EDITED BY

CHANDRABHAN VERMA
CHAUDHERY MUSTANSAR HUSSAIN
ENO E. EBENSO

@] r{c7.\, | [et
CORROSION
INHIBITORS

SYNTHESIS, CHARACTERIZATION,
MECHANISM, AND APPLICATIONS

WILEY




Organic Corrosion Inhibitors



Organic Corrosion Inhibitors

Synthesis, Characterization,
Mechanism, and Applications

Edited by

Chandrabhan Verma
King Fahd University of Petroleum and Minerals
Dhahran, Saudi Arabia

Chaudhery Mustansar Hussain
New Jersey Institute of Technology
Newark, NJ, USA

Eno E. Ebenso

University of South Africa
Johannesburg, South Africa

WILEY



This edition first published 2022
© 2022 John Wiley & Sons, Inc.

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted,
in any form or by any means, electronic, mechanical, photocopying, recording or otherwise, except as
permitted by law. Advice on how to obtain permission to reuse material from this title is available

at http://www.wiley.com/go/permissions.

The right of Chandrabhan Verma, Chaudhery Mustansar Hussain, and Eno E. Ebenso to be identified as
author(s) of the editorial material in this work has been asserted in accordance with law.

Registered Office
John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030, USA

Editorial Office
111 River Street, Hoboken, NJ 07030, USA

For details of our global editorial offices, customer services, and more information about Wiley products
visit us at www.wiley.com.

Wiley also publishes its books in a variety of electronic formats and by print-on-demand. Some content that
appears in standard print versions of this book may not be available in other formats.

Limit of Liability/Disclaimer of Warranty

In view of ongoing research, equipment modifications, changes in governmental regulations, and the
constant flow of information relating to the use of experimental reagents, equipment, and devices, the reader
is urged to review and evaluate the information provided in the package insert or instructions for each
chemical, piece of equipment, reagent, or device for, among other things, any changes in the instructions or
indication of usage and for added warnings and precautions. While the publisher and authors have used their
best efforts in preparing this work, they make no representations or warranties with respect to the accuracy
or completeness of the contents of this work and specifically disclaim all warranties, including without
limitation any implied warranties of merchantability or fitness for a particular purpose. No warranty may be
created or extended by sales representatives, written sales materials or promotional statements for this work.
The fact that an organization, website, or product is referred to in this work as a citation and/or potential
source of further information does not mean that the publisher and authors endorse the information or
services the organization, website, or product may provide or recommendations it may make. This work is
sold with the understanding that the publisher is not engaged in rendering professional services. The advice
and strategies contained herein may not be suitable for your situation. You should consult with a specialist
where appropriate. Further, readers should be aware that websites listed in this work may have changed or
disappeared between when this work was written and when it is read. Neither the publisher nor authors
shall be liable for any loss of profit or any other commercial damages, including but not limited to special,
incidental, consequential, or other damages.

Library of Congress Cataloging-in-Publication Data

Names: Verma, Chandrabhan, editor. | Hussain, Chaudhery Mustansar, editor.
| Ebenso, Eno E., editor.

Title: Organic corrosion inhibitors : synthesis, characterization,
mechanism, and applications / edited by Chandrabhan Verma, Chaudhery
Mustansar Hussain, Eno E. Ebenso.

Description: First edition. | Hoboken, NJ : Wiley, 2022. | Includes index.

Identifiers: LCCN 2021031915 (print) | LCCN 2021031916 (ebook) | ISBN
9781119794486 (cloth) | ISBN 9781119794493 (adobe pdf) | ISBN
9781119794509 (epub)

Subjects: LCSH: Corrosion and anti-corrosives. | Corrosion and
anti-corrosives-Environmental aspects.

Classification: LCC TA462 .065 2022 (print) | LCC TA462 (ebook) | DDC
620.1/1223-dc23

LC record available at https://lccn.loc.gov/2021031915

LC ebook record available at https://Iccn.loc.gov/2021031916

Cover Design and Image: Wiley

Set in 9.5/12.5pt STIXTwoText by Straive, Pondicherry, India

10 9 8 7 6 5 4 3 21


http://www.wiley.com/go/permissions
http://www.wiley.com

Contents

Preface xv
About the Editors xvii
List of Contributors xix

Part| Basics of Corrosion and Prevention 1

1 An Overview of Corrosion 3
Marziya Rizvi
1 Introduction 3
1.1 Basics About Corrosion 3
1.2 Economic and Social Aspect of Corrosion 4
1.3 The Corrosion Mechanism 5

1.3.1 Anodic Reaction 6

1.3.2 Cathodic Reactions 7

1.4 Classification of Corrosion 8

1.4.1 Uniform Corrosion 8

1.4.2  Pitting Corrosion 9

1.4.3 Crevice Corrosion 9

1.4.4 Galvanic Corrosion 9

1.4.5  Intergranular Corrosion 10

1.4.6  Stress-Corrosion Cracking (SCC) 10
1.4.7 Filiform Corrosion 10

1.4.8 Erosion Corrosion 10

1.49  Fretting Corrosion 11

1.4.10 Exfoliation 11

1411 Dealloying 11

1.412 Corrosion Fatigue 11

1.5 Common Methods of Corrosion Control 11



vi

Contents

1.5.1
1.5.2
1.5.3
1.54
1.5.5
1.6

1.6.1
1.6.2
1.6.3
1.6.4

2.1
2.2
2.2.1
2.3

3.1
3.2
3.2.1
3.2.2

3.2.21
3.2.2.2
3.2.23

3.2.2.4
3.2.2.5
3.2.2.6
33
331
3311
3.3.1.2
3.3.1.3
3.3.1.4

Materials Selection and Design 12
Coatings 12

Cathodic Protection (CP) 12
Anodic Protection 13

Corrosion Inhibitors 13
Adsorption Type Corrosion Inhibitors 13
Anodic Inhibitors 14

Cathodic Inhibitors 14

Mixed Inhibitors 14

Green Corrosion Inhibitors 15
References 15

Methods of Corrosion Monitoring 19
Sheerin Masroor

Introduction 19

Methods and Discussion 21
Corrosion Monitoring Techniques 21
Conclusion 33

References 33

Computational Methods of Corrosion Monitoring 39

Hassane Lgaz, Abdelkarim Chaouiki, Mustafa R. Al-Hadeethi,
Rachid Salghi, and Han-Seung Lee

Introduction 39

Quantum Chemical (QC) Calculations-Based DFT Method 40
Theoretical Framework 40

Theoretical Application of DFT in Corrosion Inhibition Studies: Design
and Chemical Reactivity Prediction of Inhibitors 42

HOMO and LUMO Electron Densities 43

HOMO and LUMO Energies 43

Electronegativity (1), Chemical Potential (x), Hardness (7),

and Softness (¢) Indices 43

Electron-Donating Power (™) and Electron-Accepting Power (0*) 44
The Fraction of Electrons Transferred (AN) 44

Fukui Indices (FIs) 45

Atomistic Simulations 45

Molecular Dynamics (MD) Simulations 46

Total Energy Minimization 46

Ensemble 47

Force Fields 47

Periodic Boundary Condition 47



3.3.2
333

3.3.3.1
3.3.3.2
3.3.33

4.1

4.2
4.2.1
4.2.1.1
4.2.1.2
4.2.1.3
4.2.1.4
4.2.1.5
4.2.1.6
4.2.1.7
4.2.1.8
4.2.1.9

5.1
5.1.1
51.2
51.21
5.1.2.2
5.1.2.3
51.2.4
5.1.2.5

Contents

Monte Carlo (MC) Simulations 48

Parameters Derived from MD and MC Simulations of Corrosion
Inhibition 48

Interaction and Binding Energies 49

Radial Distribution Function 50

Mean Square Displacement, Diffusion Coefficient, and Fractional Free
Volume 50

Acknowledgments 51

Suggested Reading 51

References 51

Organic and Inorganic Corrosion Inhibitors: A Comparison 59
Goncaglil Serdaroglu and Savas Kaya
Introduction 59

Corrosion Inhibitors 61

Organic Corrosion Inhibitors 61
Azoles 62

Azepines 63

Pyridine and Azines 64

Indoles 65

Quinolines 66

Carboxylic Acid and Biopolymers 67
Inorganic Corrosion Inhibitors 68
Anodic Inhibitors 69

Cathodic Inhibitors 69

References 69

Part Il Heterocyclic and Non-Heterocyclic Corrosion Inhibitors 75

Amines as Corrosion Inhibitors: A Review 77

Chandrabhan Verma, M. A. Quraishi, Eno E. Ebenso,

and Chaudhery Mustansar Hussain

Introduction 77

Corrosion: Basics and Its Inhibition 77

Amines as Corrosion Inhibitors 78

1%, 2% and 3°—Aliphatic Amines as Corrosion Inhibitors 79
Amides and Thio-Amides as Corrosion Inhibitors 81

Schiff Bases as Corrosion Inhibitors 82

Amine-Based Drugs and Dyes as Corrosion Inhibitors 85
Amino Acids and Their Derivatives as Corrosion Inhibitors 88

vii


CASPER
Vurgu


viii

Contents

5.2

6.1
6.1.1
6.2
6.3
6.4
6.5
6.6

7.1
7.1.1
7.1.2
7.1.2.1
7.1.3
7.1.4
7.2

8.1
8.2
8.2.1
8.2.2

8.3

9.1
9.2
9.3
9.4

Conclusion and Outlook 88
Important Websites 89
References 89

Imidazole and Its Derivatives as Corrosion Inhibitors 95
Jeenat Aslam, Ruby Aslam, and Chandrabhan Verma
Introduction 95

Corrosion and Its Economic Impact 95

Corrosion Mechanism 96

Corrosion Inhibitors 97

Corrosion Inhibitors: Imidazole and Its Derivatives 98
Computational Studies 110

Conclusions 113

References 113

Pyridine and Its Derivatives as Corrosion Inhibitors 123
Chandrabhan Verma, M. A. Quraishi, and Chaudhery Mustansar Hussain
Introduction 123

Pyridine and Its Derivatives as Corrosion Inhibitors 124

Literature Survey 125

Substituted Pyridine as Corrosion Inhibitors 125

Pyridine-Based Schiff Bases (SBs) as Corrosion Inhibitors 129
Quinoline-Based Compounds as Corrosion Inhibitors 130
Summary and Outlook 130

References 140

Quinoline and Its Derivatives as Corrosion Inhibitors 149
Chandrabhan Verma and M. A. Quraishi

Introduction 149

Quinoline and Its Derivatives as Corrosion Inhibitors 151
8-Hydroxyquinoline and Its Derivatives as Corrosion Inhibitors 152
Quinoline Derivatives Other Than 8-hydroxyquinoline as Corrosion
Inhibitors 156

Conclusion and Outlook 160

References 161

Indole and Its Derivatives as Corrosion Inhibitors 167

Taiwo W. Quadri, Lukman O. Olasunkanmi, Ekemini D. Akpan,
and Eno E. Ebenso

Introduction 167

Synthesis of Indoles and Its Derivatives 168

A Brief Overview of Corrosion and Corrosion Inhibitors 171
Application of Indoles as Corrosion Inhibitors 172



9.4.1
9.4.2
9.5
9.6
9.7

10

10.1
10.2
10.2.1
10.2.2
10.2.3
10.3

10.3.1
10.3.2
10.3.3
10.3.4
10.3.5
10.3.6
10.3.7
10.4

11

11.1
11.2
11.3
11.4
11.5

12

12.1
12.2

Contents

Indoles as Corrosion Inhibitors of Ferrous Metals 173

Indoles as Corrosion Inhibitors of Nonferrous Metals 192
Corrosion Inhibition Mechanism of Indoles 201

Theoretical Modeling of Indole-Based Chemical Inhibitors 202
Conclusions and Outlook 205

References 207

Environmentally Sustainable Corrosion Inhibitors in Oil and Gas
Industry 221

M. A. Quraishi and Dheeraj Singh Chauhan

Introduction 221

Corrosion in the Oil-Gas Industry 222

An Overview of Corrosion 222

Corrosion of Steel Structures During Acidizing Treatment 223
Limitations of the Existing Oil and Gas Corrosion Inhibitors 223
Review of Literature on Environmentally Sustainable Corrosion
Inhibitors 223

Plant Extracts 223

Environmentally Benign Heterocycles 224

Pharmaceutical Products 226

Amino Acids and Derivatives 228

Macrocyclic Compounds 229

Chemically Modified Biopolymers 229

Chemically Modified Nanomaterials 231

Conclusions and Outlook 233

References 235

Part Ill  Organic Green Corrosion Inhibitors 241

Carbohydrates and Their Derivatives as Corrosion Inhibitors 243
Jiyaul Haque and M. A. Quraishi

Introduction 243

Glucose-Based Inhibitors 244

Chitosan-Based Inhibitors 246

Inhibition Mechanism of Carbohydrate Inhibitor 251
Conclusions 252

References 252

Amino Acids and Their Derivatives as Corrosion Inhibitors 255
Saman Zehra and Mohammad Mobin

Introduction 255

Corrosion Inhibitors 257



X

Contents

12.3
12.4

12.4.1
12.4.2

12.4.3

12.5

12.5.1

12.5.2

12.5.3

12.6
12.6.1
12.6.2
12.6.3
12.6.4
12.7

13

13.1
13.2

13.2.1
13.2.2
13.2.3
13.3

13.3.1
13.3.2
13.3.3
13.4

13.4.1

Why There Is Quest to Explore Green Corrosion Inhibitors? 258
Amino Acids and Their Derived Compounds: A Better Alternate to the
Conventional Toxic Corrosion Inhibitors 261

Amino Acids: A General Introduction 261

A General Mechanistic Aspect of the Applicability of Amino Acids
and Their Derivatives as Corrosion Inhibitors 263

Factors Influencing the Inhibition Ability of Amino Acids and Their
Derivatives 264

Overview of the Applicability of Amino Acid and Their Derivatives
as Corrosion Inhibitors 264

Amino Acids and Their Derivatives as Corrosion Inhibitor for the
Protection of Copper in Different Corrosive Solution 265

Amino Acids and Their Derivatives as Corrosion Inhibitor for the
Protection of Aluminum and Its Alloys in Different Corrosive
Solution 266

For the Protection of Iron and Its Alloys in Different Corrosive
Solution 272

Recent Trends and the Future Considerations 277

Synergistic Combination of Amino Acids with Other Compounds 277
Self-Assembly Monolayers (SAMs) 278

Amino Acid-Based Ionic Liquids 278

Amino Acids as Inhibitors in Smart Functional Coatings 279
Conclusion 280

Acknowledgments 281

References 281

Chemical Medicines as Corrosion Inhibitors 287

Mustafa R. Al-Hadeethi, Hassane Lgaz, Abdelkarim Chaouiki,
Rachid Salghi, and Han-Seung Lee

Introduction 287

Greener Application and Techniques Toward Synthesis

and Development of Corrosion Inhibitors 288

Ultrasound Irradiation-Assisted Synthesis 288
Microwave-Assisted Synthesis 289

Multicomponent Reactions 289

Types of Chemical Medicine-Based Corrosion Inhibitors 291
Drugs 291

Expired Drugs 291

Functionalized Drugs 292

Application of Chemical Medicines in Corrosion Inhibition 292
Drugs 292



13.4.2
13.4.3

14

14.1
14.2
14.3
14.3.1
14.3.2
14.3.3
14.4

15

15.1
15.2
15.2.1
15.2.2
15.3
15.4
15.4.1
15.4.2
15.5

15.6

16

16.1

Expired Drugs 297
Functionalized Drugs 305
Acknowledgments 306
References 306

lonic Liquids as Corrosion Inhibitors 315
Ruby Aslam, Mohammad Mobin, and Jeenat Aslam
Introduction 315

Inhibition of Metal Corrosion 316

ITonic Liquids as Corrosion Inhibitors 317
In Hydrochloric Acid Solution 318

In Sulfuric Acid Solution 322

In NaCl Solution 334

Conclusion and Future Trends 335
Acknowledgment 336

Abbreviations 336

References 337

Oleochemicals as Corrosion Inhibitors 343

F. A. Ansari, Sudheer, Dheeraj Singh Chauhan, and M. A. Quraishi
Introduction 343

Corrosion 344

Definition and Economic Impact 344

Corrosion Inhibitors 344

Significance of Green Corrosion Inhibitors 345

Overview of Oleochemicals 345

Environmental Sustainability of Oleochemicals 345
Production/Recovery of Oleochemicals 346

Literatures on the Utilization of Oleochemicals as Corrosion
Protection 349

Conclusions and Outlook 365

References 366

Part IV  Organic Compounds-Based Nanomaterials
as Corrosion Inhibitors 371

Carbon Nanotubes as Corrosion Inhibitors 373
Yeestdev Dewangan, Amit Kumar Dewangan, Shobha,
and Dakeshwar Kumar Verma

Introduction 373

Contents

Xi



xii

Contents

16.2
16.3
16.3.1
16.3.2
16.4

17

17.1
17.2
17.2.1
17.2.2
17.2.3
17.3
17.4
17.5

17.6
17.7

18

18.1

18.2

18.2.1
18.2.2
18.2.3
18.2.4
18.2.5
18.2.6
18.2.7
18.2.8

Characteristics, Preparation, and Applications of CNTs 374

CNTs as Corrosion Inhibitors 376

CNTs as Corrosion Inhibitors for Ferrous Metal and Alloys 376
CNTs as Corrosion Inhibitors for Nonferrous Metal and Alloys 377
Conclusion 381

Conflict of Interest 381

Acknowledgment 381

Abbreviations 381

References 382

Graphene and Graphene Oxides Layers Application as Corrosion
Inhibitors in Protective Coatings 387

Renhui Zhang, Lei Guo, Zhongyi He, and Xue Yang

Introduction 387

Preparation of Graphene and Graphene Oxides 388

Graphene 388

N-doped Graphene and Its Composites 390

Graphene Oxides 390

Protective Film and Coating Applications of Graphene 390

The Organic Molecules Modified Graphene as Corrosion Inhibitor 398
The Effect of Dispersion of Graphene in Epoxy Coatings on Corrosion
Resistance 399

Challenges of Graphene 404

Conclusions and Future Perspectives 404

References 406

PartV  Organic Polymers as Corrosion Inhibitors 411

Natural Polymers as Corrosion Inhibitors 413
Marziya Rizvi

An Overview of Natural Polymers 413
Mucilage and Gums from Plants 415
Guar Gum 415

Acacia Gum 415

Xanthan Gum 417

Ficus Gum/Fig Gum 417

Daniella oliveri Gum 419

Mucilage from Okra Pods 419

Corn Polysaccharide 419
Mimosa/Mangrove Tannins 420



18.2.9
18.2.10
18.2.11
18.2.12
18.2.13
18.2.13.1
18.2.13.2
18.2.13.3
18.2.13.4
18.2.13.5
18.2.13.6
18.2.14
18.2.15
18.2.16
18.2.17
18.2.18
18.2.19
18.3

19

19.1
19.2
19.3
19.4

20

20.1
20.2
20.3
20.3.1
20.3.2
20.3.3
20.3.4

Contents

Raphia Gum 420

Various Butter-Fruit Tree Gums 420
Astragalus/Tragacanth Gum 421

Plantago Gum 421

Cellulose and Its Modifications 421
Carboxymethyl Cellulose 422

Sodium Carboxymethyl Cellulose 422
Hydroxyethyl Cellulose 422
Hydroxypropyl Cellulose 423
Hydroxypropyl Methyl Cellulose 423

Ethyl Hydroxyethyl Cellulose or EHEC 423
Starch and Its Derivatives 423

Pectin 424

Chitosan 425

Carrageenan 426

Dextrins 427

Alginates 427

The Future and Application of Natural Polymers in Corrosion
Inhibition Studies 429

References 431

Synthetic Polymers as Corrosion Inhibitors 435

Megha Basik and Mohammad Mobin

Introduction 435

General Mechanism of Polymers as Corrosion Inhibitors 437
Corrosion Inhibitors - Synthetic Polymers 437

Conclusion 445

Useful Links 447

References 447

Epoxy Resins and Their Nanocomposites as Anticorrosive
Materials 451

Omar Dagdag, Rajesh Haldhar, Eno E. Ebenso, Chandrabhan Verma,
A. El Harfi, and M. El Gouri

Introduction 451

Characteristic Properties of Epoxy Resins 452

Main Commercial Epoxy Resins and Their Syntheses 453
Bisphenol A Diglycidyl Ether (DGEBA) 453
Cycloaliphatic Epoxy Resins 454

Trifunctional Epoxy Resins 455

Phenol-Novolac Epoxy Resins 456

xiii



Xiv

Contents

20.3.5
20.3.6
20.3.7
20.4

20.5

20.5.1
20.5.2
20.5.3
20.5.4
20.6

Epoxy Resins Containing Fluorine 456

Epoxy Resins Containing Phosphorus 457

Epoxy Resins Containing Silicon 458

Reaction Mechanism of Epoxy/Amine Systems 459
Applications of Epoxy Resins 461

Epoxy Resins as Aqueous Phase Corrosion Inhibitors 461
Epoxy Resins as Coating Phase Corrosion Inhibitors 466
Composites of Epoxy Resins as Corrosion Inhibitors 467
Nanocomposites of Epoxy Resins as Corrosion Inhibitors 468
Conclusion 471

Abbreviations 471

References 472

Index 483



Preface

Corrosion is a highly dangerous phenomenon that causes huge economic and
safety problems. Various methods of corrosion monitoring, including cathodic
protection, panting and coatings, alloying and dealloying (reduction in metal
impurities), surface treatments, and use of corrosion inhibitors have been devel-
oped depending upon the nature of metal and environment. Application of
organic compounds, especially heterocyclic compounds, is one of the most com-
mon, practical, easy, and economic methods of corrosion mitigations. Obviously,
these compounds become effective by adsorbing on the metallic surface using
electron-rich centers including multiple bonds and polar functional groups. These
electron-rich centers act as adsorption sites during their interaction with the
metallic surface. Along with acting as adsorption sites, the polar functional groups
such as -OH (hydroxyl), -NH, (amino), —-OMe (methoxy), ~-COOH (carboxyl),
-NO, (nitro), -CN (nitrile), and so on also enhance solubility of organic com-
pounds in polar electrolytes. Present book describes the collection of major
advancements in using organic compounds as corrosion inhibitors including their
synthesis, characterization, and corrosion inhibition mechanism.

Through this book it can be seen that use of organic compounds serves as one
of the most effective, economic, and ease methods of corrosion monitoring. Using
previously developed methods, 15% (US $375) to 35% (US $875) of cost of corro-
sion can be minimized. Different series of organic compounds, including hetero-
cyclic compounds, are effectively used as corrosion inhibitors for different metals
and alloys in various environments. Because of the increasing ecological aware-
ness and strict environmental regulations, various classes of environmental-
friendly alternatives to the traditional toxic corrosion inhibitors have been
developed and being implemented. These series of compounds mostly include
carbohydrates, natural polymers and amino acids (AAs), and their derivatives.
Corrosion scientists and engineers strongly believe that these environmental-
friendly alternatives will be capable to replace, in the near future, the toxic mar-
ketable products that are still being used via many worldwide industries.
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Preface

A book covering the recent developments on using organic compounds as cor-
rosion inhibitors is broadly overdue. It has been addressed by Drs. Verma, Hussain,
and Ebenso in this book which attends to fundamental characteristics of organic
corrosion inhibitors, their synthesis and characterization, chronological growths,
and their industrial applications. The corrosion inhibition using organic com-
pounds, especially heterocyclic compounds, is broad ranging. This book is divided
into five sections, where each section contains several chapters. Section 1 “Basics
of corrosion and prevention” describes the basic of corrosion, experimental and
computational testing of corrosion, and a comparison between organic and inor-
ganic corrosion inhibitors. Section 2 “Heterocyclic and non-heterocyclic corro-
sion inhibitors” describes the collection of different series of heterocyclic and
non-heterocyclic corrosion inhibitors such as amines, imidazole, quinoline, pyri-
dine, indole, and their derivatives. This section also includes organic compounds
as corrosion inhibitors for oil and gas industries.

Section 3 “Organic green corrosion inhibitors” entirely focuses on green corro-
sion inhibitors. This section describes the corrosion inhibition characteristics of
carbohydrates, amino acids (AAs), oleochemicals, chemical medicines, ionic lig-
uids (ILs), and their derivatives. Section 4 “Organic compounds based nanomate-
rials as corrosion inhibitors” describes the corrosion inhibition properties of
carbon nanotubes (CNTs: SWCNTs and MWCNTSs), graphene oxide (GO), and
their composites. In the end, Section 5 “Organic polymers as corrosion inhibitors”
gives a description on natural and synthetic polymers as corrosion inhibitors.
Overall, this book is written for scholars in academia and industry, working corro-
sion engineering, materials science students, and applied chemistry. The editors
and contributors are well-known researchers, scientists, and true professionals
from academia and industry. On behalf of Wiley, we are very thankful to authors
of all chapters for their amazing and passionate efforts in making of this book.
Special thanks to Prof. M. A. Quraishi, who guided us continuously in drafting of
this book. Special thanks to Michael Leventhal (acquisitions editor) and Katrina
Maceda (managing editor) for their dedicated support and help during this pro-
ject. In the end, all thanks to Wiley for publishing the book.

Chandrabhan Verma, PhD
Chaudhery Mustansar Hussain, PhD
Eno E. Ebenso, PhD
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4.1 Introduction

Corrosion is one of the important challenges in the
contemporary world, especially, after the introduction of
technology into our lives following the industrial revolution,
though it has been known and some techniques used to
prevent it since the ancient Greek period. Furthermore,
following the rapid development of informatics, aviation,
and aerospace technology for the last 70 years, it is very
important to design the materials used according to
suitable environmental conditions, as well as to protect the
materials used and to extend their durability periods. In the
civilizing world, it is not enough to determine the most
effective method, condition, or anticorrosion materials in
order to prevent or delay corrosion, but also it is getting
important that they are less harmful to the environment,
with lower toxicity, and can be obtained from renewable
resources, instead of existing natural resources. In this
context, organic corrosion inhibitor material design has
been very promising in many production areas besides the
classical inorganic corrosion inhibitors.



Metal corrosion is known as metal erosion because of
chemical or mostly electrochemical reactions when a metal
comes into contact with surrounding materials. It is also
known that the natural corrosion process is generally an
electrochemical phenomenon and in this type of corrosion,
it is known that the oxidation process is facilitated by the
presence of an electron acceptor known as a suitable
depolarizer according to the equation M - M"™* + ne~. In
addition, although there are many types of metal corrosion
and classification of them [1], the main types of metal
corrosion [2] can be given as follows:

Uniform (general) corrosion

Galvanic (two-metal) corrosion

Thermogalvanic corrosion

Crevice corrosion (including deposit corrosion)
Pitting corrosion

Selective attack, selective leaching (de-alloying)

Intergranular corrosion (including exfoliation)

© N o Us W=

Erosion corrosion

O

. Cavitation corrosion

10. Fretting corrosion

11. Stress corrosion cracking
12. Corrosion fatigue

In the contemporary world, considering the environmental
and economic damages caused by corrosion, it is very
important to determine the source of corrosion and to take
measures to prevent or at least slow it down: the main
ways to slow down and/or preventing corrosion can be
summarized as follows.



Metal type

Protective coating
Environmental measures
Sacrificial coatings

Corrosion inhibitors
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Design modification

Among these protecting ways, the material selection and
design is the simplest way to control the corrosion but in
cases where there are not always many options for material
selection and micro design, different methods are known to
be applied to prevent or slow down corrosion. However, in
the liquid phase and atmosphere, the corrosion inhibitors
can be often enforced to improve the heat-exchange
efficiencies to reduce the corrosion. In this case, the
electrochemical methods - anodic, cathodic, or both - have
provide a wide profit in terms of the economics and saving
the natural sources [3]. Material scientists have commonly
exploring the usefulness of the alloys in addition to heat
treatment regimes and protective coatings to reduce or
prevent the corrosion [3].

Besides, the surface treatments, which are reactive,
applied, and biofilm coatings in addition to the anodization,
are used to slow down and protect the corrosion. For
instance, the use of painting or enamel protects the
material from corrosion by creating a corrosion-resistant
barrier between the damaging environment and the
structural material. In this case, the use of chemicals that
form an electrically insulating or chemically impervious
coating on exposed metal surfaces to suppress
electrochemical reactions make the system less susceptible
to scrapes or imperfections in the coating because extra
inhibitors can be present wherever the metal is exposed.



Nowadays, organic and inorganic corrosion inhibitors,
whether natural or artificial, are increasingly important.
Because of the great importance of them, in this section,
the organic and inorganic corrosion inhibitors are
presented considering the molecular structures, main
characteristics, and environmental effects.

4.2 Corrosion Inhibitors

Corrosion inhibitors are known to be used in countless
fields of both production and commercial areas such as
pipelines, cooling systems, refinery units, water treatment,
painting, oil refinery units, and so on [4]. A basic
classification of corrosion inhibitors is given in Figure 4.1.

4.2.1 Organic Corrosion Inhibitors

Organic corrosion inhibitors reduce and protect metal or
alloy metal dissolution in aggressive environment by
forming a thin film layer with adsorption process on the
target surface. The adsorption of the compounds on the
target surface can be physical, chemical, or both ways
based on the type and properties of both the organic
compound and target surface in addition to the
environmental conditions of the corrosion happened in [5,
6]. The kinetic and/or thermodynamic searches on
adsorption mechanism of the corrosion inhibition of the
organic compounds have showed that the performance of
the corrosion inhibitor have been mostly related to the
surface coverage of the compounds depending on the
structural properties [7]. It is also well known that
heterocyclic compounds containing N, S, O, and P atoms, as
well as compounds containing -bonds and/or polar group
that will allow electron delocalization, they provide
protection of metals or alloys from corrosion. In the
literature, it has been reported in the experimental studies



that heterocyclic compounds such as azoles, indoles, and
aromatic rings, as well as open-chain organic-based
compounds such as epoxy and polymeric systems [8-10]
can be successfully used against metal and/or alloy
corrosion. In this context, it is important to address the
major groups of organic compounds that provide corrosion
protection and/or retarding properties.

Corrosion inhibitors

\

Inorganic Organic
‘ I
v v
Anodic Cathodic Adsorption
v v
Cyclic Acyclic
A
v v
Aliphatic Aromatic

Figure 4.1 A basic classification of the corrosion
inhibitors.

4.2.1.1 Azoles

Azoles are a class of five-membered aromatic heterocyclic
compounds containing at least one nitrogen atom and have
an aromatic structure. They are named according to the
number of nitrogen atoms in the aromatic ring and their
position. In addition, there are other heteroatom-containing
azo compounds [11-13] such as O and S in their structure,
and the main structures are shown in the Figure 4.2. The
aromatic structures of azo compounds and the heteroatoms
they contain cause an increase in polarity of these



compounds due to electron delocalization in compounds,
which make these compounds very useful materials for
inhibition of corrosion. Srivastava et al. [14] have recently
reported the efficiency of a benzo[d]imidazole derivative
green corrosion inhibitor has a very good inhibition
capability (>98%) on the carbon steel at optimum dosage
conditions and continued the strong inhibition adsorption
(>95%) even at 333 K. The inhibition ability of pyridine
thiazole compound on copper corrosion in acidic medium
has been investigated by a series of experiments
techniques (EIS, SEM, AFM), and shown by the EIS
technique that the maximum inhibition capacity is reached
at 94% at 1 mM concentration [15]. Recently, the inhibition
capabilities of a series of imidazole derivatives on the
corrosion of mild steel in acidic conditions have been
investigated by electrochemical, thermodynamic, and also
computational techniques; one of the most important
results of this investigation is that the imidazole derivatives
provide the anodic protection of mild steel and promote
cathodic hydrogen reactions as well [16]. Besides,
phenanthroimidazole derivatives [17] and bis-
benzothiazoles derivatives [18] have a very high inhibitory
potency for mild steel and showed a mixed type inhibitor
capacity by TAFEL diagrams, but the priority for the
cathode.
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Figure 4.2 The chemical structures of the main azole
compounds.

4.2.1.2 Azepines

Azepines with seven-membered as a subgroup of
heterocyclic organic compounds and their effects are
generally well known in medicinal fields [19] (Figure 4.3).
Potential use of waste drugs as corrosion inhibitors has
received increasing attention in recent years. In 2009,
Arslan et al. suggested that drug molecules with quantum
chemical methods can show inhibitory properties for mild
steel in an acidic environment [20]. It has also been
reported that different groups of heterocyclic compounds
used in many medical fields are promising as



environmentally friendly corrosion inhibitors [21]. For a
series of triazoloazepine derivatives, the corrosion and
protection constants on steel 45 with a concentration of 1
M have been evaluated and suggested that Cl atom
substitutions make the main structure more potent against
corrosion among all substituents (H, F, Cl, I, CH30, and

CH; on different position of the molecule) [22]. In addition,

the inhibitory characteristics of acetonitrile and secondary
amines containing triazoloazepine ring for carbon steel
corrosion in HCI] and hydrogen sulfate have been
investigated and reported that the reciprocal effects of
triazoloazepine and p-tolyl groups in the secondary amines
provide a maximum synergetic effect during inhibition of
steel corrosion in the HCI [23]. In the past, the corrosion
inhibition properties of the carbamazepine unused drug on
steel in different solvent environments have been
examined, and the inhibition efficiency of the
carbamazepine has been determined as 85% [24]. Besides,
carbamazepine has effective role in both anodic processes
and cathodic hydrogen evaluation, and thus the amount of
carbamazepine does not affect the corrosion potency [24].
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Azepine Oxepin Thiepine 1,2-Diazepine 1,4-Thiazepine
H H H
1H-1-Benzazepine Dibenzazepine 10,11-Dihydrodibenz[b.f]azepine
O / S /
Dibenzoxepin Dibenzothiepin

Figure 4.3 The chemical structures of the main azepine
compounds.

4.2.1.3 Pyridine and Azines

Pyridine is a heterocyclic organic compound shown by the
simple structural formula CsHsN and is widely used in

many production areas due to its aromatic structure [25]
(Figure 4.4). The lone pair of the nitrogen atom in the
structure has sp? hybridization but does not contribute to
the aromaticity of the compound as it lies outside the plane
of the ring like sigma bonds and facilitates bond formation
with an external system through an electrophilic attack. On
the other hand, Azines are an organic compound group
with the functional group RR'C = N-N = CRR’, obtained by
the condensation of hydrazine with ketones and aldehydes
[26]. In the past, many papers have been reported on



pyridine and its derivatives and suggested that they have
sufficient potency for inhibition of iron, aluminum, carbon
steel, N80 steel, mild steel, and zinc in different acidic
media [27-34]. Furthermore, Kurmakova and coworkers
[35], with empirical and theoretical support, have
evaluated the effects of quaternary pyridinium,
imidazopyridinium, and imidazoazepinium salts for the
inhibition of biocorrosion of steel; they have suggested that
the observed inhibition capability of the salts have been
largely proportional to both the polarizability and energy
gap values of the salts. In addition, a lot of papers also have
reported that azine derivatives have been potential
corrosion inhibitors for mild steel [36-39], carbon steel
[40], iron [41] and copper [42], an acidic environment. In a
recent study, it has been suggested that the newly
synthesized polybenzoxazine compound is promising as a
highly corrosion-resistant material for mild steel and
similar alloys under different conditions, including marine
conditions [43].
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Figure 4.4 The chemical structures of the main pyridine
and azine compounds.

N N
H H

Indole Indoline

Figure 4.5 The chemical structures of the main indole
compounds.

4.2.1.4 Indoles



Indoles having a formula C8H7N has a bicyclic structure,
consisting of a six-membered benzene ring fused to a five-
membered pyrrole ring, which provides the usefulness in
many production and manufacturing sectors, as well as in
the medicinal importance of them [44, 45] (Figure 4.5). In
the past, the inhibition capabilities of the indole-based
melatonin compound at 30 and 60 °C with a concentration
of 10 mM on the steel surface have been determined [46] as
98.3 and 88.6%.In addition, the corrosion efficiencies of 12-
(2,3-dioxoindolin-1-yl)-N, N, N-trimethyldodecan-1-
ammonium bromide [47] and 1-(2-hydroxyethyl)-2-
imidazolidinone [48] compounds on mild steel have been
determined as 95.9% (in 1 M HCI) at 298 K and 85.4% (in
0.5 M HCI) at 293 K, respectively. In addition, the inhibition
efficiency of 4-((1H-indol-3-yl) methyl) phenol (IMP) and 4-
(di (1H-indol-3-yl) methyl) phenol compounds to protect
copper corrosion at 2 mM concentration has been
determined [49] to be 99.3 and 97.5%, respectively. In
another study, the inhibition potency of new synthesized
3,3-((4-(methylthio)phenyl)methylene)bis(1H-indole)
compound on copper corrosion has been examined; it has
been suggested to have a good corrosion inhibition
capability based on the electrochemical techniques; the
adsorption process of the compound on copper surface has
been contributed by both physisorption and chemisorption
[20].

4.2.1.5 Quinolines

Quinoline is a compound with the formula COH7N, usually
soluble in organic solvents. Although it has little application
area with its simple form, its derivatives have a wide range
of applications in the literature, which from basic sciences
to industrial engineering [51-56] (Figure 4.6). Besides,
quinoline derivatives containing highly polarizable groups
such as -OH, -OMe, -NH,, and so on in addition to having



with both nitrogen atom and m-electronic system, it
facilitates interaction with the metal surface, making this
group of compounds very important among anticorrosive
materials, especially in green corrosion inhibitors [57].
Recently, the anticorrosive behavior or corrosion inhibition
potency of “oxoquinolinecarbohydrazide N-phosphonate”
[58], “8-hydroxyquinoline” [59-61], “N,N’-((ethane-1,2-
diylbis(azanediyl))bis(ethane-2,1-diyl))bis(quinoline-2-
carboxamide)” [62], “5-{[(4-dimethylamino-benzylidene)-
amino]-methyl}-quinolin-8-0l” [63] derivatives on mild steel
in acidic medium has been extensively studied. In a recent
work, the inhibition capability of quinoline derivative “5-
benzyl-8-propoxyquinoline” [64] on Q235 steel in sulfuric
acid medium has been determined as 97.7%, and it was
shown that the inhibition efficiency has quite high even at
high concentrations and temperatures. Furthermore, in
another comprehensive study on mild steel in 15% HCI
solution, the authors have found that the inhibition
potential of quinoline derivative “dibenzylamine-quinoline”
[65] has reached its highest value at 363 K with 95.4%,
which is quite sufficient to corrosion inhibitor of oil and gas
acidification. Mohammadloo and coworkers have
investigated the possible usage of “8- hydroxyquinoline”
[66] in smart coating applications and have suggested that
intelligent corrosion detection can be achieved using 8-HQ
as corrosion indicator and inhibitor, based on results
obtained from fluorescence microscope.
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Figure 4.6 The chemical structures of the main quinoline
compounds.

4.2.1.6 Carboxylic Acid and Biopolymers

As known well, composites and conductive polymers are
adsorbed by metal surfaces, suppress the dissolution
process, and provide the formation of a protective film for
corrosion. In this context, the advantage of polymers and
composites over other protective coatings such as paint is
that they are environmentally friendly since they do not
contain toxic substances [67-70]. In this context, Ates and
Ozyillmaz [68] obtained polycarbazole,
polycarbazole/nanoclay, and polycarbazole/Zn-
nanoparticles film layers by chemical and electrochemical
techniques and investigated the corrosion inhibition
properties of them on SS304 in saltwater. In their study,
they determined that the protection efficiency of the film
layers polymerized chemically (PE: 99.81% for PCz, 99.46%
for PCz/nanoclay and 99.35%, PCz/Zn-nanoparticle) has



been greater than the values obtained by electrochemical
methods (PE: 70.68% for PCz, 65.97% for PCz/nanoclay,
66.28%forPCz/Zn-nanoparticle) [68]. Recently,
carbohydrates and derivatives, containing the polar groups
such as OH, -NH,, and -COCH3, which facilitate their

solubility in electrolyte, have been greatly investigated to
use as environmentally friendly corrosion inhibitors for
metal and alloys [71]. Vazguez et al. have investigated eight
carbohydrates (three commercially obtained and five
synthesized) for corrosion inhibition of API 5L X70 steel in
acidic medium: the corrosion process is mixed type
according to the thermodynamic analysis results and the
best inhibition potential has been determined as 87% (for
synthesized Methyl-4,6-O0-Benzylidene-a-D-glucopyranose)
at 50 ppm [72]. Also, chitosan as a linear
aminopolysaccharide is a copolymer of D-glucosamine and
N-acetyl-D-glucosamine and is obtained by deacetylation of
chitin. Due to the abundance of -OH and -NH?2 polar
groups in the chitosan structure, they are easy to be
adsorbed by the metal surface and are reported to be a
good corrosion inhibitor [72-75]. In addition, among green
corrosion inhibition research, plant extracts “multi-
phytoconstituents from dioscoreaseptemloba” [76] on
carbon steel in acidic solution and seven natural polymers
for AZ31 Mg-alloy [77] in the saline media have been also
explored. Polymeric corrosion inhibitors with recently
reported environmentally friendly inhibition properties are
given in Figure 4.7.
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Figure 4.7 The chemical structures of the green corrosion
inhibitors.

From Refs. [78-82].

4.2.1.7 Inorganic Corrosion Inhibitors

In addition to organic corrosion inhibitors, inorganic
molecules and inorganic salts are also considered as
inhibitor in the prevention of corrosion of metal surfaces.
Many inorganic complexes, ions, and salts were
successfully used against the corrosion of metal surfaces in
different corrosive environments [83-85]. Inorganic
corrosion inhibitors prevent the corrosion via reaction of
anodic and cathodic parts of the system. On the other hand,
organic corrosion inhibitors prevent the corrosion process
adsorbing on metal surfaces. The most widely used
inorganic corrosion inhibitors are the salts of zinc, copper,



nickel, arsenic, and additional metals. It should be noted
that arsenic compounds are widely considered compared to
others. The mentioned arsenic compounds scrape at the
cathode cell of metal surfaces when they are mixed in the
corrosive medium. It is important to note that the plating
decreases the percentage of hydrogen ion interchange. The
reason of this situation is the formation of iron sulfide. The
reaction between iron sulfide and acid is known as a
dynamical process. In the literature, some advantages and
disadvantages regarding the using of inorganic corrosion
inhibitors are reported. The advantages of them are that
they can be used for a long time at high temperatures.
Additionally, compared to organic corrosion inhibitors, they
are cheaper. As disadvantage, it can be noted that they lose
speedily their abilities to connect in the acid solutions that
are stronger than 17% hydrochloric acid [86]. Inorganic
corrosion inhibitors are classified as anodic and cathodic
inhibitors.

4.2.1.8 Anodic Inhibitors

Anodic inhibitors are also known as passivation inhibitors.
They cause a reducing anodic reaction. Namely, they
support the metal surfaces blocking the anode reaction. In
addition, they form a film adsorbed on metal surface.
Usually, these inhibitors form the mentioned cohesive and
insoluble film reacting with corrosion product initially
formed. The corrosion inhibitors and the corrosion
potentials of the metals studied affect the anodic reaction
[87]. As a result of the reaction with the metal ions (M"+)
on anode of corrosion inhibitors, insoluble and
impermeable metallic ions hydroxide films occur. If
concentrations of inhibitor molecules reach to sufficient
height, the cathodic current density becomes higher than
the critical anodic current density. Consequently, the metal
is passivated. In anodic inhibitors, it is quite important that



concentrations of inhibitor molecules should be high in the
solution considered. If concentration of inhibitor is low, the
film formed cannot cover the entire metal surface. This
situation causes a localized corrosion [2]. Nitrates,
molybdates, sodium chromates, phosphates, hydroxides,
and silicates are the examples of anodic corrosion
inhibitors.

4.2.1.9 Cathodic Inhibitors

In the course of corrosion process, the cathodic corrosion
inhibitors prevent the occurrence of the cathodic reaction
of the metal surfaces. These mentioned inhibitors having
some metal ions form insoluble compounds that precipitate
in cathodic sites. Here, a compact and adherent film
restricting the diffusion of reducible species in these areas
settles down on metal surface. The oxygen diffusion and
electrons conductive in these areas provide that these
inhibitors have a high cathodic inhibition. Magnesium, zinc,
and nickel ions can be given as example for cathodic
inhibitors because they form the insoluble hydroxides as
(Mg(OH),, Zn(OH),, Ni(OH), reacting with the hydroxide
ions of water. The formed insoluble hydroxides are
deposited on the cathodic sites of the metal surfaces to
protect them. As other examples of cathodic inhibitors, the
oxides and salts of antimony, arsenic, and bismuth, which
are deposited on the cathode region in acid solutions, can
be presented. It is well-known that these inhibitors
minimize the release of hydrogen ions [88]. In the current
literature, many studies regarding the performances
against the corrosion of metal surfaces of inorganic
corrosion inhibitors are available [84,89-91].
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