DEsCx1PTIVE INORGANIC
CHEMISTRY

JAMES E. HOUSE AND KATHLEEN A. HOUSE
Third Edition




Descriptive Inorganic Chemistry

Third Edition

James E. House
Professor Emeritus, Illinois State University, Normal, Illinois

Kathleen A. House

[llinois Wesleyan University, Bloomington, lllinois

AMSTERDAM e BOSTON @ HEIDELBERG © LONDON e NEW YORK ® OXFORD ® PARIS
SAN DIEGO e SAN FRANCISCO e SINGAPORE @ SYDNEY e TOKYO

Academic Press is an imprint of Elsevier



Academic Press is an imprint of Elsevier

125 London Wall, London EC2Y 5AS, UK

525 B Street, Suite 1800, San Diego, CA 92101-4495, USA

225 Wyman Street, Waltham, MA 02451, USA

The Boulevard, Langford Lane, Kidlington, Oxford OX5 1GB, UK

Copyright © 2016 Elsevier Inc. All rights reserved.

No part of this publication may be reproduced or transmitted in any form or by any means, electronic or mechanical, including
photocopying, recording, or any information storage and retrieval system, without permission in writing from the publisher.
Details on how to seek permission, further information about the Publisher’s permissions policies and our arrangements

with organizations such as the Copyright Clearance Center and the Copyright Licensing Agency, can be found at our website:
www.elsevier.com/permissions.

This book and the individual contributions contained in it are protected under copyright by the Publisher (other than as may be
noted herein).

Notices
Knowledge and best practice in this field are constantly changing. As new research and experience broaden our understanding,
changes in research methods, professional practices, or medical treatment may become necessary.

Practitioners and researchers must always rely on their own experience and knowledge in evaluating and using any information,
methods, compounds, or experiments described herein. In using such information or methods they should be mindful of their
own safety and the safety of others, including parties for whom they have a professional responsibility.

To the fullest extent of the law, neither the Publisher nor the authors, contributors, or editors, assume any liability for any injury
and/or damage to persons or property as a matter of products liability, negligence or otherwise, or from any use or operation of
any methods, products, instructions, or ideas contained in the material herein.

ISBN: 978-0-12-804697-5

Library of Congress Cataloging-in-Publication Data
A catalogue record for this book is available from the Library of Congress

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

For information on all Academic Press publications
visit our Web site at www.elsevierdirect.com

g Working together
E to grow libraries in

asvix | Pock e developing countries

\‘\'\\'\\'.\‘[\C\ 'i(‘l‘.C()lH * WWW, h()()l\ﬂlikl.()l'g



Descriptive Inorganic Chemistry




o, 75 22 58 #EPDFIE U7 IR) . www. ertongbook. com



Preface to the Third Edition

The present edition of Descriptive Inorganic Chemistry is based on the objectives that were described in the preface of the
second edition. Early chapters provide a tool kit for understanding the structures and reactions that are so important in
inorganic chemistry. Of necessity, a brief introduction is provided to the language and approaches of quantum mechanics.
In order to provide a more logical separation of topics, Chapter 2 provides essential information on the structure and
properties of atoms, and Chapter 3 presents the basic ideas of covalent bonding and symmetry. Following the discussion of
structures of solids, emphasis is placed on molecular polarity and the importance of intermolecular interactions, which
provide a basis for understanding physical properties of inorganic substances.

In succeeding chapters, the chemistry of elements is presented in an order based on the periodic table. In these chapters,
material has been added in numerous places in order to present new information that is relevant and/or timely. Several of
the newly presented topics deal with environmental issues. We believe that the result is a more balanced and significant
coverage of the field.

In order to show the importance of inorganic chemistry to the entire field of chemistry, we have added Chapter 23,
which presents a potpourri of topics that range from uses of iron compounds in treating anemia in oak trees to the use of
auranofin, cisplatin, and chloroquine in medicine. The emphasis is placed on the essential factors related to structure and
bonding from the standpoint of the inorganic constituents rather on biological functions. The latter are factors best left to
courses in biology and biochemistry.

To provide a more appealing book, virtually all illustrations presented in the first two editions have been reconstructed.
It must be emphasized that, though we are not graphic artists, we have produced all illustrations. If some of the results
look somewhat amateurish, it is because this book is author illustrated rather than professionally illustrated. However, we
believe that the illustrations are appropriate and convey the essential information.

It is our opinion that this book meets the objectives of including about as much inorganic chemistry as most students
would assimilate in a one-semester course, that the material chosen is appropriate, and that the presentation is lucid and
accurate. It is to be hoped that users of this book will agree. Perhaps Dr. Youmans said it best in 1854:

Every experienced teacher understands the necessity of making the acquisition of the elementary and foundation principles upon

which a science rests, the first business of study. If these are thoroughly mastered, subsequent progress is easy and certain.
Edward L. Youmans, Chemical Atlas; or the Chemistry of Familiar Objects, D. Appleton & Co., New York, 1854.

April 29, 2015 James E. House
Bloomington, IL Kathleen A. House

xi






Contents

Preface to the Third Edition

1. Where It All Comes From

1.1.
1.2.
1.3.
1.4
1.5.
1.6.
1.7.

The Structure of the Earth
Composition of the Earth’s Crust
Rocks and Minerals

Weathering

Obtaining Metals

Some Metals Today

Nonmetallic Inorganic

Minerals

References for Further Reading
Problems

2. Atomic Structure and Properties

2.1.

2,2,

Atomic Structure

2.1.1. Quantum Numbers
2.1.2. Hydrogen-Like Orbitals
Properties of Atoms

2.2.1. Electron Configurations
2.2.2. lonization Energy

2.2.3. Electron Affinity

2.2.4. Electronegativity
References for Further Reading
Problems

3. Covalent Bonding and Molecular
Structure

3.1.

Molecular Structure

3.1.1. Molecular Orbitals

3.1.2. Orbital Overlap

3.1.3. Polar Molecules

3.1.4. Geometry of Molecules Having
Single Bonds

3.1.5. Valence Shell Electron Pair
Repulsion (VSEPR)

3.1.6. Some Subtle Influences
on Bonds

3.1.7. Bond Angles and Inversion

Xi

o AW W =

[Nl N |

11
11
13
14
15
17
18
19
21
21

23

23
23
26
28

29

32

33
34

3.2. Symmetry

3.3. Resonance
References for Further Reading
Problems

. lonic Bonding, Crystals, and

Intermolecular Forces

4.1. lonic Bonds
4.1.1. Energetics of the lonic Bond
4.1.2. Radius Ratio Effects
4.1.3. Crystal Structures
4.2. Intermolecular Interactions
4.2.1. Dipole—Dipole
Forces
4.2.2. Dipole-Induced Dipole
Forces
4.2.3. London Dispersion Forces
4.2.4. Hydrogen Bonding
4.2.5. Solubility Parameters
References for Further Reading
Problems

. Reactions and Energy

Relationships

5.1. Thermodynamic Considerations
5.1.1. The Boltzmann Distribution
Law
5.1.2. Reactions and AG°®
5.1.3. Relationship between AG
and T
5.1.4. Bond Enthalpies
5.2. Combination Reactions
5.3. Decomposition Reactions
5.4. Redox Reactions
5.5. Hydrolysis Reactions
5.6. Replacement Reactions
5.7. Metathesis
5.8. Neutralization Reactions
References for Further Reading
Problems

35
41
45
45

47

47
47
50
53
56

57

57
58
58
62
64
65

67
67

67
70

72
73
75
77
78
79
79
80
82
83
83



vi

6. Acids, Bases, and Nonaqueous
Solvents

6.1.

Acid—Base Chemistry

6.1.1. Factors Affecting Acid Strength

6.1.2. Factors Affecting Base Strength

6.1.3. Acids and Bases from Oxides

6.1.4. Molten Salt Protonic Acids

6.1.5. Lewis Theory

6.1.6. HSAB Principle

6.1.7. Applications of the Hard—Soft
Interaction Principle

6.2. Nonaqueous Solvents
6.2.1. The Solvent Concept
6.2.2. The Coordination Model
6.2.3. Liquid Ammonia
6.2.4. Reactions in Liquid Ammonia
6.2.5. Liquid HF
6.2.6. Liquid Sulfur Dioxide
6.3. Superacids
References for Further Reading
Problems
7. Hydrogen
7.1. Elemental and Positive
Hydrogen
7.2. Occurrence and Properties
7.3. Hydrides
7.3.1. lonic Hydrides
7.3.2. Interstitial Hydrides
7.3.3. Covalent Hydrides
References for Further Reading
Problems
8. The Group IA and IIA Metals
8.1. General Characteristics
8.2. Oxides and Hydroxides
8.3. Halides
8.4. Sulfides
8.5. Nitrides and Phosphides
8.6. Carbides, Cyanides, Cyanamides, and
Amides
8.7. Carbonates, Nitrates, Sulfates, and
Phosphates
8.8. Organic Derivatives
8.9. Zintl Compounds
References for Further Reading
Problems
9. Boron
9.1. Elemental Boron
9.2. Bonding in Boron Compounds

87

87
89
91
91
92
93
95

97

99

99
101
102
102
105
106
107
108
108

111

111
114
115
115
117
117
120
120

123

123
127
129
130
130

131

132
132
134
135
136

139

139
140

9.3.

Boron Compounds

9.3.1. Borides

9.3.2. Boron Halides

9.3.3. Boron Hydrides

9.3.4. Boron Nitrides

9.3.5. Polyhedral Boranes
References for Further Reading
Problems

10. Aluminum, Gallium, Indium, and

11.

12,

Thallium

10.1. The Elements

10.2. Oxides

10.3. Hydrides

10.4. Halides

10.5. Other Compounds

10.6. Organometallic Compounds
References for Further Reading
Problems

Carbon

11.1. The Element
11.1.1. Graphite
11.1.2. Graphene
11.1.3. Diamond
11.1.4. Fullerenes

11.2. Industrial Uses of Carbon
11.2.1. Advanced Composites
11.2.2. Manufactured Carbon
11.2.3. Chemical Uses of Carbon

11.3. Carbon Compounds

11.3.1. lonic Carbides

11.3.2. Covalent Carbides
11.3.3. Interstitial Carbides
11.3.4. Oxides of Carbon
11.3.5. Carbon Halides

11.3.6. Carbon Nitrides

11.3.7. Carbon Sulfides
References for Further Reading
Problems

Silicon, Germanium, Tin, and

Lead

12.1. The Elements

12.2. Hydrides of the Group IVA
Elements

12.3. Oxides of the Group IVA Elements
12.3.1. The +2 Oxides
12.3.2. The +4 Oxides
12.3.3. Glass

12.4. Silicates

12.5. Zeolites

Contents

141
141
141
142
144
146
149
150

151

151
153
155
156
157
158
161
161

163

163
163
164
165
165
166
166
167
167
168
168
169
169
169
173
173
174
175
175

177
177

179
180
180
181
182
184
187



Contents

13.

14.

12.6.

12.7.
12.8.

Halides of the Group IV Elements
12.6.1. The +2 Halides

12.6.2. The +4 Halides

Organic Compounds
Miscellaneous Compounds
References for Further Reading
Problems

Nitrogen

13.1.
13.2.
13.3.
13.4.

13.5.

13.6.

13.7.

13.8.

Elemental Nitrogen

Nitrides

Ammonia and Aquo Compounds

Hydrogen Compounds

13.4.1. Ammonia

13.4.2. Hydrazine, NaH4

13.4.3. Diimine, NaHj

13.4.4. Hydrogen Azide, HN;

Nitrogen Halides

13.5.1. NX3 Compounds

13.5.2. Difluorodiazine, N;F;

13.5.3. Oxyhalides

Nitrogen Oxides

13.6.1. Nitrous Oxide, N,O

13.6.2. Nitric Oxide, NO

13.6.3. Dinitrogen Trioxide, N,O3

13.6.4. Nitrogen Dioxide, NO; and
N204

13.6.5. Dinitrogen Pentoxide, N,Os

Oxyacids

13.7.1. Hyponitrous Acid, HoN20»

13.7.2. Nitrous Acid, HNO;

13.7.3. Nitric Acid, HNO3

Nitrogen in the Environment

13.8.1. Nitrogen Fixation

13.8.2. Nitrification

13.8.3. Denitrification

13.8.4. Human Influences in the
Nitrogen Cycle

References for Further Reading

Problems

Phosphorus, Arsenic,
Antimony, and Bismuth

14.1.
14.2.

14.3.
14.4.

14.5.

Occurrence

Preparation and Properties of the
Elements

Hydrides

Oxides

14.4.1. The +3 Oxides

14.4.2. The +5 Oxides

Sulfides

189
190
191
191
193
195
195

197

197
198
198
199
199
201
202
202
203
203
204
204
205
205
206
207

207
208
209
209
209
210
212
212
212
212

212
213
213

215
215

215
216
217
218
218
219

14.6.

14.7.

14.8.

14.9.

Halides

14.6.1. Halides of the Type E2X4

14.6.2. Trihalides

14.6.3. Pentahalides and
Oxyhalides

Phosphazine (Phosphonitrilic)

Compounds

Acids and Their Salts

14,8.1. Phosphorous Acid and
Phosphites

14.8.2. Phosphoric Acids and
Phosphates

Phosphorus in the Environment

14.9.1. Phosphorus in Soaps and
Detergents

14.9.2. Fertilizer Production

References for Further Reading

Problems

15. Oxygen

15.1.
15.2.
15.3.
15.4.

15.5.

Elemental Oxygen, Oy

Ozone, O3

Preparation of Oxygen

Binary Compounds of Oxygen
15.4.1. lonic (Metallic) Oxides
15.4.2. Covalent Oxides
15.4.3. Amphoteric Oxides
15.4.4. Peroxides and Superoxides
Positive Oxygen

References for Further Reading
Problems

16. Sulfur, Selenium, and Tellurium

16.1.
16.2.

16.3.
16.4.
16.5.

16.6.
16.7.

16.8.
16.9.
16.10.

Occurrence of Sulfur
Occurrence of Selenium and
Tellurium

Elemental Sulfur

Elemental Selenium and Tellurium
Reactions of Elemental
Selenium and Tellurium
Hydrogen Compounds

Oxides of Sulfur, Selenium, and
Tellurium

16.7.1. Dioxides

16.7.2. Trioxides

Halogen Compounds

Nitrogen Compounds
Oxyhalides of Sulfur and
Selenium

16.10.1. Oxidation State +4
16.10.2. Oxidation State +6

vii

220
220
220

222

225
226

227

228
231

231
231
233
233

235

235
236
237
238
238
239
240
241
242
243
243

245
245

246
247
248

249
250

251
251
252
253
256

257
258
259



viii

16.11.

16.12.

Oxyacids of Sulfur, Selenium,

and Tellurium

16.11.1. Sulfurous Acid and Sulfites
16.11.2. Dithionous Acid and
Dithionites

Dithionic Acid and
Dithionates
Peroxydisulfuric Acid and
Peroxydisulfates
Oxyacids of Selenium and
Tellurium

Sulfuric Acid

16.12.1. Preparation of Sulfuric
Acid

Physical Properties of
Sulfuric Acid

Chemical Properties of
Sulfuric Acid

16.12.4. Uses of Sulfuric Acid
References for Further Reading
Problems

16.11.3.

16.11.4.

16.11.5.

16.12.2.

16.12.3.

17. Halogens

17.1.
17.2.
17.3.

17.4.

17.5.

17.6.

177

Occurrence

The Elements

Interhalogens

17.3.1. Type XX

17.3.2. Type XX}

17.3.3. Type XX

17.3.4. Type XX}

17.3.5. Structures

17.3.6. Chemical Properties
Polyatomic Cations

and Anions

17.4.1. Polyatomic Halogen Cations
17.4.2. Interhalogen Cations
17.4.3. Polyatomic Halogen Anions
Hydrogen Halides

17.5.1. Physical Properties

17.5.2. Preparation

Oxides
17.6.1.
17.6.2.
17.6.3.
17.6.4.
17.6.5.

Oxygen Fluorides
Chlorine Oxides
Bromine Oxides

lodine Oxides
Oxyfluorides of the
Heavier Halogens
Oxyacids and Oxyanions

17.7.1. Hypohalous Acids and
Hypohalites

Halous Acids and Halites
17.7.3. Halic Acids and Halates
17.7.4. Perhalic Acids and Perhalates
References for Further Reading
Problems

17.7.2,

260
261

261

262

263

263
264

264

264

265
266
267
267

269

269
269
271
271
272
273
273
273
274

275
275
275
276
277
277
278
278
279
279
280
281

281
282

282
282
283
283
284
285

Contents

18. The Noble Gases

19.

20.

18.1.
18.2.
18.3.

18.4.

The Elements

The Xenon Fluorides

Reactions of Xenon

Fluorides

Oxyfluorides and Oxides
References for Further Reading
Problems

The Transition Metals

19.1.

19.2.
19.3.
19.4.
19.5.
19.6.

The Metals

19.1.1. Structures of Metals
19.1.2. Alloys

Oxides

Sulfides

Halides and Oxyhalides
Miscellaneous Compounds
The Lanthanides

References for Further Reading
Problems

Structure and Bonding in
Coordination Compounds

20.1.
20.2.
20.3.

20.4.

20.5.

20.6.
20.7.

20.8.
20.9.

Types of Ligands and Complexes

Naming Coordination Compounds

Isomerism '

20.3.1. Geometrical Isomerism

20.3.2. Optical Isomerism

20.3.3. Linkage Isomerism

20.3.4. lonization Isomerism

20.3.5. Coordination Isomerism

20.3.6. Polymerization Isomerism

20.3.7. Hydrate Isomerism

Factors Affecting the Stability of

Complexes

20.4.1. The Nature of the Acid—Base
Interaction

20.4.2. The Chelate Effect

20.4.3. Ring Size and Structure

A Valence Bond Approach to Bonding

in Complexes

Back Donation

Ligand Field Theory

20.7.1. Octahedral Fields

20.7.2. Tetrahedral, Tetragonal, and

Square Planar Fields

Factors Affecting A

Ligand Field Stabilization

Energy

Jahn—Teller Distortion

Complexes Having Metal—Metal

Bonds

References for Further Reading

Problems

20.7.3
20.7.4.

287

287
289

290
292
294
294

297

297
297
303
305
309
309
311
312
314
314

317

317
319
321
321
323
323
324
324
325
325

325

325
326
327

329
333
335
335

336
338

339
341

342
344
344



Contents

21. Synthesis and Reactions of
Coordination Compounds

22.

21.1.

21.2.

21.3.

21.4.

21.5.

Synthesis of Coordination

Compounds

21.1.1. Reaction of a Metal Salt with a
Ligand

21.1.2. Ligand Replacement
Reactions

21.1.3. Reaction of Two Metal
Compounds

21.1.4. Oxidation—Reduction
Reactions

21.1.5. Partial Decomposition

21.1.6. Size and Solubility
Relationships

21.1.7. Reactions of Metal Salts with
Amine Salts

A Survey of Reaction Types

21.2.1. Ligand Substitution

21.2.2. Oxidative Addition (Oxad)
Reactions

21.2.3. Insertion Reactions

21.2.4. Group Transfer Reactions

21.2.5. Electron Transfer Reactions

A Closer Look at Substitution

Reactions

Substitution in Square Planar

Complexes

21.4.1. Mechanisms

21.4.2. The Trans Effect

21.4.3. Causes of the Trans Effect

Substitution in Octahedral

Complexes

21.5.1. Classification Based on Rates

21.5.2. The Effect of LFSE on Rate of
Substitution

21.5.3. The SNy1CB
Mechanism

References for Further Reading

Problems

Organometallic Compounds

22.1.

22.2.

22.3.
22.4.

22.5.

Structure and Bonding in Metal

Alkyls

Preparation of Organometallic

Compounds

Reactions of Metal Alkyls

Cyclopentadienyl Complexes

(Metallocenes)

Metal Carbonyl Complexes

22.5.1. Binary Metal Carbonyls

22.5.2. Structures of Metal Carbonyls

22.5.3. Preparation of Metal
Carbonyls

347

347

347

348

348

349
349

349

350
350
351

351
353
353
354

356
358
358
360
362

364
364

364

366

368
368

371

371

374
376

378
380
380
381

384

22.5.4, Reactions of Metal Carbonyls
22.6. Metal—Olefin Complexes
22.6.1. Structure and Bonding
22.6.2. Preparation of Metal—Olefin
Complexes
22.7. Complexes of Benzene and Related
Aromatics
References for Further Reading
Problems

23. Inorganic Substances in
Biochemical Applications

23.1. Therapeutic Aspects of Inorganic
Substances
23.1.1. Metal Compounds in
Treatment of Poison lvy
23.1.2. Iron Deficiency in Trees
23.1.3. Fluorides
23.1.4. Titanium Dioxide
23.1.5. Zinc Oxide
23.1.6. Hydroxyurea
23.1.7. Arsenic Compounds
23.1.8. Cisplatin and Other Platinum
Complexes
23.1.9. Auranofin
23.1.10. Anticancer Compounds
Containing First-Row Metals
23.1.11. Ruthenium Compounds in
Cancer Treatment
23.1.12. Metal Compounds in
Treatment of Malaria
23.2. Biochemical Aspects of Energy
Changes
23.2.1. Production of Energy by ATP
23.2.2. Photosynthesis
23.3. Oxygen Transport
23.3.1. Hemoglobin
23.3.2. Metal lons in Superoxide
Dismutase
23.3.3. Zinc in Carbonic
Anhydrase
References for Further Reading
Problems

Appendix A. Ground State Electron
Configurations of Atoms

Appendix B. lonization Energies

Index

384
387
387

389
390

391
391

395

395

395
397
397
397
398
398
398

399
399

400
401
401
401
402
403
404
404
406
406

408
408

411

415

419






Chapter 1

Where It All Comes From

Since the earliest times, man has sought for better materials to use in fabricating objects that were needed. Early man
satisfied many requirements by gathering plants for food and fiber, and wood was used for making early tools and shelter.
Stone and native metals, especially copper, were also used to make tools and weapons. The ages of man in history are
generally identified by the materials that represented the dominant technology employed to fabricate useful objects. The
approximate time periods corresponding to these epochs are designated as follows.

gral M
1200 BC

The biblical Old Testament period overlaps with the Copper, Bronze, and Iron Ages, so it is natural that these metals are
mentioned frequently in the Bible and in other ancient manuscripts. For example, iron is mentioned about 100 times in
the Old Testament, copper 8 times, and bronze more than 150 times. Other metals that were easily obtained (tin and
lead) are also described numerous times. In fact, production of metals has been a significant factor in technology
and chemistry for many centuries. Processes that are crude by modern standards were used many centuries ago to pro-
duce the desired metals and other materials, but the source of raw materials was the same then as it is now. In this
chapter, we will present an overview of inorganic chemistry to show its importance in history and to relate it to modern

industry.

1.1 THE STRUCTURE OF THE EARTH

There are approximately 16 million known chemical compounds, the vast majority of which are not found in nature.
Although many of the known compounds are of little use or importance, some of them would be very difficult or almost
impossible to live without. Try to visualize living in a world without concrete, synthetic fibers, fertilizer, steel, soap, glass,
or plastics. None of these materials is found in nature in the form in which it is used, and yet they are all produced from
naturally occurring raw materials. All of the items listed above and an enormous number of others are created by chemical
processes. But created from what?

It has been stated that chemistry is the study of matter and its transformations. One of the major objectives of this book
is to provide information on how the basic raw materials from the earth are transformed to produce inorganic compounds
that are used on an enormous scale. It focuses attention on the transformations of a relatively few inorganic compounds
available in nature into many others whether they are at present economically important or not. As you study this book, try
to see the connection between obtaining a mineral by mining and the reactions that are used to convert it into end use
products. Obviously, this book cannot provide the details for all such processes, but it does attempt to give an overview of
inorganic chemistry and its methods and to show its relevance to the production of useful materials. Petroleum and coal are
the major raw materials for organic compounds, but the transformation of these materials is not the subject of this book.

As it has been for all time, the earth is the source of all of the raw materials used in the production of chemical
substances. The portion of the earth that is accessible for obtaining raw materials is that portion at the surface and slightly
above and below the surface. This portion of the earth is referred to in geologic terms as the earth’s crust. For thousands of
years, man has exploited this region to gather stone, wood, water, and plants. In more modern times, many other chemical
raw materials have been taken from the earth and metals have been removed on a huge scale. Although the techniques have
changed, we are still limited in access to the resources of the atmosphere, water, and at most, a few miles of depth in the
earth. It is the materials found in these regions of the earth that must serve as the starting materials for all of our chemical
processes.

Because we are at present limited to the resources of the earth, it is important to understand the main features of its
structure. Our knowledge of the structure of the earth has been developed by modern geoscience, and the gross features
shown in Figure 1.1 are now generally accepted. The distances shown are approximate, and they vary somewhat from one
geographical area to another.

Descriptive Inorganic Chemistry. http://dx.doi.org/10.1016/B978-0-12-804697-5.00001-4
Copyright © 2016 Elsevier Inc. All rights reserved.



2 Descriptive Inorganic Chemistry

Lithosphere

Hydrosphere and
atmosphere
(fluid)

FIGURE 1.1 A cross section of the earth.

The region known as the upper mantle extends from the surface of the earth to a depth of approximately 660 km
(400 mi). The lower mantle extends from a depth of about 660 km to about 3000 km (1800 mi). These layers consist of
many substances, including some compounds that contain metals, but rocks composed of silicates are the dominant
materials. The upper mantle is sometimes subdivided into the lithosphere, extending to a depth of approximately 100 km
(60 mi), and the asthenosphere, extending from approximately 100 km to about 220 km (140 mi). The solid portion of the
earth’s crust is regarded as the lithosphere, and the hydrosphere and atmosphere are the liquid and gaseous regions,
respectively. In the asthenosphere, the temperature and pressure are higher than in the lithosphere. As a result, it is
generally believed that the asthenosphere is partially molten and softer than the lithosphere lying above it.

The core lies farther below the mantle, and two regions constitute the earth’s core. The outer core extends from about
3000 km (1800 mi) to about 5000 km (3100 mi), and it consists primarily of molten iron. The inner core extends from
about 5000 km to the center of the earth about 6500 km (4000 mi) below the surface, and it consists primarily of solid
iron. It is generally believed that both core regions contain iron mixed with other metals, but iron is the major
component.

The velocity of seismic waves shows unusual behavior in the region between the lower mantle and the outer core. The
region where this occurs is at a much higher temperature than is the lower mantle, but it is cooler than the core. Therefore,
the region has a large temperature gradient, and its chemistry is believed to be different from that of either the core or
mantle. Chemical substances that are likely to be present include metallic oxides such as magnesium oxide and iron oxide,
as well as silicon dioxide which is present as a form of quartz known as stishovite that is stable at high pressure. This is a
region of very high pressure with estimates being as high as perhaps a million times that of the atmosphere. Under the
conditions of high temperature and pressure, metal oxides react with SiO, to form compounds such as MgSiO3 and
FeSiO3. Materials that are described by the formula (Mg,Fe)SiO3 (where (Mg,Fe) indicates a material having a compo-
sition intermediate between the formulas above) are also produced.

1.2 COMPOSITION OF THE EARTH’S CRUST

Most of the elements shown in the periodic table are found in the earth’s crust. A few have been produced artificially, but
the rocks, minerals, atmosphere, lakes, and oceans have been the source of the majority of known elements. The abundance
by mass of several elements that are major constituents in the earth’s crust is shown in Table 1.1.
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TABLE 1.1 Abundances of Elements by Mass

Element (0] Si Al Fe Ca Na K Mg H All Others
Percent 49.5 25.7 75 4.7 3.4 2.6 24 1.9 0.9 1.4

Elements such as chlorine, lead, copper, and sulfur occur in very small percentages, and although they are of great
importance, they are relatively minor constituents. We must remember that there is a great difference between a material
being present, and it being recoverable in a way that is economically practical. For instance, baseball-size nodules rich in
manganese, iron, copper, nickel, and cobalt are found in large quantities on the ocean floor at a depth of 5—6 km. In
addition, throughout the millennia, gold has been washed out of the earth and transported as minute particles to the oceans.
However, it is important to understand that although the oceans are believed to contain vast quantities of metals including
billions of tons of gold, there is at present no feasible way to recover these metals. Fortunately, compounds of some of the
important elements are found in concentrated form in specific localities, and as a result they are readily accessible. It may
be surprising to learn that even coal and petroleum that are used in enormous quantities are relatively minor constituents of
the lithosphere. These complex mixtures of organic compounds are present to such a small extent that carbon is not among
the most abundant elements. However, petroleum and coal are found concentrated in certain regions so they can be ob-
tained by economically acceptable means. It would be quite different if all the coal and petroleum were distributed uni-
formly throughout the earth’s crust.

1.3 ROCKS AND MINERALS

The chemical resources of early man were limited to the metals and compounds on the earth’s surface. A few metals,
e.g., coppet, silver, and gold, were found uncombined (native) in nature so they have been available for many centuries. It
is believed that the iron first used may have been found as uncombined iron that had reached the earth in the form of
meteorites. In contrast, elements such as fluorine and sodium are produced by electrochemical reactions, and they have
been available a much shorter time.

Most metals are found in the form of naturally occurring chemical compounds called minerals. An ore is a material that
contains a sufficiently high concentration of a mineral to constitute an economically feasible source from which the metal
can be recovered. Rocks are composed of solid materials that are found in the earth’s crust, and they usually contain
mixtures of minerals in varying proportions. Three categories are used to describe rocks based on their origin. Rocks that
were formed by the solidification of a molten mass are called igneous rocks. Common examples of this type include
granite, feldspar, and quartz. Sedimentary rocks are those which formed from compacting of small grains that have been
deposited as a sediment in a river bed or sea, and they include such common materials as sandstone, limestone, and
dolomite. Rocks that have had their composition and structure changed over time by the influences of temperature and
pressure are called metamorphic rocks. Some common examples are marble, slate, and gneiss. '

The lithosphere consists primarily of rocks and minerals. Some of the important classes of metal compounds found in
the lithosphere are oxides, sulfides, silicates, phosphates, and carbonates. The atmosphere surrounding the earth contains
oxygen so several metals such as iron, aluminum, tin, magnesium, and chromium are found in nature as the oxides. Sulfur
is found in many places in the earth’s crust (particularly in regions where there is volcanic activity) so some metals are
found combined with sulfur as metal sulfides. Metals found as sulfides include copper, silver, nickel, mercury, zinc, and
lead. A few metals, especially sodium, potassium, and magnesium, are found as the chlorides. Several carbonates and
phosphates occur in the lithosphere, and calcium carbonate and calcium phosphate are particularly important minerals.

1.4 WEATHERING

Conditions on the inside of a rock may be considerably different from those at the surface. Carbon dioxide can be produced
by the decay of organic matter, and an acid—base reaction between CO; and metal oxides produces metal carbonates.
Typical reactions of this type are the following.

Ca0 + CO,; — CaCO; (1.1)
CuO + CO; — CuCOs (1.2)
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Moreover, because the carbonate ion can react as a base, it can remove H" from water to produce hydroxide ions and
bicarbonate ions by the following reaction.

CO;* +H,0 — HCO;™ + OH" (1.3)

Therefore, as an oxide mineral “weathers,” reactions of CO, and water at the surface lead to the formation of carbonates
and bicarbonates. The presence of OH ™ can eventually cause part of the mineral to be converted to a metal hydroxide.
Because of the basicity of the oxide ion, most metal oxides react with water to produce hydroxides. An important example
of such a reaction is

Ca0O + H,O — Ca(OH); (1.4)

As a result of reactions such as these, a metal oxide may be converted by processes in nature to a metal carbonate or a
metal hydroxide. A type of compound closely related to carbonates and hydroxides is known as a basic metal carbonate,
and these materials contain both carbonate (CO3>") and hydroxide (OH™) ions. A well-known material of this type is
CuCOj3-Cu(OH); or CuyCO3(OH); that is the copper-containing mineral known as malachite. Another mineral containing
copper is azurite that has the formula 2 CuCOj3-Cu(OH); or Cu3(CO3)2(OH); so it is quite similar to malachite. Azurite
and malachite are frequently found together because both are secondary minerals produced by weathering processes. In
both cases, the metal oxide, CuO, has been converted to a mixed carbonate/hydroxide compound. This example serves to
illustrate how metals are sometimes found in compounds having unusual but closely related formulas. It also shows why
ores of metals frequently contain two or more minerals containing the same metal.

Among the most common minerals are the feldspars and clays. These materials have been used for centuries in the
manufacture of pottery, china, brick, cement, and other materials. Feldspars include the mineral orthoclase,
K,0-Al,03-6 SiO,, but this formula can also be written as K;Al,SigO¢. Under the influence of carbon dioxide and water,
this mineral weathers by a reaction that can be shown as

K»A1Si6016 + 3 HyO + 2 CO, — Al3Si07:2 H>0 + 2 KHCO3 + 4 SiO; (1.5)

The product, Al,Si,07-2 H,0, is known as kaolinite and it is one of the aluminosilicates that constitutes clays used in
making pottery and china. This example also shows how one mineral can be converted into another by the natural process
of weathering.

1.5 OBTAINING METALS

Because of their superior properties, metals have received a great deal of attention since the earliest times. Their immense
importance now as well as throughout history indicates that we should describe briefly the processes involved in the
production and use of metals. The first metal to be used extensively was copper because of its being found uncombined, but
most metals are found combined with other elements in minerals. Minerals are naturally occurring compounds or mixtures
of compounds that contain chemical elements. As we have mentioned, a mineral may contain some desired metal, but it
may not be available in sufficient quantity and purity to serve as a useful source of the metal. A commercially usable
source of a desired metal is known as an ore.

Most ores are obtained by mining. In some cases, ores are found on or near the surface making it possible for them to be
obtained easily. In order to exploit an ore as a useful source of a metal, a large quantity of the ore is usually required. Two
of the procedures still used today to obtain ores have been used for centuries. One of these methods is known as open-pit
mining, and in this technique the ore is recovered by digging in the earth’s surface. A second type of mining is shaft mining
in which a shaft is dug into the earth to gain access to the ore below the surface. Coal and the ores of many metals are
obtained by both of these methods. In some parts of the country, huge pits can be seen where the ores of copper and iron
have been removed in enormous amounts. In other areas, the evidence of strip mining coal is clearly visible. Of course, the
massive effects of shaft mining are much less visible.

Although mechanization makes mining possible on an enormous scale today, mining has been important for millennia.
We know from ancient writings such as the Bible that mining and refining of metals have been carried for thousands of
years (for example, see Job Chapter 28). Different types of ores are found at different depths, so both open-pit and shaft
mining are still in common use. Coal is mined by both open-pit (strip mining) and shaft methods. Copper is mined by the
open-pit method in Arizona, Utah, and Nevada, and iron is obtained in this way in Minnesota.

After the metal-bearing ore is obtained, the problem is to obtain the metal from the ore. Frequently, an ore may
not have a high enough content of the mineral containing the metal to use it directly. The ore usually contains



