by a reaction of the same type as that for which the solution is to be employed,
and as nearly as possible under identical experimental conditions. The titration
error and other errors are thus considerably reduced or are made to cancel out.
This indirect method is employed for the preparation of, for instance, solutions
of most acids (the constant boiling point mixture of definite composition of
hydrochloric acid can be weighed out directly, if desired), sodium hydroxide,
potassium hydroxide and barium hydroxide, potassium permanganate,
ammonium and potassium thiocyanates, and sodium thiosulphate.

10.6 PRIMARY AND SECONDARY STANDARDS

In titrimetry certain chemicals are used frequently in defined concentrations as
reference solutions. Such substances are referred to as primary standards or
secondary standards. A primary standard is a compound of sufficient purity
from which a standard solution can be prepared by direct weighing of a quantity
of it, followed by dilution to give a defined volume of solution. The solution
produced is then a primary standard solution. A primary standard should satisfy
the following requirements.

1. It must be easy to obtain, to purify, to dry (preferably at 110-120 °C), and
to preserve in a pure state. (This requirement is not usually met by hydrated
substances, since it is difficult to remove surface moisture completely without
effecting partial decomposition.)

2. The substance should be unaltered in air during weighing; this condition
implies that it should not be hygroscopic, oxidised by air, or affected by
carbon dioxide. The standard should maintain an unchanged composition
during storage.

3. The substance should be capable of being tested for impurities by qualitative
and other tests of known sensitivity. (The total amount of impurities should
not, in general, exceed 0.01-0.02 per cent.)

4. It should have a high relative molecular mass so that the weighing errors
may be negligible. (The precision in weighing is ordinarily 0.1-0.2 mg; for
an accuracy of 1 part in 1000, it is necessary to employ samples weighing at
least about 0.2 g.)

5. The substance should be readily soluble under the conditions in which it is
employed.

6. The reaction with the standard solution should be stoichiometric and
practically instantaneous. The titration error should be negligible, or easy to
determine accurately by experiment.
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In practice, an ideal primary standard is difficult to obtain, and a compromise
between the above ideal requirements is usually necessary. The substances
commonly employed as primary standards are indicated below:

(a) Acid-base reactions — sodium carbonate Na,CO;, sodium tetraborate
Na,B,O,, potassium hydrogenphthalate KH(CgH,O,), constant boiling
point hydrochloric acid, potassium hydrogeniodate KH(IO;),, benzoic
acid (C¢H;COOH).

(b) Complex formation reactions — silver, silver nitrate, sodium chloride,
various metals (e.g. spectroscopically pure zinc, magnesium, copper, and
manganese) and salts, depending upon the reaction used.

(c) Precipitation reactions — silver, silver nitrate, sodium chloride, potassium
chloride, and potassium bromide (prepared from potassium bromate).

(d) Oxidation-reduction reactions — potassium dichromate K,Cr,0,,
potassium bromate KBrO,, potassium iodate KIO;, potassium hydrogen-
iodate KH(IO;),, sodium oxalate Na,C,0O,, arsenic(IIl) oxide As,O;,
and pure iron.

Hydrated salts, as a rule, do not make good standards because of the difficulty
of efficient drying. However, those salts which do not effloresce, such as sodium
tetraborate Na, B,O,, 10H, O, and copper sulphate CuSO,,5H, O, are found
by experiment to be satisfactory secondary standards.?

A secondary standard is a substance which may be used for standardisations,
and whose content of the active substance has been found by comparison against
a primary standard. It follows that a secondary standard solution is a solution
in which the concentration of dissolved solute has not been determined from
the weight of the compound dissolved but by reaction (titration) of a volume
of the solution against a measured volume of a primary standard solution.

NEUTRALISATION TITRATIONS
10.7 NEUTRALISATION INDICATORS

The object of titrating, say, an alkaline solution with a standard solution of an
acid is the determination of the amount of acid which is exactly equivalent
chemically to the amount of base present. The point at which this is reached
is the equivalence point, stoichiometric point, or theoretical end point; the resulting
aqueous solution contains the corresponding salt. If both the acid and base are
strong electrolytes, the solution at the end-point will be neutral and have a pH
of 7 (Section 2.17); but if either the acid or the base is a weak electrolyte, the
salt will be hydrolysed to a certain degree, and the solution at the equivalence
point will be either slightly alkaline or slightly acid. The exact pH of the solution
at the equivalence point can readily be calculated from the ionisation constant
of the weak acid or the weak base and the concentration of the solution (see
Section 2.19). For any actual titration the correct end-point will be characterised
by a definite value of the hydrogen-ion concentration of the solution, the value
depending upon the nature of the acid and the base and the concentration of
the solution.

A large number of substances, called neutralisation or acid—base indicators,
change colour according to the hydrogen-ion concentration of the solution. The
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chief characteristic of these indicators is that the change from a predominantly
‘acid’ colour to a predominantly ‘alkaline’ colour is not sudden and abrupt,
but takes place within a small interval of pH (usually about two pH units)
termed the colour-change interval of the indicator. The position of the colour-
change interval in the pH scale varies widely with different indicators. For most
acid—base titrations it is possible to select an indicator which exhibits a distinct
colour change at a pH close to that corresponding to the equivalence
point.

The first useful theory of indicator action was suggested by W. Ostwald® based
upon the concept that indicators in general use are very weak organic acids or
bases.

The simple Ostwald theory of the colour change of indicators has been
revised, and the colour changes are believed to be due to structural changes,
including the production of quinonoid and resonance forms; these may be
illustrated by reference to phenolphthalein, the changes of which are characteristic
of all phthalein indicators: see the formulae I-IV given below. In the presence
of dilute alkali the lactone ring in I opens to yield II, and the triphenylcarbinol
structure (II) undergoes loss of water to produce the resonating ion IIT which
is red. If phenolphthalein is treated with excess of concentrated alcoholic alkali
the red colour first produced disappears owing to the formation of IV.
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The Brensted—Lowry concept of acids and bases* makes it unnecessary to
distinguish between acid and base indicators: emphasis is placed upon the charge

types of the acid and alkaline forms of the indicator. The equilibrium between
the acidic form In, and the basic form Ing may be expressed as:

Iny=H" +1Ing (1)

and the equilibrium constant as:
= K, (2)

The observed colour of an indicator in solution is determined by the ratio of
the concentrations of the acidic and basic forms. This is given by:

[In,] _ ay+ X Vin,
[InB] Kln X ylnA

(3)
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where y,, and y,,, are the activity coefficients of the acidic and basic forms of
the indicator. Equation (3) may be written in the logarithmic form:

[ ] ylnB
[In,]

The pH will depend upon the ionic strength of the solution (which is, of course,
related to the activity coefficient — see Section 2.5). Hence, when making a
colour comparison for the determination of the pH of a solution, not only must
the indicator concentration be the same in the two solutions but the ionic
strength must also be equal or approximately equal. The equation incidentally
provides an explanation of the so-called salt and solvent effects which are
observed with indicators. The colour-change equilibrium at any particular ionic
strength (constant activity-coefficient term) can be expressed by a condensed
form of equation (4):

[Ing]
[In,]

where pKj, is termed the apparent indicator constant.

The value of the ratio [Ing]/[In,] (ie. [Basic form]/[Acidic form]) can
be determined by a visual colour comparison or, more accurately, by a
spectrophotometric method. Both forms of the indicator are present at any
hydrogen-ion concentration. It must be realised, however, that the human eye
has a limited ability to detect either of two colours when one of them
predominates. Experience shows that the solution will appear to have the ‘acid’
colour, i.e. of In,, when the ratio of [In, ] to [Ing] is above approximately 10,
and the ‘alkaline’ colour, i.e. of Ing, when the ratio of [Ing] to [In,] is
above approximately 10. Thus only the ‘acid’ colour will be visible when
[In,]/[Ing] > 10; the corresponding limit of pH given by equation (5) is:

Only the alkaline colour will be visible when [Ing]/[In,]> 10, and the
corresponding limit of pH is:

pH = pKj, +1

pH = —logay- = pK,, + log +log (4)

pH = pKj, + log (3)

The colour-change interval is accordingly pH = pKj, + 1, i.e. over approximately
two pH units. Within this range the indicator will appear to change from one
colour to the other. The change will be gradual, since it depends upon the ratio
of the concentrations of the two coloured forms (acidic form and basic form).
When the pH of the solution is equal to the apparent dissociation constant of
the indicator pKj,, the ratio [In,] to [Ing] becomes equal to 1, and the
indicator will have a colour due to an equal mixture of the ‘acid’ and ‘alkaline’
forms. This is sometimes known as the ‘middle tint’ of the indicator. This applies
strictly only if the two colours are of equal intensity. If one form is more intensely
coloured than the other or if the eye is more sensitive to one colour than the
other, then the middle tint will be slightly displaced along the pH range of the
indicator.

Table 10.1 contains a list of indicators suitable for titrimetric analysis and
for the colorimetric determination of pH. The colour-change intervals of most
of the various indicators listed in the table are represented graphically in Fig. 10.1.
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Table 10.1 Colour changes and pH range of certain indicators

Indicator Chemical rame pH range Colour in Colour in PK'
acid alkaline
solution solution
Brilliant cresyl blue (acid) Aminodiethylaminomethyldiphenazonium chloride 0.0-1.0 Red-orange Blue —
Cresol red (acid) 1-Cresolsulphonphthalein 0.2-18 Red Yellow —
m-Cresol purple m-Cresolsulphonphthalein 0.5-2.5 Red Yellow —
Quinaldine red 1-(p-Dimethylaminophenylethylene)quinoline ethiodide 1.4-3.2 Colourless Red —
Thymol blue (acid) Thymolsulphonphthalein 12-238 Red Yellow 1.7
Tropaeolin OO p-Anilinophenylazobenzenesulphonic acid sodium salt 1.3-2.8 Red Yellow —
Bromophenol blue Tetrabromophenolsulphonphthalein 28-4.6 Yellow Blue 4.1
Ethyl orange 3.0-4.5 Red Orange —
Methyl orange Dimethylaminophenylazobenzenesulphonic acid sodium salt 29-4.6 Red Orange 37
Congo red Diphenyldiazobis-1-naphthylaminesulphonic acid disodium salt 30-5.0 Blue Red —
Bromocresol green Tetrabromo-m-cresolsulphonphthalein 3.6-5.2 Yellow Blue 4.7
Methyl red 1-Carboxybenzeneazodimethylaniline 42-6.3 Red Yellow 5.0
Ethyl red 4.5-6.5 Red Orange —
Chlorophenol red Dichlorophenolsulphonphthalein 4.6-7.0 Yellow Red 6.1
4-Nitrophenol 4-Nitrophenol 5.0-7.0 Colourless Yellow 71
Bromocresol purple Dibromo-o-cresolsulphonphthalein 52-6.8 Yellow Purple 6.1
Bromophenol red Dibromophenolsulphonphthalein 52-7.0 Yellow Red —
Azolitmin (litmus) — 5.0-8.0 Red Blue —
Bromothymol blue Dibromothymolsulphonphthalein 6.0-7.6 Yellow Blue 71
Neutral red Aminodimethylaminotoluphenazonium chloride 6.8-8.0 Red Orange —
Phenol red Phenolsulphonphthalein 6.8-8.4 Yellow Red 7.8
Cresol red (base) 1-Cresolsulphonphthalein 7.2-8.8 Yellow Red 8.2
1-Naphtholphthalein 1-Naphtholphthalein 7.3-8.7 Yellow Blue 84
m-Cresol purple m-Cresolsulphonphthalein 7.6-9.2 Yellow Purple —
Thymol blue (base) Thymolsulphonphthalein 8.0-9.6 Yellow Blue 8.9
o-Cresolphthalein Di-o-cresolphthalide 8.2-9.8 Colourless Red —
Phenolphthalein Phenolphthalein 8.3-100  Colourless Red 9.6
Thymolphthalein Thymolphthalein 9.3-10.5 Colourless Blue 9.3
Alizarin yellow R p-Nitrobenzeneazosalicylic acid 10.1-121  Yellow Orange-red —
Brilliant cresyl blue (base)  Aminodiethylaminomethyldiphenazonium chloride 10.8-12.0 Blue Yellow —
Tropaeolin O p-Sulphobenzeneazoresorcinol 11.1-12.7 Yellow Orange —
Nitramine 2,4,6-Trinitrophenylmethylnitroamine 10.8-13.0 Colourless Orange-brown  —
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Fig. 10.1

It is necessary to draw attention to the variable pH of water which may be
encountered in quantitative analysis. Water in equilibrium with the normal
atmosphere which contains 0.03 per cent by volume of carbon dioxide has a
pH of about 5.7; very carefully prepared conductivity water has a pH close
to 7; water saturated with carbon dioxide under a pressure of one atmosphere
has a pH of about 3.7 at 25 °C. The analyst may therefore be dealing, according
to the conditions that prevail in the laboratory, with water having a pH between
the two extremes pH 3.7 and pH 7. Hence for indicators which show their
alkaline colours at pH values above 4.5, the effect of carbon dioxide introduced
during a titration, either from the atmosphere or from the titrating solutions,
must be seriously considered. This subject is discussed again later (Section 10.12).

10.8 PREPARATION OF INDICATOR SOLUTIONS

As a rule laboratory solutions of the indicators contain 0.5-1 g of indicator per
litre of solvent. If the substance is soluble in water, e.g. a sodium salt, water is
the solvent; in most other cases 70-90 per cent ethanol is employed.

Methyl orange. This indicator is available either as the free acid or as the
sodium salt.

Dissolve 0.5 g of the free acid in 1 litre of water. Filter the cold solution to
remove any precipitate which separates.

Dissolve 0.5g of the sodium salt in 1 litre of water, add 15.2mL of
0.1 M hydrochloric acid, and filter, if necessary, when cold.

Methyl red. Dissolve 1 g of the free acid in 1 litre of hot water, or dissolve in
600 mL of ethanol and dilute with 400 mL of water.
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1-Naphtholphthalein. Dissolve 1 g of the indicator in 500 mL of ethanol and
dilute with 500 mL of water.

Phenolphthalein. Dissolve 5g of the reagent in 500 mL of ethanol and add
500 mL of water with constant stirring. Filter, if a precipitate forms.

Alternatively, dissolve 1g of the dry indicator in 60 mL of 2-ethoxyethanol
(Cellosolve), b.p. 135 °C, and dilute to 100 mL with distilled water: the loss by
evaporation is less with this preparation.

Thymolphthalein. Dissolve 0.4 g of the reagent in 600 mL of ethanol and add
400 mL of water with stirring,

Sulphonphthaleins. These indicators are usually supplied in the acid form. They
are rendered water-soluble by adding sufficient sodium hydroxide to neutralise
the sulphonic acid group. One gram of the indicator is triturated in a clean
glass mortar with the appropriate quantity of 0.1 M sodium hydroxide solution,
and then diluted with water to 1 L. The following volumes of 0.1 M sodium
hydroxide are required for 1 g of the indicators: bromophenol blue, 15.0 mL;
bromocresol green, 14.4 mL; bromocresol purple, 18.6 mL; chlorophenol red,
23.6 mL; bromothymol blue, 16.0 mL; phenol red, 28.4mL; thymol blue,
21.5mL; cresol red, 26.2 mL; metacresol purple, 26.2 mL.

Quinaldine red. Dissolve 1 g in 100 mL of 80 per cent ethanol.

Methyl yellow, neutral red, and Congo red. Dissolve 1 g of the indicatorin 1 L
of 80 per cent ethanol. Congo red may also be dissolved in water.

4-Nitrophenol. Dissolve 2 g of the solid in 1 L of water.
Alizarin yellow R. Dissolve 0.5 g of the indicator in 1 L of 80 per cent ethanol.

Tropaeolin O and tropaeolin Q0. Dissolve 1 g of the solid in 1 L of water.
Many of the indicator solutions are available from commercial suppliers
already prepared for use.

10.9 MIXED INDICATORS

For some purposes it is desirable to have a sharp colour change over a narrow
and selected range of pH; this is not easily seen with an ordinary acid—base
indicator, since the colour change extends over two units of pH. The required
result may, however, be achieved by the use of a suitable mixture of indicators;
these are generally selected so that their pKj, values are close together and the
overlapping colours are complementary at an intermediate pH value. A few
examples will be given in some detail.

(a) A mixture of equal parts of neutral red (0.1 per cent solution in ethanol)
and methylene blue (0.1 per cent solution in ethanol) gives a sharp colour
change from violet—blue to green in passing from acid to alkaline solution
at pH 7. This indicator may be employed to titrate acetic acid (ethanoic
acid) with ammonia solution or vice versa. Both acid and base are
approximately of the same strength, hence the equivalence point will be at
a pH ~ 7 (Section 10.15); owing to the extensive hydrolysis and the flat
nature of the titration curve, the titration cannot be performed except with
an indicator of very narrow range.
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(b) A mixture of phenolphthalein (3 parts of a 0.1 per cent solution in ethanol)
and 1-naphtholphthalein (1 part of a 0.1 per cent solution in ethanol) passes
from pale rose to violet at pH = 8.9. The mixed indicator is suitable for the
titration of phosphoric acid to the diprotic stage (K, = 6.3 x 10~ 8; the
equivalence point at pH =~ 8.7).

(¢) A mixture of thymol blue (3 parts of a 0.1 per cent aqueous solution of the
sodium salt) and cresol red (1 part of a 0.1 per cent aqueous solution of
the sodium salt) changes from yellow to violet at pH = 8.3. It has been
recommended for the titration of carbonate to the hydrogencarbonate stage.

Other examples are included in Table 10.2.

Table 10.2 Some mixed indicators

Indicator mixture pH Colour change Composition*
Bromocresol green; 43 Orange — blue—green 1 p0.1% (Na) in w;
methyl orange 1p02% inw
Bromocresol green; 6.1 Pale green — blue violet 1 p0.1% (Na)in w;
chlorophenol red 1p0.1% (Na)inw
Bromothymol blue; 72 Rose pink —green 1p0.1% ine;
neutral red 1p0.1%ine
Bromothymol blue; 7.5 Yellow — violet 1 p0.1% (Na) in w;
phenol red 1p0.1% (Na)inw
Thymol blue; 8.3 Yellow — violet 3p0.1% (Na) in w;
cresol red 1p0.1% (Na)inw
Thymol blue; 9.0 Yellow — violet 1 p0.1% in 50% e;
phenolphthalein 3p0.1%in50%e
Thymolphthalein; 9.9 Colourless — violet 1 p01% ine;
phenolphthalein 1p01%inw

* Abbreviations: p = part, w = water, e = ethanol, Na = Na salt

The colour change of a single indicator may also be improved by the addition
of a pH-sensitive dyestuff to produce the complement of one of the indicator
colours. A typical example is the addition of xylene cyanol FF to methyl orange
(1.0 g of methyl orange and 1.4 g of xylene cyanol FF in 500 mL of 50 per cent
ethanol): here the colour change from the alkaline to the acid side is
green — grey — magenta, the middle (grey) stage being at pH = 3.8. The above
is an example of a screened indicator, and the mixed indicator solution is
sometimes known as ‘screened’ methyl orange. Another example is the addition
of methyl green (2 parts of a 0.1 per cent solution in ethanol) to phenolphthalein
(1 part of a 0.1 per cent solution in ethanol); the former complements the red—
violet basic colour of the latter, and at a pH of 8.4-8.8 the colour change is
from grey to pale blue.

10.10 UNIVERSAL OR MULTIPLE-RANGE INDICATORS

By mixing suitable indicators together changes in colour may be obtained over
a considerable portion of the pH range. Such mixtures are usually called
‘universal indicators’. They are not suitable for quantitative titrations, but may
be employed for the determination of the approximate pH of a solution by the
colorimetric method. One such universal indicator is prepared by dissolving
0.1 g of phenolphthalein, 0.2 g of methyl red, 0.3 g of methyl yellow, 0.4 g of
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bromothymol blue, and 0.5 g of thymol blue in 500 mL of absolute ethanol,
and adding sodium hydroxide solution until the colour is yellow. The colour
changes are: pH 2, red; pH 4, orange; pH 6, yellow; pH 8, green; pH 10, blue.

Another recipe for a universal indicator is as follows: 0.05 g of methyl orange,
0.15 g of methyl red, 0.3 g of bromothymol blue, and 0.35 g of phenolphthalein
in 1 L of 66 per cent ethanol. The colour changes are: pH up to 3, red; pH 4,
orange-red; pH 5, orange; pH 6, yellow; pH 7, yellowish—green; pH 8§,
greenish—blue; pH 9, blue; pH 10, violet; pH 11, reddish—violet. Several
‘universal indicators’ are available commercially as solutions and as test papers.

10.11 NEUTRALISATION CURVES

The mechanism of neutralisation processes can be understood by studying the
changes in the hydrogen ion concentration during the course of the appropriate
titration. The change in pH in the neighbourhood of the equivalence point is
of the greatest importance, as it enables an indicator to be selected which will
give the smallest titration error. The curve obtained by plotting pH as the
ordinate against the percentage of acid neutralised (or the number of mL of
alkali added) as abscissa is known as the neutralisation (or, more generally,
the titration) curve. This may be evaluated experimentally by determination of
the pH at various stages during the titration by a potentiometric method
(Sections 15.15 and 15.20), or it may be calculated from theoretical principles.

10.12 NEUTRALISATION OF A STRONG ACID WITH A STRONG BASE

For this calculation it is assumed that both the acid and the base are completely
dissociated and the activity coefficients of the ions are unity in order to obtain
the pH values during the course of the neutralisation of the strong acid and the
strong base, or vice versa, at the laboratory temperature. For simplicity of
calculation consider the titration of 100 mL of 1M hydrochloric acid with
1M sodium hydroxide solution. The pH of 1 M hydrochloric acid is 0. When
50 mL of the 1 M base have been added, SO mL of unneutralised 1 M acid will
be present in a total volume of 150 mL.

[H*] will therefore be 50 x 1/150=3.33 x 10!, or pH = 0.48
For 75mL of base, [H*]=25x 1/175=1.43 x 10~!, pH = 0.84
For 90 mL of base, [H*]=10x 1/190=526 x 1072, pH = 1.3
For 98 mL of base, [H*]=2x 1/198 = 1.01 x 1072, pH =2.0

For 99 mL of base, [H*]=1x1/199=5.03 x 10~ 3, pH = 2.3

For 99.9 mL of base, [H"]=0.1 x 1/199.9=5.00 x 10~ 4 pH =3.3

Upon the addition of 100 mL of base, the pH will change sharply to 7, i.e. the
theoretical equivalence point. The resulting solution is simply one of sodium
chloride. Any sodium hydroxide added beyond this will be in excess of that
needed for neutralisation.

With 100.1mL of base, [OH~]=0.1/200.1 = 5.00 x 10~%, pOH =3.3 and
pH = 10.7
With 101 mL of base, [OH ~] = 1/201 = 5.00 x 103, pOH = 2.3,and pH = 11.7

These results show that as the titration proceeds, initially the pH rises slowly,
but between the addition of 99.9 and 100.1 mL of alkali, the pH of the solution
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rises from 3.3 to 10.7, i.e. in the vicinity of the equivalence point the rate of
change of pH of the solution is very rapid.

The complete results, up to the addition of 200 mL of alkali, are collected in
Table 10.3; this also includes the figures for 0.1 M and 0.01 M solutions of acid
and base respectively. The additions of alkali have been extended in all three
cases to 200 mL; it is evident that the range from 200 to 100 mL and beyond
represents the reverse titration of 100 mL of alkali with the acid in the presence
of the non-hydrolysed sodium chloride solution. The data in the table are
presented graphically in Fig. 10.2.

Table 10.3 pH during titration of 100 mL of HCI with NaOH
of equal concentration

NaOH 1M solution 0.1M solution 0.01M1 solution
added (mL) (pH) (pH) (pH)
0 0.0 1.0 2.0
50 0.5 L5 2.5
75 0.8 1.8 2.8
90 1.3 2.3 33
98 20 3.0 4.0
99 23 33 43
99.5 2.6 3.6 4.6
99.8 3.0 4.0 5.0
99.9 33 4.3 5.3
100.0 7.0 7.0 70
100.1 10.7 9.7 8.7
100.2 11.0 10.0 9.0
100.5 11.4 104 9.4
101 11.7 10.7 9.7
102 12.0 11.0 10.0
110 12.7 11.7 10.7
125 13.0 12.0 11.0
150 13.3 12.3 11.3
200 13.5 12.5 11.5

In quantitative analysis it is the changes of pH near the equivalence point
which are of special interest. This part of Fig. 10.2 is accordingly shown on a
larger scale in Fig. 10.3, on which are also indicated the colour-change intervals
of some of the common indicators.

With IM solutions, it is evident that any indicator with an effective range
between pH 3 and 10.5 may be used. The colour change will be sharp and the
titration error negligible.

With 0.1 M solutions, the ideal pH range for an indicator is limited to 4.5-9.5.
Methyl orange will exist chiefly in the alkaline form when 99.8 mL of alkali
have been added, and the titration error will be 0.2 per cent, which is negligibly
small for most practical purposes; it is therefore advisable to add sodium
hydroxide solution until the indicator is present completely in the alkaline form.
The titration error is also negligibly small with phenolphthalein.

With 0.01M solutions, the ideal pH range is still further limited to 5.5-8.5;
such indicators as methyl red, bromothymol blue, or phenol red will be suitable.
The titration error for methyl orange will be 1-2 per cent.

The above considerations apply to solutions which do not contain carbon
dioxide. In practice, carbon dioxide is usually present (compare Section 10.7)
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Fig. 10.2 Neutralisation curves of 100 mL of HCI with NaOH of same concentration
(calculated).
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Fig. 10.3 Neutralisation curves of 100 mL of HCI with NaOH of same concentration in
vicinity of equivalence point (calculated).

arising from the small quantity of carbonate in the sodium hydroxide and/or
from the atmosphere. The gas is in equilibrium with carbonic acid, of which
both stages of ionisation are weak. This will introduce a small error when
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indicators of high pH range (above pH 5) are used, e.g. phenolphthalein or
thymolphthalein. More acid indicators, such as methyl orange and methyl
yellow, are unaffected by carbonic acid. The difference between the amounts of
sodium hydroxide solution used with methyl orange and phenolphthalein is not
greater than 0.15-0.2 mL of 0.1 M sodium hydroxide when 100 mL of 0.1M
hydrochloric acid are titrated. A method of eliminating this error, other than
that of selecting an indicator with a pH range below pH §, is to boil the solution
while still acid to expel carbon dioxide and then to continue the titration with
the cold solution. Boiling the solution is particularly efficacious when titrating
dilute (e.g. 0.01 M) solutions.

10.13 NEUTRALISATION OF A WEAK ACID WITH A STRONG BASE

The neutralisation of 100 mL of 0.1 M acetic 