
Tharwat F. Tadros

Applied Surfactants

Principles and ApplicationsApplied Surfactants

Principles and Applications





Innodata
File Attachment
3527604537.jpg





Tharwat F. Tadros

Applied Surfactants



Further Titles of Interest

L. L. Schramm

Emulsions, Foams, and Suspensions

Fundamentals and Applications

2005

ISBN 3-527-30743-5

E. Smulders

Laundry Detergents

2002

ISBN 3-527-30520-3

H. M. Smith (Ed.)

High Performance Pigments

2002

ISBN 3-527-30204-2

W. Herbst, K. Hunger

Industrial Organic Pigments

Production, Properties, Applications

Third, Completely Revised Edition

2004

ISBN 3-527-30576-9

G. Buxbaum, G. Pfaff (Eds.)

Industrial Inorganic Pigments
Third, Completely Revised and Extended Edition

2005

ISBN 3-527-30363-4

K. Hunger (Ed.)

Industrial Dyes
Chemistry, Properties, Applications,

2003

ISBN 3-527-30426-6



Tharwat F. Tadros

Applied Surfactants

Principles and ApplicationsApplied Surfactants

Principles and Applications



Author

Prof. Dr. Tharwat F. Tadros

89 Nash Grove Lane

Wokingham

Berkshire RG40 4HE

United Kingdom

9 This book was carefully produced. Never-

theless, author and publisher do not war-

rant the information contained therein to be

free of errors. Readers are advised to keep in

mind that statements, data, illustrations,

procedural details or other items may

inadvertently be inaccurate.

Library of Congress Card No.: Applied for

British Library Cataloguing-in-Publication

Data: A catalogue record for this book is

available from the British Library

Bibliographic information published by

Die Deutsche Bibliothek

Die Deutsche Bibliothek lists this publication

in the Deutsche Nationalbibliografie;

detailed bibliographic data is available in the

Internet at hhttp://dnb.ddb.dei

8 2005 WILEY-VCH Verlag GmbH & Co.

KGaA, Weinheim

All rights reserved (including those of trans-

lation in other languages). No part of this

book may be reproduced in any form – by

photoprinting, microfilm, or any other

means – nor transmitted or translated into

machine language without written permis-

sion from the publishers. Registered names,

trademarks, etc. used in this book, even

when not specifically marked as such, are

not to be considered unprotected by law.

Printed in the Federal Republic of Germany

Printed on acid-free paper

Composition Asco Typesetters, Hong Kong

Printing Strauss GmbH, Mörlenbach

Bookbinding Litges & Dopf Buchbinderei

GmbH, Heppenheim

ISBN-13: 978-3-527-30629-9

ISBN-10: 3-527-30629-3



Dedicated to our Grandchildren
Nadia, Dominic, Theodore and Bruno





Contents

Preface XIX

1 Introduction 1

1.1 General Classification of Surface Active Agents 2

1.2 Anionic Surfactants 2

1.2.1 Carboxylates 3

1.2.2 Sulphates 4

1.2.3 Sulphonates 4

1.2.4 Phosphate-containing Anionic Surfactants 5

1.3 Cationic Surfactants 6

1.4 Amphoteric (Zwitterionic) Surfactants 7

1.5 Nonionic Surfactants 8

1.5.1 Alcohol Ethoxylates 8

1.5.2 Alkyl Phenol Ethoxylates 9

1.5.3 Fatty Acid Ethoxylates 9

1.5.4 Sorbitan Esters and Their Ethoxylated Derivatives

(Spans and Tweens) 10

1.5.5 Ethoxylated Fats and Oils 11

1.5.6 Amine Ethoxylates 11

1.5.7 Ethylene Oxide–Propylene Oxide Co-polymers (EO/PO) 11

1.5.8 Surfactants Derived from Mono- and Polysaccharides 12

1.6 Speciality Surfactants – Fluorocarbon and Silicone Surfactants 13

1.7 Polymeric Surfactants 14

1.8 Toxicological and Environmental Aspects of Surfactants 15

1.8.1 Dermatological Aspects 15

1.8.2 Aquatic Toxicity 15

1.8.3 Biodegradability 16

References 16

2 Physical Chemistry of Surfactant Solutions 19

2.1 Properties of Solutions of Surface Active Agents 19

2.2 Solubility–Temperature Relationship for Surfactants 25

2.3 Thermodynamics of Micellization 26

VII



2.3.1 Kinetic Aspects 26

2.3.2 Equilibrium Aspects: Thermodynamics of Micellization 27

2.3.3 Phase Separation Model 27

2.3.4 Mass Action Model 29

2.3.5 Enthalpy and Entropy of Micellization 30

2.3.6 Driving Force for Micelle Formation 32

2.3.7 Micellization in Other Polar Solvents 33

2.3.8 Micellization in Non-Polar Solvents 33

2.4 Micellization in Surfactant Mixtures (Mixed Micelles) 34

2.4.1 Surfactant Mixtures with no Net Interaction 34

2.4.2 Surfactant Mixtures with a Net Interaction 36

2.5 Surfactant–Polymer Interaction 39

2.5.1 Factors Influencing the Association Between Surfactant and

Polymer 41

2.5.2 Interaction Models 42

2.5.3 Driving Force for Surfactant–Polymer Interaction 45

2.5.4 Structure of Surfactant–Polymer Complexes 45

2.5.5 Surfactant–Hydrophobically Modified Polymer Interaction 45

2.5.6 Interaction Between Surfactants and Polymers with Opposite Charge

(Surfactant–Polyelectrolyte Interaction) 46

References 50

3 Phase Behavior of Surfactant Systems 53

3.1 Solubility–Temperature Relationship for Ionic Surfactants 57

3.2 Surfactant Self-Assembly 58

3.3 Structure of Liquid Crystalline Phases 59

3.3.1 Hexagonal Phase 59

3.3.2 Micellar Cubic Phase 60

3.3.3 Lamellar Phase 60

3.3.4 Bicontinuous Cubic Phases 61

3.3.5 Reversed Structures 62

3.4 Experimental Studies of the Phase Behaviour of Surfactants 62

3.5 Phase Diagrams of Ionic Surfactants 65

3.6 Phase Diagrams of Nonionic Surfactants 66

References 71

4 Adsorption of Surfactants at the Air/Liquid and Liquid/Liquid

Interfaces 73

4.1 Introduction 73

4.2 Adsorption of Surfactants 74

4.2.1 Gibbs Adsorption Isotherm 75

4.2.2 Equation of State Approach 78

4.3 Interfacial Tension Measurements 80

4.3.1 Wilhelmy Plate Method 80

4.3.2 Pendent Drop Method 81

VIII Contents



4.3.3 Du Nouy’s Ring Method 82

4.3.4 Drop Volume (Weight) Method 82

4.3.5 Spinning Drop Method 83

References 84

5 Adsorption of Surfactants and Polymeric Surfactants at the Solid/Liquid

Interface 85

5.1 Introduction 85

5.2 Surfactant Adsorption 86

5.2.1 Adsorption of Ionic Surfactants on Hydrophobic Surfaces 86

5.2.2 Adsorption of Ionic Surfactants on Polar Surfaces 89

5.2.3 Adsorption of Nonionic Surfactants 91

5.3 Adsorption of Polymeric Surfactants at the Solid/Liquid Interface 93

5.4 Adsorption and Conformation of Polymeric Surfactants at

Interfaces 96

5.5 Experimental Methods for Measurement of Adsorption Parameters

for Polymeric Surfactants 102

5.5.1 Amount of Polymer Adsorbed G – Adsorption Isotherms 102

5.5.2 Polymer Bound Fraction p 106

5.5.3 Adsorbed Layer Thickness d and Segment Density Distribution r(z)

107

5.5.4 Hydrodynamic Thickness Determination 110

References 112

6 Applications of Surfactants in Emulsion Formation and Stabilisation 115

6.1 Introduction 115

6.1.1 Industrial Applications of Emulsions 116

6.2 Physical Chemistry of Emulsion Systems 117

6.2.1 Thermodynamics of Emulsion Formation and Breakdown 117

6.2.2 Interaction Energies (Forces) Between Emulsion Droplets and

their Combinations 118

6.3 Mechanism of Emulsification 123

6.4 Methods of Emulsification 126

6.5 Role of Surfactants in Emulsion Formation 127

6.5.1 Role of Surfactants in Droplet Deformation 129

6.6 Selection of Emulsifiers 134

6.6.1 Hydrophilic-Lipophilic Balance (HLB) Concept 134

6.6.2 Phase Inversion Temperature (PIT) Concept 137

6.7 Cohesive Energy Ratio (CER) Concept for Emulsifier Selection 140

6.8 Critical Packing Parameter (CPP) for Emulsifier Selection 142

6.9 Creaming or Sedimentation of Emulsions 143

6.9.1 Creaming or Sedimentation Rates 145

6.9.2 Prevention of Creaming or Sedimentation 147

6.10 Flocculation of Emulsions 150

6.10.1 Mechanism of Emulsion Flocculation 150

Contents IX



6.10.2 General Rules for Reducing (Eliminating) Flocculation 153

6.11 Ostwald Ripening 154

6.12 Emulsion Coalescence 155

6.12.1 Rate of Coalescence 157

6.13 Phase Inversion 158

6.14 Rheology of Emulsions 159

6.15 Interfacial Rheology 162

6.15.1 Basic Equations for Interfacial Rheology 163

6.15.2 Basic Principles of Measurement of Interfacial Rheology 165

6.15.3 Correlation of Interfacial Rheology with Emulsion Stability 168

6.16 Investigations of Bulk Rheology of Emulsion Systems 171

6.16.1 Viscosity-Volume Fraction Relationship for Oil/Water and

Water/Oil Emulsions 171

6.16.2 Viscoelastic Properties of Concentrated O/W and W/O Emulsions 175

6.16.3 Viscoelastic Properties of Weakly Flocculated Emulsions 180

6.17 Experimental Methods for Assessing Emulsion Stability 182

6.17.1 Assessment of Creaming or Sedimentation 182

6.17.2 Assessment of Emulsion Flocculation 183

6.17.3 Assessment of Ostwald Ripening 183

6.17.4 Assessment of Coalescence 183

6.17.5 Assessment of Phase Inversion 183

References 184

7 Surfactants as Dispersants and Stabilisation of Suspensions 187

7.1 Introduction 187

7.2 Role of Surfactants in Preparation of Solid/Liquid Dispersions 188

7.2.1 Role of Surfactants in Condensation Methods 188

7.2.2 Role of Surfactants in Dispersion Methods 193

7.3 Effect of Surfactant Adsorption 199

7.4 Wetting of Powders by Liquids 201

7.5 Rate of Penetration of Liquids 203

7.5.1 Rideal–Washburn Equation 203

7.5.2 Measurement of Contact Angles of Liquids and Surfactant Solutions

on Powders 204

7.6 Structure of the Solid/Liquid Interface 204

7.6.1 Origin of Charge on Surfaces 204

7.7 Structure of the Electrical Double Layer 206

7.7.1 Diffuse Double Layer (Gouy and Chapman) 206

7.7.2 Stern–Grahame Model of the Double Layer 207

7.8 Electrical Double Layer Repulsion 207

7.9 Van der Waals Attraction 208

7.10 Total Energy of Interaction: Deryaguin–Landau–Verwey–Overbeek

(DLVO) Theory 210

7.11 Criteria for Stabilisation of Dispersions with Double Layer

Interaction 211

X Contents



7.12 Electrokinetic Phenomena and the Zeta Potential 212

7.13 Calculation of Zeta Potential 214

7.13.1 Von Smoluchowski (Classical) Treatment 214

7.13.2 Hückel Equation 215

7.13.3 Henry’s Treatment 215

7.14 Measurement of Electrophoretic Mobility 216

7.14.1 Ultramicroscopic Technique (Microelectrophoresis) 216

7.14.2 Laser Velocimetry Technique 217

7.15 General Classification of Dispersing Agents 217

7.15.1 Surfactants 218

7.15.2 Nonionic Polymers 218

7.15.3 Polyelectrolytes 218

7.16 Steric Stabilisation of Suspensions 218

7.17 Interaction Between Particles Containing Adsorbed Polymer

Layers 219

7.17.1 Mixing Interaction Gmix 220

7.17.2 Elastic Interaction, Gel 221

7.18 Criteria for Effective Steric Stabilisation 224

7.19 Flocculation of Sterically Stabilised Dispersions 224

7.20 Properties of Concentrated Suspensions 225

7.21 Characterisation of Suspensions and Assessment of their

Stability 231

7.21.1 Assessment of the Structure of the Solid/Liquid Interface 231

7.21.2 Assessment of the State of the Dispersion 234

7.22 Bulk Properties of Suspensions 235

7.22.1 Equilibrium Sediment Volume (or Height) and Redispersion 235

7.22.2 Rheological Measurements 236

7.22.3 Assessment of Sedimentation 236

7.22.4 Assessment of Flocculation 239

7.22.5 Time Effects during Flow – Thixotropy 242

7.22.6 Constant Stress (Creep) Experiments 243

7.22.7 Dynamic (Oscillatory) Measurements 244

7.23 Sedimentation of Suspensions and Prevention of Formation

of Dilatant Sediments (Clays) 249

7.24 Prevention of Sedimentation and Formation of Dilatant

Sediments 253

7.24.1 Balance of the Density of the Disperse Phase and Medium 253

7.24.2 Reduction of Particle Size 253

7.24.3 Use of High Molecular Weight Thickeners 253

7.24.4 Use of ‘‘Inert’’ Fine Particles 254

7.24.5 Use of Mixtures of Polymers and Finely Divided Particulate

Solids 254

7.24.6 Depletion Flocculation 254

7.24.7 Use of Liquid Crystalline Phases 255

References 256

Contents XI



8 Surfactants in Foams 259

8.1 Introduction 259

8.2 Foam Preparation 260

8.3 Foam Structure 261

8.4 Classification of Foam Stability 262

8.5 Drainage and Thinning of Foam Films 263

8.5.1 Drainage of Horizontal Films 263

8.5.2 Drainage of Vertical Films 266

8.6 Theories of Foam Stability 267

8.6.1 Surface Viscosity and Elasticity Theory 267

8.6.2 Gibbs–Marangoni Effect Theory 267

8.6.3 Surface Forces Theory (Disjoining Pressure) 268

8.6.4 Stabilisation by Micelles (High Surfactant

Concentrations > c.m.c.) 271

8.6.5 Stabilization by Lamellar Liquid Crystalline Phases 273

8.6.6 Stabilisation of Foam Films by Mixed Surfactants 274

8.7 Foam Inhibitors 274

8.7.1 Chemical Inhibitors that Both Lower Viscosity and Increase

Drainage 275

8.7.2 Solubilised Chemicals that Cause Antifoaming 275

8.7.3 Droplets and Oil Lenses that Cause Antifoaming and Defoaming

275

8.7.4 Surface Tension Gradients (Induced by Antifoamers) 276

8.7.5 Hydrophobic Particles as Antifoamers 276

8.7.6 Mixtures of Hydrophobic Particles and Oils as Antifoamers 278

8.8 Physical Properties of Foams 278

8.8.1 Mechanical Properties 278

8.8.2 Rheological Properties 279

8.8.3 Electrical Properties 280

8.8.4 Electrokinetic Properties 280

8.8.5 Optical Properties 281

8.9 Experimental Techniques for Studying Foams 281

8.9.1 Techniques for Studying Foam Films 281

8.9.2 Techniques for Studying Structural Parameters of Foams 282

8.9.3 Measurement of Foam Drainage 282

8.9.4 Measurement of Foam Collapse 283

References 283

9 Surfactants in Nano-Emulsions 285

9.1 Introduction 285

9.2 Mechanism of Emulsification 287

9.3 Methods of Emulsification and the Role of Surfactants 289

9.4 Preparation of Nano-Emulsions 290

9.4.1 Use of High Pressure Homogenizers 290

9.4.2 Phase Inversion Temperature (PIT) Principle 291

XII Contents



9.5 Steric Stabilization and the Role of the Adsorbed Layer Thickness 294

9.6 Ostwald Ripening 296

9.7 Practical Examples of Nano-Emulsions 298

References 307

10 Microemulsions 309

10.1 Introduction 309

10.2 Thermodynamic Definition of Microemulsions 310

10.3 Mixed Film and Solubilisation Theories of Microemulsions 312

10.3.1 Mixed Film Theories 312

10.3.2 Solubilisation Theories 313

10.4 Thermodynamic Theory of Microemulsion Formation 316

10.4.1 Reason for Combining Two Surfactants 316

10.5 Free Energy of Formation of Microemulsion 318

10.6 Factors Determining W/O versus O/W Microemulsions 320

10.7 Characterisation of Microemulsions Using Scattering Techniques 321

10.7.1 Time Average (Static) Light Scattering 322

10.7.2 Calculation of Droplet Size from Interfacial Area 324

10.7.3 Dynamic Light Scattering (Photon Correlation Spectroscopy) 325

10.7.4 Neutron Scattering 327

10.7.5 Contrast Matching for Determination of the Structure of

Microemulsions 328

10.7.6 Characterisation of Microemulsions Using Conductivity, Viscosity

and NMR 328

References 333

11 Role of Surfactants in Wetting, Spreading and Adhesion 335

11.1 General Introduction 335

11.2 Concept of Contact Angle 338

11.2.1 Contact Angle 338

11.2.2 Wetting Line – Three-phase Line (Solid/Liquid/Vapour) 338

11.2.3 Thermodynamic Treatment – Young’s Equation 339

11.3 Adhesion Tension 340

11.4 Work of Adhesion Wa 342

11.5 Work of Cohesion 342

11.6 Calculation of Surface Tension and Contact Angle 343

11.6.1 Good and Girifalco Approach 344

11.6.2 Fowkes Treatment 345

11.7 Spreading of Liquids on Surfaces 346

11.7.1 Spreading Coefficient S 346

11.8 Contact Angle Hysteresis 346

11.8.1 Reasons for Hysteresis 348

11.9 Critical Surface Tension of Wetting and the Role of Surfactants 349

11.9.1 Theoretical Basis of the Critical Surface Tension 351

11.10 Effect of Surfactant Adsorption 351

Contents XIII



11.11 Measurement of Contact Angles 352

11.11.1 Sessile Drop or Adhering Gas Bubble Method 352

11.11.2 Wilhelmy Plate Method 353

11.11.3 Capillary Rise at a Vertical Plate 354

11.11.4 Tilting Plate Method 355

11.11.5 Capillary Rise or Depression Method 355

11.12 Dynamic Processes of Adsorption and Wetting 356

11.12.1 General Theory of Adsorption Kinetics 356

11.12.2 Adsorption Kinetics from Micellar Solutions 359

11.12.3 Experimental Techniques for Studying Adsorption Kinetics 360

11.13 Wetting Kinetics 364

11.13.1 Dynamic Contact Angle 365

11.13.2 Effect of Viscosity and Surface Tension 368

11.14 Adhesion 368

11.14.1 Intermolecular Forces Responsible for Adhesion 369

11.14.2 Interaction Energy Between Two Molecules 369

11.14.3 Mechanism of Adhesion 375

11.15 Deposition of Particles on Surfaces 379

11.15.1 Van der Waals Attraction 379

11.15.2 Electrostatic Repulsion 381

11.15.3 Effect of Polymers and Polyelectrolytes on Particle Deposition 384

11.15.4 Effect of Nonionic Polymers on Particle Deposition 386

11.15.5 Effect of Anionic Polymers on Particle Deposition 387

11.15.6 Effect of Cationic Polymers on Particle Deposition 387

11.16 Particle–Surface Adhesion 389

11.16.1 Surface Energy Approach to Adhesion 390

11.16.2 Experimental Methods for Measurement of Particle–Surface

Adhesion 392

11.17 Role of Particle Deposition and Adhesion in Detergency 393

11.17.1 Wetting 393

11.17.2 Removal of Dirt 394

11.17.3 Prevention of Redeposition of Dirt 395

11.17.4 Particle Deposition in Detergency 395

11.17.5 Particle–Surface Adhesion in Detergency 396

References 396

12 Surfactants in Personal Care and Cosmetics 399

12.1 Introduction 399

12.1.1 Lotions 400

12.1.2 Hand Creams 400

12.1.3 Lipsticks 400

12.1.4 Nail Polish 401

12.1.5 Shampoos 401

12.1.6 Antiperspirants 401

12.1.7 Foundations 401

XIV Contents



12.2 Surfactants Used in Cosmetic Formulations 402

12.3 Cosmetic Emulsions 403

12.3.1 Manufacture of Cosmetic Emulsions 411

12.4 Nano-Emulsions in Cosmetics 412

12.5 Microemulsions in Cosmetics 413

12.6 Liposomes (Vesicles) 413

12.7 Multiple Emulsions 416

12.8 Polymeric Surfactants and Polymers in Personal Care and

Cosmetic Formulations 418

12.9 Industrial Examples of Personal Care Formulations and

the Role of Surfactants 419

12.9.1 Shaving Formulations 420

12.9.2 Bar Soaps 422

12.9.3 Liquid Hand Soaps 422

12.9.4 Bath Oils 423

12.9.5 Foam (or Bubble) Baths 423

12.9.6 After-Bath Preparations 423

12.9.7 Skin Care Products 424

12.9.8 Hair Care Formulations 425

12.9.9 Sunscreens 428

12.9.10 Make-up Products 430

References 432

13 Surfactants in Pharmaceutical Formulations 433

13.1 General Introduction 433

13.1.1 Thermodynamic Consideration of the Formation of Disperse

Systems 434

13.1.2 Kinetic Stability of Disperse Systems and General Stabilisation

Mechanisms 435

13.1.3 Physical Stability of Suspensions and Emulsions 436

13.2 Surfactants in Disperse Systems 437

13.2.1 General Classification of Surfactants 437

13.2.2 Surfactants of Pharmaceutical Interest 437

13.2.3 Physical Properties of Surfactants and the Process of

Micellisation 440

13.2.4 Size and Shape of Micelles 442

13.2.5 Surface Activity and Adsorption at the Air/Liquid and Liquid/Liquid

Interfaces 442

13.2.6 Adsorption at the Solid/Liquid Interface 443

13.2.7 Phase Behaviour and Liquid Crystalline Structures 443

13.3 Electrostatic Stabilisation of Disperse Systems 444

13.3.1 Van der Waals Attraction 444

13.3.2 Double Layer Repulsion 445

13.3.3 Total Energy of Interaction 446

13.4 Steric Stabilization of Disperse Systems 447

Contents XV



13.4.1 Adsorption and Conformation of Polymers at Interfaces 447

13.4.2 Interaction Forces (Energies) Between Particles or Droplets Containing

Adsorbed Non-ionic Surfactants and Polymers 449

13.4.3 Criteria for Effective Steric Stabilisation 451

13.5 Surface Activity and Colloidal Properties of Drugs 452

13.5.1 Association of Drug Molecules 452

13.5.2 Role of Surface Activity and Association in Biological Efficacy 456

13.5.3 Naturally Occurring Micelle Forming Systems 457

13.6 Biological Implications of the Presence of Surfactants in

Pharmaceutical Formulations 460

13.7 Aspects of Surfactant Toxicity 462

13.8 Solubilised Systems 464

13.8.1 Experimental Methods of Studying Solubilisation 465

13.8.2 Pharmaceutical Aspects of Solubilisation 469

13.9 Pharmaceutical Suspensions 471

13.9.1 Main Requirements for a Pharmaceutical Suspension 471

13.9.2 Basic Principles for Formulation of Pharmaceutical Suspensions 472

13.9.3 Maintenance of Colloid Stability 472

13.9.4 Ostwald Ripening (Crystal Growth) 473

13.9.5 Control of Settling and Prevention of Caking of Suspensions 474

13.10 Pharmaceutical Emulsions 477

13.10.1 Emulsion Preparation 478

13.10.2 Emulsion Stability 479

13.10.3 Lipid Emulsions 481

13.10.4 Perfluorochemical Emulsions as Artificial Blood Substitutes 481

13.11 Multiple Emulsions in Pharmacy 482

13.11.1 Criteria for Preparation of Stable Multiple Emulsions 484

13.11.2 Preparation of Multiple Emulsions 484

13.11.3 Formulation Composition 485

13.11.4 Characterisation of Multiple Emulsions 485

13.12 Liposomes and Vesicles in Pharmacy 487

13.12.1 Factors Responsible for Formation of Liposomes and Vesicles –

The Critical Packing Parameter Concept 488

13.12.2 Solubilisation of Drugs in Liposomes and Vesicles and their Effect

on Biological Enhancement 489

13.12.3 Stabilisation of Liposomes by Incorporation of Block Copolymers 490

13.13 Nano-particles, Drug Delivery and Drug Targeting 491

13.13.1 Reticuloendothelial System (RES) 491

13.13.2 Influence of Particle Characteristics 491

13.13.3 Surface-modified Polystyrene Particles as Model Carriers 492

13.13.4 Biodegradable Polymeric Carriers 493

13.14 Topical Formulations and Semi-solid Systems 494

13.14.1 Basic Characteristics of Semi-Solids 494

13.14.2 Ointments 495

13.14.3 Semi-Solid Emulsions 496

XVI Contents



13.14.4 Gels 497

References 499

14 Applications of Surfactants in Agrochemicals 503

14.1 Introduction 503

14.2 Emulsifiable Concentrates 506

14.2.1 Formulation of Emulsifiable Concentrates 507

14.2.2 Spontaneity of Emulsification 509

14.2.3 Fundamental Investigation on a Model Emulsifiable Concentrate 511

14.3 Concentrated Emulsions in Agrochemicals (EWs) 524

14.3.1 Selection of Emulsifiers 527

14.3.2 Emulsion Stability 528

14.3.3 Characterisation of Emulsions and Assessment of their Long-term

Stability 536

14.4 Suspension Concentrates (SCs) 537

14.4.1 Preparation of Suspension Concentrates and the Role of

Surfactants 538

14.4.2 Wetting of Agrochemical Powders, their Dispersion and

Comminution 538

14.4.3 Control of the Physical Stability of Suspension Concentrates 541

14.4.4 Ostwald Ripening (Crystal Growth) 543

14.4.5 Stability Against Claying or Caking 544

14.4.6 Assessment of the Long-term Physical Stability of Suspension

Concentrates 553

14.5 Microemulsions in Agrochemicals 558

14.5.1 Basic Principles of Microemulsion Formation and their

Thermodynamic Stability 559

14.5.2 Selection of Surfactants for Microemulsion Formulation 563

14.5.3 Characterisation of Microemulsions 564

14.5.4 Role of Microemulsions in Enhancement of Biological Efficacy 564

14.6 Role of Surfactants in Biological Enhancement 567

14.6.1 Interactions at the Air/Solution Interface and their Effect on Droplet

Formation 570

14.6.2 Spray Impaction and Adhesion 574

14.6.3 Droplet Sliding and Spray Retention 578

14.6.4 Wetting and Spreading 581

14.6.5 Evaporation of Spray Drops and Deposit Formation 586

14.6.6 Solubilisation and its Effect on Transport 587

14.6.7 Interaction Between Surfactant, Agrochemical and Target Species 591

References 592

15 Surfactants in the Food Industry 595

15.1 Introduction 595

15.2 Interaction Between Food-grade Surfactants and Water 596

15.2.1 Liquid Crystalline Structures 596

Contents XVII



15.2.2 Binary Phase Diagrams 598

15.2.3 Ternary Phase Diagrams 599

15.3 Proteins as Emulsifiers 601

15.3.1 Interfacial Properties of Proteins at the Liquid/Liquid Interface 603

15.3.2 Proteins as Emulsifiers 603

15.4 Protein–Polysaccharide Interactions in Food Colloids 604

15.5 Polysaccharide–Surfactant Interactions 606

15.6 Surfactant Association Structures, Microemulsions and Emulsions

in Food 608

15.7 Effect of Food Surfactants on the Rheology of Food Emulsions 609

15.7.1 Interfacial Rheology 610

15.7.2 Bulk Rheology 613

15.7.3 Rheology of Microgel Dispersions 616

15.7.4 Food Rheology and Mouthfeel 616

15.7.5 Mouth Feel of Foods – Role of Rheology 619

15.7.6 Break-up of Newtonian Liquids 621

15.7.7 Break-up of Non-Newtonian Liquids 622

15.7.8 Complexity of Flow in the Oral Cavity 623

15.7.9 Rheology–Texture Relationship 623

15.8 Practical Applications of Food Colloids 626

References 629

Subject Index 631

XVIII Contents



Preface

Surfactants find applications in almost every chemical industry, such as in deter-

gents, paints, dyestuffs, paper coatings, inks, plastics and fibers, personal care and

cosmetics, agrochemicals, pharmaceuticals, food processing, etc. In addition, they

play a vital role in the oil industry, e.g. in enhanced and tertiary oil recovery, oil

slick dispersion for environmental protection, among others. This book has been

written with the aim of explaining the role of surfactants in these industrial appli-

cations. However, in order to enable the chemist to choose the right molecule for a

specific application, it is essential to understand the basic phenomena involved in

any application. Thus, the basic principles involved in preparation and stabilization

of the various disperse systems used – namely emulsions, suspensions, micro-

emulsions, nano-emulsions and foams – need to be addressed in the various

chapters concerned with these systems. Furthermore, it is essential to give a brief

description and classification of the various surfactants used (Chapter 1). The phys-

ical chemistry of surfactant solutions and their unusual behavior is described in

Chapter 2. Particular attention was given to surfactant mixtures, which are com-

monly used in formulations. Chapter 3 gives a brief description of the phase be-

havior of surfactant solutions plus a description of the various liquid crystalline

phases formed. The adsorption of surfactants at the air/liquid and liquid/liquid in-

terface is described in Chapter 4, with a brief look at the experimental techniques

that can be applied to measure the surface and interfacial tension. The adsorption

of surfactants on solid surfaces is given in Chapter 5, with special attention given

to the adsorption of polymeric surfactants, which are currently used for the en-

hanced stabilization of emulsions and suspensions. The use of surfactants for

preparation and stabilization of emulsions is described in Chapter 6, paying partic-

ular attention to the role of surfactants in the preparation of emulsions and the

mechanisms of their stabilization. The methods that can be applied for surfactant

selection are also included, as is a comprehensive section on the rheology of emul-

sions. Chapter 7 describes the role of surfactants in preparation of suspensions

and their stabilization, together with the methods that can be applied to control

the physical stability of suspensions. A section has been devoted to the rheology

of suspensions with a brief description of the techniques that can be applied

to study their flow characteristics. Chapter 8 describes the role of surfactants

in foam formation and its stability. Chapter 9 deals with the role of surfactants in

formation and stabilization of nano-emulsions – the latter having recently been
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applied in personal care and cosmetics as well as in health care. The origin of the

near thermodynamic stability of these systems is adequately described. Chapter 10

deals with the subject of microemulsions, the mechanism of their formation and

thermodynamic stability, while Chapter 11 deals with the topic of the role of surfac-

tants in wetting, spreading and adhesion. The surface forces involved in adhesion

between surfaces as well as between particles and surfaces are discussed in a quan-

titative manner.

Chapters 12 to 15 deal with some specific applications of surfactants in the fol-

lowing industries: personal care and cosmetics, pharmaceuticals, agrochemicals

and the food industry. These chapters have been written to illustrate the applica-

tions of surfactants, but in some cases the basic phenomena involved are briefly

described with reference to the more fundamental chapters. This applied part of

the book demonstrates that an understanding of the basic principles should enable

the formulation scientist to arrive at the optimum composition using a rational

approach. It should also accelerate the development of the formulation and in

some cases enable a prediction of the long-term physical stability.

In writing this book, I was aware that there are already excellent texts on surfac-

tants on the market, some of which address the fundamental principles, while

others are of a more applied nature. My objective was to simplify the fundamental

principles and illustrate their use in arriving at the right target. Clearly the funda-

mental principles given here are by no means comprehensive and I provide several

references for further understanding. The applied side of the book is also not com-

prehensive, since several other industries were not described, e.g. paints, paper

coatings, inks, ceramics, etc. Describing the application of surfactants in these

industries would have made the text too long.

I must emphasize that the references given are not up to date, since I did not go

into much detail on recent theories concerning surfactants. Again an inclusion of

these recent principles would have made the book too long and, in my opinion, the

references and analysis given are adequate for the purpose of the book. Although

the text was essentially written for industrial scientists, I believe it could also be

useful for teaching undergraduate and postgraduate students dealing with the

topic. It could also be of use to research chemists in academia and industry who

are carrying out investigations in the field of surfactants.

Berkshire, January 2005 Tharwat Tadros
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Introduction

Surface active agents (usually referred to as surfactants) are amphipathic molecules

that consist of a non-polar hydrophobic portion, usually a straight or branched hy-

drocarbon or fluorocarbon chain containing 8–18 carbon atoms, which is attached

to a polar or ionic portion (hydrophilic). The hydrophilic portion can, therefore,

be nonionic, ionic or zwitterionic, and accompanied by counter ions in the last

two cases. The hydrocarbon chain interacts weakly with the water molecules in an

aqueous environment, whereas the polar or ionic head group interacts strongly

with water molecules via dipole or ion–dipole interactions. It is this strong inter-

action with the water molecules that renders the surfactant soluble in water. How-

ever, the cooperative action of dispersion and hydrogen bonding between the water

molecules tends to squeeze the hydrocarbon chain out of the water and hence

these chains are referred to as hydrophobic. As we will see later, the balance be-

tween hydrophobic and hydrophilic parts of the molecule gives these systems their

special properties, e.g. accumulation at various interfaces and association in solu-

tion (to form micelles).

The driving force for surfactant adsorption is the lowering of the free energy of

the phase boundary. As we will see in later chapters, the interfacial free energy per

unit area is the amount of work required to expand the interface. This interfacial

free energy, referred to as surface or interfacial tension, g, is given in mJ m�2 or

mN m�1. Adsorption of surfactant molecules at the interface lowers g, and the

higher the surfactant adsorption (i.e. the denser the layer) the larger the reduction

in g. The degree of surfactant adsorption at the interface depends on surfactant

structure and the nature of the two phases that meet the interface [1, 2].

As noted, surface active agents also aggregate in solution forming micelles. The

driving force for micelle formation (or micellization) is the reduction of contact be-

tween the hydrocarbon chain and water, thereby reducing the free energy of the

system (see Chapter 2). In the micelle, the surfactant hydrophobic groups are di-

rected towards the interior of the aggregate and the polar head groups are directed

towards the solvent. These micelles are in dynamic equilibrium and the rate of ex-

change between a surfactant molecule and the micelle may vary by orders of mag-

nitude, depending on the structure of the surfactant molecule.

Surfactants find application in almost every chemical industry, including deter-

gents, paints, dyestuffs, cosmetics, pharmaceuticals, agrochemicals, fibres, plastics.
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Moreover, surfactants play a major role in the oil industry, for example in en-

hanced and tertiary oil recovery. They are also occasionally used for environmental

protection, e.g. in oil slick dispersants. Therefore, a fundamental understanding of

the physical chemistry of surface active agents, their unusual properties and their

phase behaviour is essential for most industrial chemists. In addition, an under-

standing of the basic phenomena involved in the application of surfactants, such

as in the preparation of emulsions and suspensions and their subsequent stabiliza-

tion, in microemulsions, in wetting spreading and adhesion, etc., is of vital impor-

tance in arriving at the right composition and control of the system involved [1, 2].

This is particularly the case with many formulations in the chemical industry.

Commercially produced surfactants are not pure chemicals, and within each

chemical type there can be tremendous variation. This is understandable since sur-

factants are prepared from various feedstocks, namely petrochemicals, natural vege-

table oils and natural animal fats. Notably, in every case the hydrophobic group

exists as a mixture of chains of different lengths. The same applies to the polar

head group, for example with poly(ethylene oxide) (the major component of non-

ionic surfactants), which consists of a distribution of ethylene oxide units. Hence,

products that may be given the same generic name could vary a great deal in their

properties, and the formulation chemist should bear this in mind when choosing a

surfactant from a particular manufacturer. It is advisable to obtain as much infor-

mation as possible from the manufacturer about the properties of the surfactant

chosen, such as its suitability for the job, its batch to batch variation, toxicity, etc.

The manufacturer usually has more information on the surfactant than that

printed in the data sheet, and in most cases such information is given on request.

1.1

General Classification of Surface Active Agents

A simple classification of surfactants based on the nature of the hydrophilic group

is commonly used. Three main classes may be distinguished, namely anionic, cat-

ionic and amphoteric. A useful technical reference is McCutcheon [3], which is

produced annually to update the list of available surfactants. van Os et al. have

listed the physicochemical properties of selected anionic, cationic and nonionic

surfactants [4]. Another useful text is the Handbook of Surfactants by Porter [5]. In

addition, a fourth class of surfactants, usually referred to as polymeric surfactants,

has long been used for the preparation of emulsions and suspensions and their

stabilization.

1.2

Anionic Surfactants

These are the most widely used class of surfactants in industrial applications [6, 7]

due to their relatively low cost of manufacture and they are used in practically every
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type of detergent. For optimum detergency the hydrophobic chain is a linear alkyl

group with a chain length in the region of 12–16 carbon atoms. Linear chains are

preferred since they are more effective and more degradable than branched ones.

The most commonly used hydrophilic groups are carboxylates, sulphates, sulpho-

nates and phosphates. A general formula may be ascribed to anionic surfactants as

follows:

� Carboxylates: CnH2nþ1COO
�X

� Sulphates: CnH2nþ1OSO
�
3 X

� Sulphonates: CnH2nþ1SO
�
3 X

� Phosphates: CnH2nþ1OPO(OH)O�X

with n ¼ 8–16 atoms and the counter ion X is usually Naþ.

Several other anionic surfactants are commercially available such as sulpho-

succinates, isethionates and taurates and these are sometimes used for special

applications. These anionic classes and some of their applications are briefly de-

scribed below.

1.2.1

Carboxylates

These are perhaps the earliest known surfactants since they constitute the

earliest soaps, e.g. sodium or potassium stearate, C17H35COONa, sodium myris-

tate, C14H29COONa. The alkyl group may contain unsaturated portions, e.g.

sodium oleate, which contains one double bond in the C17 alkyl chain. Most

commercial soaps are a mixture of fatty acids obtained from tallow, coconut oil,

palm oil, etc. The main attraction of these simple soaps is their low cost, their

ready biodegradability and low toxicity. Their main disadvantages are their ready

precipitation in water containing bivalent ions such as Ca2þ and Mg2þ. To

avoid such precipitation in hard water, the carboxylates are modified by intro-

ducing some hydrophilic chains, e.g. ethoxy carboxylates with the general structure

RO(CH2CH2O)nCH2COO
�, ester carboxylates containing hydroxyl or multi COOH

groups, sarcosinates which contain an amide group with the general structure

RCON(R 0)COO�.

The addition of the ethoxylated groups increases water solubility and enhances

chemical stability (no hydrolysis). The modified ether carboxylates are also more

compatible both with electrolytes and with other nonionic, amphoteric and some-

times even cationic surfactants. The ester carboxylates are very soluble in water, but

undergo hydrolysis. Sarcosinates are not very soluble in acid or neutral solutions

but are quite soluble in alkaline media. They are compatible with other anionics,

nonionics and cationics. Phosphate esters have very interesting properties being

intermediate between ethoxylated nonionics and sulphated derivatives. They have

good compatibility with inorganic builders and they can be good emulsifiers. A

specific salt of a fatty acid is lithium 12-hydroxystearic acid, which forms the major

constituent of greases.
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1.2.2

Sulphates

These are the largest and most important class of synthetic surfactants, which

were produced by reaction of an alcohol with sulphuric acid, i.e. they are esters

of sulphuric acid. In practice, sulphuric acid is seldom used and chlorosulphonic

or sulphur dioxide/air mixtures are the most common methods of sulphating

the alcohol. However, due to their chemical instability (hydrolysing to the alcohol,

particularly in acid solutions), they are now overtaken by the chemically stable

sulphonates.

The properties of sulphate surfactants depend on the nature of the alkyl chain

and the sulphate group. The alkali metal salts show good solubility in water, but

tend to be affected by the presence of electrolytes. The most common sulphate sur-

factant is sodium dodecyl sulphate (abbreviated as SDS and sometimes referred to

as sodium lauryl sulphate), which is extensively used both for fundamental studies

as well as in many industrial applications. At room temperature (@25 �C) this sur-

factant is quite soluble and 30% aqueous solutions are fairly fluid (low viscosity).

However, below 25 �C, the surfactant may separate out as a soft paste as the tem-

perature falls below its Krafft point (the temperature above which the surfactant

shows a rapid increase in solubility with further increase of temperature). The lat-

ter depends on the distribution of chain lengths in the alkyl chain – the wider the

distribution the lower the Krafft temperature. Thus, by controlling this distribution

one may achieve a Krafft temperature of@10 �C. As the surfactant concentration is

increased to 30–40% (depending on the distribution of chain length in the alkyl

group), the viscosity of the solution increases very rapidly and may produce a gel.

The critical micelle concentration (c.m.c.) of SDS (the concentration above which

the properties of the solution show abrupt changes) is 8� 10�3 mol dm�3 (0.24%).

As with the carboxylates, the sulphate surfactants are also chemically modified to

change their properties. The most common modification is to introduce some ethy-

lene oxide units in the chain, usually referred to as alcohol ether sulphates, e.g.

sodium dodecyl 3-mole ether sulphate, which is essentially dodecyl alcohol reacted

with 3 moles EO then sulphated and neutralised by NaOH. The presence of PEO

confers improved solubility than for straight alcohol sulphates. In addition, the sur-

factant becomes more compatible with electrolytes in aqueous solution. Ether sul-

phates are also more chemically stable than the alcohol sulphates. The c.m.c. of the

ether sulphates is also lower than the corresponding surfactant without EO units.

1.2.3

Sulphonates

With sulphonates, the sulphur atom is directly attached to the carbon atom of the

alkyl group, giving the molecule stability against hydrolysis, when compared with

the sulphates (whereby the sulphur atom is indirectly linked to the carbon of the

hydrophobe via an oxygen atom). Alkyl aryl sulphonates are the most common
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type of these surfactants (e.g. sodium alkyl benzene sulphonate) and these are

usually prepared by reaction of sulphuric acid with alkyl aryl hydrocarbons, e.g.

dodecyl benzene. A special class of sulphonate surfactants is the naphthalene and

alkyl naphthalene sulphonates, which are commonly used as dispersants.

As with the sulphates, some chemical modification is used by introducing ethyl-

ene oxide units, e.g. sodium nonyl phenol 2-mole ethoxylate ethane sulphonate,

C9H19C6H4(OCH2CH2)2SO
�
3 Na

þ.

Paraffin sulphonates are produced by sulpho-oxidation of normal linear paraffins

with sulphur dioxide and oxygen and catalyzed with ultraviolet or gamma radia-

tion. The resulting alkane sulphonic acid is neutralized with NaOH. These surfac-

tants have excellent water solubility and biodegradability. They are also compatible

with many aqueous ions.

Linear alkyl benzene sulphonates (LABS) are manufactured from alkyl benzene,

and the alkyl chain length can vary from C8 to C15; their properties are mainly

influenced by the average molecular weight and the spread of carbon number of

the alkyl side chain. The c.m.c. of sodium dodecyl benzene sulphonate is 5 �
10�3 mol dm�3 (0.18%). The main disadvantages of LABS are their effect on the

skin and hence they cannot be used in personal care formulations.

Another class of sulphonates is the a-olefin sulphonates, which are prepared by

reacting linear a-olefin with sulphur trioxide, typically yielding a mixture of alkene

sulphonates (60–70%), 3- and 4-hydroxyalkane sulphonates (@30%) and some di-

sulphonates and other species. The two main a-olefin fractions used as starting

material are C12aC16 and C16aC18.

A special class of sulphonates is the sulphosuccinates, which are esters of sul-

phosuccinic acid (1.1).

CH2COOH

COOHHSO3CH

1.1

Both mono and diesters are produced. A widely used diester in many formulations

is sodium di(2-ethylhexyl)sulphosuccinate (sold commercially under the trade

name Aerosol OT). The diesters are soluble both in water and in many organic

solvents. They are particularly useful for preparation of water-in-oil (W/O) micro-

emulsions (Chapter 10).

1.2.4

Phosphate-containing Anionic Surfactants

Both alkyl phosphates and alkyl ether phosphates are made by treating the fatty al-

cohol or alcohol ethoxylates with a phosphorylating agent, usually phosphorous

pentoxide, P4O10. The reaction yields a mixture of mono- and di-esters of phos-

phoric acid. The ratio of the two esters is determined by the ratio of the reactants

and the amount of water present in the reaction mixture. The physicochemical
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properties of the alkyl phosphate surfactants depend on the ratio of the esters.

Phosphate surfactants are used in the metal working industry due to their anti-

corrosive properties.

1.3

Cationic Surfactants

The most common cationic surfactants are the quaternary ammonium compounds

[8, 9] with the general formula R 0R 00R 000R 0000NþX�, where X� is usually chloride ion

and R represents alkyl groups. A common class of cationics is the alkyl trimethyl

ammonium chloride, where R contains 8–18 C atoms, e.g. dodecyl trimethyl am-

monium chloride, C12H25(CH3)3NCl. Another widely used cationic surfactant class

is that containing two long-chain alkyl groups, i.e. dialkyl dimethyl ammonium

chloride, with the alkyl groups having a chain length of 8–18 C atoms. These

dialkyl surfactants are less soluble in water than the monoalkyl quaternary com-

pounds, but they are commonly used in detergents as fabric softeners. A widely

used cationic surfactant is alkyl dimethyl benzyl ammonium chloride (sometimes

referred to as benzalkonium chloride and widely used as bactericide) (1.2).

+

1.2

CH3C12H25

CH2 CH3

N CI–

Imidazolines can also form quaternaries, the most common product being the

ditallow derivative quaternized with dimethyl sulphate (1.3).

CH3

C17H35 N--CH2-CH2-NH-CO-C17H35C

N CH

C
H

(CH3)
2
SO4

+

1.3

–

Cationic surfactants can also be modified by incorporating poly(ethylene oxide)

chains, e.g. dodecyl methyl poly(ethylene oxide) ammonium chloride (1.4).

1.4

(CH2CH2O)nHC12H25

CH3 (CH2CH2O)nH
CI–

+
N
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Cationic surfactants are generally water soluble when there is only one long alkyl

group. They are generally compatible with most inorganic ions and hard water, but

they are incompatible with metasilicates and highly condensed phosphates. They

are also incompatible with protein-like materials. Cationics are generally stable to

pH changes, both acid and alkaline. They are incompatible with most anionic

surfactants, but they are compatible with nonionics. These cationic surfactants are

insoluble in hydrocarbon oils. In contrast, cationics with two or more long alkyl

chains are soluble in hydrocarbon solvents, but they become only dispersible in

water (sometimes forming bilayer vesicle type structures). They are generally

chemically stable and can tolerate electrolytes. The c.m.c. of cationic surfactants is

close to that of anionics with the same alkyl chain length.

The prime use of cationic surfactants is their tendency to adsorb at negatively

charged surfaces, e.g. anticorrosive agents for steel, flotation collectors for mineral

ores, dispersants for inorganic pigments, antistatic agents for plastics, other anti-

static agents and fabric softeners, hair conditioners, anticaking agent for fertilizers

and as bactericides.

1.4

Amphoteric (Zwitterionic) Surfactants

These are surfactants containing both cationic and anionic groups [10]. The most

common amphoterics are the N-alkyl betaines, which are derivatives of trimethyl

glycine (CH3)3NCH2COOH (described as betaine). An example of betaine surfac-

tant is lauryl amido propyl dimethyl betaine C12H25CON(CH3)2CH2COOH. These

alkyl betaines are sometimes described as alkyl dimethyl glycinates.

The main characteristic of amphoteric surfactants is their dependence on the pH

of the solution in which they are dissolved. In acid pH solutions, the molecule ac-

quires a positive charge and behaves like a cationic surfactant, whereas in alkaline

pH solutions they become negatively charged and behave like an anionic one. A

specific pH can be defined at which both ionic groups show equal ionization (the

isoelectric point of the molecule) (described by Scheme 1.1).

Amphoteric surfactants are sometimes referred to as zwitterionic molecules.

They are soluble in water, but the solubility shows a minimum at the isoelectric

point. Amphoterics show excellent compatibility with other surfactants, forming

mixed micelles. They are chemically stable both in acids and alkalis. The surface

activity of amphoterics varies widely and depends on the distance between the

charged groups, showing maximum activity at the isoelectric point.

N+...COOH N+...COO– NH...COO–

acid pH <3 isoelectric pH >6 alkaline

Scheme 1.1
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Another class of amphoterics is the N-alkyl amino propionates having the

structure R-NHCH2CH2COOH. The NH group can react with another acid mole-

cule (e.g. acrylic) to form an amino dipropionate R-N(CH2CH2COOH)2. Alkyl

imidazoline-based products can also be produced by reacting alkyl imidozoline

with a chloro acid. However, the imidazoline ring breaks down during the forma-

tion of the amphoteric.

The change in charge with pH of amphoteric surfactants affects their properties,

such as wetting, detergency, foaming, etc. At the isoelectric point (i.e.p.), the prop-

erties of amphoterics resemble those of non-ionics very closely. Below and above

the i.e.p. the properties shift towards those of cationic and anionic surfactants, re-

spectively. Zwitterionic surfactants have excellent dermatological properties. They

also exhibit low eye irritation and are frequently used in shampoos and other per-

sonal care products (cosmetics).

1.5

Nonionic Surfactants

The most common nonionic surfactants are those based on ethylene oxide, re-

ferred to as ethoxylated surfactants [11–13]. Several classes can be distinguished:

alcohol ethoxylates, alkyl phenol ethoxylates, fatty acid ethoxylates, monoalkaol-

amide ethoxylates, sorbitan ester ethoxylates, fatty amine ethoxylates and ethylene

oxide–propylene oxide copolymers (sometimes referred to as polymeric surfactants).

Another important class of nonionics is the multihydroxy products such as gly-

col esters, glycerol (and polyglycerol) esters, glucosides (and polyglucosides) and

sucrose esters. Amine oxides and sulphinyl surfactants represent nonionics with a

small head group.

1.5.1

Alcohol Ethoxylates

These are generally produced by ethoxylation of a fatty chain alcohol such as

dodecanol. Several generic names are given to this class of surfactants, such as

ethoxylated fatty alcohols, alkyl polyoxyethylene glycol, monoalkyl poly(ethylene

oxide) glycol ethers, etc. A typical example is dodecyl hexaoxyethylene glycol mono-

ether with the chemical formula C12H25(OCH2CH2O)6OH (sometimes abbreviated

as C12E6). In practice, the starting alcohol will have a distribution of alkyl chain

lengths and the resulting ethoxylate will have a distribution of ethylene oxide chain

lengths. Thus the numbers listed in the literature refer to average numbers.

The c.m.c. of nonionic surfactants is about two orders of magnitude lower than

the corresponding anionics with the same alkyl chain length. The solubility of the

alcohol ethoxylates depends both on the alkyl chain length and the number of

ethylene oxide units in the molecule. Molecules with an average alkyl chain length
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