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Preface to 7th Edition

Although mining is a conservative industry, economic drivers continue to encourage innovation and
technological change. In mineral processing, equipment vendors, researchers and the operations them-
selves work to develop technologies that are more efficient, of lower cost and more sustainable than
their predecessors. The results are apparent in new equipment and new operating practice. Any textbook
needs to reflect these changes, and Barry Wills’ classic is no exception.

It is nearly 30 years since Mineral Processing Technology was first published, and it has become the
most widely used English-language textbook of its kind. The sixth edition appeared in 1997 and Barry
and his publishers felt that it was again time to bring the text up to date. They approached the Julius
Kruttschnitt Mineral Research Centre at the University of Queensland to take on the challenging task.
My colleagues and I agreed to do so with some trepidation. The book’s well-deserved reputation and
utility were at stake, and the magnitude of the task was clear. Revising someone else’s text is not an
easy thing to do successfully, and there was a real danger of throwing the baby out with the bath water.

The value of Mineral Processing Technology lies in its clear exposition of the principles and practice
of mineral processing, with examples taken from practice. It has found favour with students of mineral
processing, those trained in other disciplines who have converted to mineral processing, and as a reference
to current equipment and practice. It was important that its appeal to these different communities be
preserved and if possible enhanced. We therefore adopted the following guidelines in revising the book.

The 7th edition is indeed a revision, not a complete re-write. This decision was based on the view
that “if it ain’t broke, don’t fix it”. Each diagram, flowsheet, reference or passage of text was considered
as follows. If it reflected current knowledge and practice, it was left unchanged (or modestly updated
where necessary). If it had been entirely superseded, it was removed unless some useful principle or
piece of history was being illustrated. Where the introduction of new knowledge or practice was thought
to be important to preserve the book’s currency, this was done. As a consequence, some chapters remain
relatively unscathed whereas others have experienced substantial changes.

A particular problem arose with the extensive references to particular machines, concentrators and flow-
sheets. Where the point being illustrated remained valid, these were generally retained in the interest of
minimising changes to the structure of the book. Where they were clearly out of date in a misleading sense
and/or where alternative developments had attained the status of current practice, new material was added.

It is perhaps a measure of Barry Wills’ original achievement that it has taken more than a dozen people
to prepare this latest edition. I would like to acknowledge my gratitude to my colleagues at the JKMRC
and elsewhere, listed below, for subscribing their knowledge, experience and valuable time to this good
cause; doing so has not been easy. Each chapter was handled by a particular individual with expertise in
the topic (several individuals in the case of the larger chapters). I must also thank the editorial staff at
Elsevier, especially Miranda Turner and Helen Eaton, for their support and patience, and Barry Wills for
his encouragement of the enterprise. My job was to contribute some of the chapters, to restrain some of
the more idiosyncratic stylistic extravagancies, and to help make the whole thing happen. To misquote

the great comic genius Spike Milligan: the last time I edited a book I swore I would never do another
one. This is it.

Tim Napier-Munn
December 2005



Contributors

Chapters 1, 4, 9, 11, 14
Chapters 2 and 16
Chapter 3

Chapters 5 and 6
Chapter 7

Chapter 8

Chapters 10, 13 and 15
Chapter 12

Appendix I1I

Prof. Tim Napier-Munn (JKMRC)

Dr Glen Corder (JKTech)

Dr Rob Morrison (JKMRC) and Dr Michael Dunglison (JKTech)
Dr Toni Kojovic (JKMRC)

Dr Frank Shi (JKMRC)

Marko Hilden (JKMRC) and Dean David (GRD Minproc, formerly with
JKTech)

Dr Peter Holtham (JKMRC)

Dr Dan Alexander (JKTech), Dr Emmy Manlapig (JKMRC), Dr Dee
Bradshaw (Dept. Chemical Engineering, University of Cape Town) and
Dr Greg Harbort (JKTech)

Dr Michael Dunglison (JKTech)



Acknowledgements

The author acknowledges with thanks the assistance given by the following companies and publishers in permitting
the reproduction of illustrations from their publications:

Mount Isa Mines Ltd, for Fig. 1.2f.

Palabora Mining Co., for Figs. 1.2g, 12.67, 12.68.

AIMME, New York, for Figs. 1.8, 2.7, 2.8, from Mineral Processing Plant Design (ed. Mular and Bhappu).

Universal Engineering Corp., for Fig. 2.10.

Newell Dunford Engineering Ltd., for Fig. 2.11.

The Galigher Co., for Fig. 3.1.

Wiley Publishing Co., New York, for Figs. 3.2, 9.8, 10.25, from Handbook of Mineral Dressing by A.F. Taggart.

Outokumou Technology Minerals Oy, for Figs. 3.3, 3.7, 3.19, 12.51, 12.52.

Sepor Inc., for Fig. 3.5.

Thermo Electron Corporation, for Figs. 3.8, 4.16.

Gunson’s Sortex Ltd., for Figs. 3.9, 14.1.

George Kent Ltd., for Fig. 3.10.

Kay-Ray Inc., for Fig. 3.11.

JKMRC, The University of Queensland, for Figs. 3.21, 4.15, 6.23, 9.13, 9.25, from “Mineral Comminution Circuits —
Their Operation and Optimisation”; Napier-Munn, Morrell, Morrison, Kojovic (1996).

JKMRC and JKTech Pty Ltd, for Figs. 4.13, 5.5, 6.19, 6.29, 7.24, 7.47, 8.3, 8.6, 9.17, 9.26, 12.15, 12.16, 12.19,
12.40, 12.44, 13.10, 14.3.

Warman International Ltd., for Figs. 4.11, 4.12.

Chapman & Hall Ltd., London, for Figs. 4.14, from Particle Size Measurement by T. Allen.

Armco Autometrics, for Fig. 4.16.

Split Engineering, for Figs. 4.17, 6.33.

CSIRO (Dr. Paul Cleary), for Figs. 5.4, elements of Fig. 5.5, 8.4.

Pegson Ltd., for Figs. 6.6, 7.16, 7.17, 7.18.

Fuller Co., for Fig. 6.7(b).

Rexnord-Nordberg Machinery, for Figs. 6.9, 6.10, 6.12, 6.13, 6.17, 6.18, 8.7.

Faro Technologies, for Fig. 6.15.

Rio Tinto Technical Services, for Fig. 6.16.

Pergamon Press Ltd., for Figs. 6.20, from Chemical Engineering, vol. 2, by J.M. Coulson and J.F. Richardson.

Humboldt Wedag Australia, for elements of Fig. 6.24.

Koeppern Machinery Australia, for elements of Fig. 6.24.

Polysius AG, for elements of Fig. 6.24.

Humboldt-Wedag Ltd., for Figs. 6.26, 7.28, 13.13, 13.14, 13.15, 13.19.

Tidco Croft Ltd., for Figs. 6.27.

GEC Mechanical Handling Ltd., for Fig. 6.30.

Teck Cominco, Highland Valley Copper, for Figs. 6.34, 6.35.

Joy Manufacturing Co. (Denver Equipment Div.), for Figs. 7.4, 7.7, 7.9, 7.12, 10.11, 12.20.

Head Wrightson Ltd., for Figs. 7.5, 7.11, 7.13. '

Newcrest Mining, for Figs. 7.10, 7.22.

Koppers Co. Inc., for Figs. 7.6.

Morgardshammer, for Fig. 7.8.

Allis-Chalmers Ltd., for Fig. 7.15.

NEI International Combustion for Figs. 7.23, 7.33, 7.34.



xii Acknowledgements '

Latchireddi, Dr. Sanjeeva, for Fig. 7.26.

John Wiley and Sons, for Fig. 7.27 from “Handbook of Mineral Dressing”; Taggart (1945).
Mineral Processing Systems Inc., for Fig. 7.29.

Xstrata Technology, for Figs. 7.30, 7.31, 12.39.

Metso Minerals, for Figs. 7.32, 8.5, 8.7, 8.12, 8.15, 8.21.

Schenk Australia, for Figs. 8.8, 8.9.

Omni Crushing and Screening, for Fig. 8.10.

Pennsylvania Crusher, for Fig. 8.14.

Delkor, for Fig. 8.17.

R. O. Stokes & Co. Ltd., for Figs. 9.6, 9.7.

Wemco, G. B, for Figs. 9.9, 9.11, 11.2, 11.3, 11.4, 12.46, 12.48.
Dorr-Oliver, for Figs. 9.10, 15.18, 15.22.

IHC (Holland), for Figs. 10.12, 10.13, 10.14.

Gekko Systems, for Fig. 10.15.

Applied Science Publishers Ltd. (London), for Figs. 10.18, 10.30, 12.17 from Mineral Processing by E.J. Pryor.
Mineral Deposits Ltd., for Figs. 10.21, 13.23, 13.24.

Humphreys Engineering Co., for Figs. 10.22, 10.23.

Wilfley Mining Machinery Co., for Fig. 10.29.

Falcon Concentrators, for Fig. 10.31.

South African Coal Processing Society, Johannesburg, for Fig. 11.5, from Coal Preparation Course.
NCB, for Figs. 11.8.

Minerals Separation Corps., for Figs. 11.10, 11.12.

Dorr-Oliver Eimco, for Figs. 12.51, 12.52.

Boxmag-Rapid Ltd., for Figs. 13.6, 13.10.

Eriez Magnetics, for Figs. 13.7, 13.9, 13.19.

Sala, for Figs. 13.8.

Dings Magnetic Separator Co., for Fig. 13.11.

RTZ Ore Sorters, for Figs. 14.2.

Ultrasort Pty Ltd, for Fig. 14.4.

Envirotech Corp., for Figs. 15.6, 15.7, 15.13.

Clarke Chapman Ltd. (International Combustion Div.), for Figs. 15.14, 15.15.
Rauma-Repola Oy, for Figs. 15.16, 15.17.

Filtres Vernay, for Fig. 15.20.

Krauss-Maffei Ltd., for Fig. 15.23.

Krebs Engineers, for Fig. 16.3.

Acknowledgements are also due to the following for illustrations taken from technical papers:

H. Heywood, for Fig. 4.6, from Symposium on Particle Size Analysis (Inst. of Chem. Eng., 1947).

A.C. Partridge, for Figs. 5.1 and 5.2, from Mine & Quarry, July/Aug. 1978. .

L.R. Plitt, for Fig. 9.15, from Canadian Mining and Metallurgical Bulletin, Dec. 1976.

V.G. Renner and H.E. Cohen, for Fig. 9.16, from Trans. IMM, Sect. C, June 1978.

R.E. Zimmerman, for Figs. 10.16, 10.17, from Mining Congress Journal, March 1981.

R.L. Terry, for Fig. 10.26, from Minerals Processing, July/Aug. 1974.

T. Cienski and V. Coffin, for Fig. 12.38, from Canadian Mining Journal, March 1981.

P. Young, for Figs. 12.39, 12.43, 12.52, 12.53, from Mining Magazine, January 1982.

F. Kitzinger et al., for Fig. 12.62, from Mining Engineering, April 1979.

J.H. Fewings et al., for Fig. 12.64, from Proc. 13th Int. Min. Proc. Cong., Warsaw, 1979.

J.E. Lawyer and D.M. Hopstock, for Fig. 13.17, from Minerals Science Engineering, vol. 6, 1974.

R.W. Shilling and E.R. May, for Fig. 16.7, from Mining Congress Journal, vol. 63, 1977.

C.G. Down and J. Stocks, for Fig. 16.8, from Mining Magazine, July 1977.

Figures 4.1, 4.3 and 4.10 from BS410: 1976 and BS3406 Part 2: 1963, are reproduced by permission of BSI,
2 Park Street, London W1A 2BS, from whom complete copies of the publications can be obtained.



Secretarial assistance

Other acknowledgements

Vynette Holliday and Libby Hill (JKMRC)

Prof. J-P Franzidis (JKMRC) and Evie Franzidis for their work on an
earlier incarnation of this project.

Dr Andrew Thornton and Bob Yench of Mipac for help with aspects
of process control.

The Julius Kruttschnitt Mineral Research Centre, The University of
Queensland, for administrative support. The logos of the University
and the JKMRC are published by permission of The University of
Queensland, the Director, JKMRC.



Contents

Preface to 7th Edition

Contributors

Acknowledgements

1

Introduction

Minerals and ores

Mineral processing methods

Efficiency of mineral processing operations
Concentration :
Economics of tin processing

Economics of copper processing

Economic efficiency

References

Ore handling

Introduction _
The removal of harmful materials
Ore transportation

Ore storage

Feeding

References

Metallurgical accounting, control and simulation
Introduction

Sampling and weighing the ore

Slurry streams

Automatic control in mineral processing

Neural networks

Circuit design and optimisation by computer simulation
Mass balancing methods

Introduction to mass balances on complex circuits
Design of experiments and plant trials

References

Particle size analysis
Introduction

Particle size and shape
Sieve analysis

ix

xi

14
16
20
23
26
28

30
30
30
32
34
36
38

39
39
39
51
55
62
63

a5
86
86

92
90
90
91



vi

10

Contents

Sub-sieve techniques
References

Comminution
Introduction

Principles of comminution
Comminution theory
Grindability

Simulation of comminution processes and circuits

References

Crushers

Introduction

Primary crushers

Secondary crushers
Crushing circuits and control
References

Grinding mills

Introduction

The motion of the charge in a tumbling mill
Tumbling mills

Grinding circuits

References

Industrial screening

Introduction

Performance of screens

Factors affecting screen performance
Screen types

References

Classification
Introduction

Principles of classification
Types of classifier
References

Gravity concentration
Introduction

Principles of gravity concentration
Gravity separators

Jigs

Pinched sluices and cones
Spirals

Shaking tables

Pneumatic tables

Duplex concentrator

Mozley Laboratory Separator
Centrifugal concentrators

9
107

108
108
109
110
111
L2
115

118
118
119
126
139
143

146
146
147
149
170
182

186
186
186
188
191
202

203
203
203
206
223

225
225
225
226
227
233
236
238
241
241
242
242



11

12

13

14

15

Gold ore concentrators
References

Dense medium separation (DMS)
Introduction

The dense medium

Centrifugal separators

DMS circuits

Typical dense medium separations
Laboratory heavy liquid tests
Efficiency of dense medium separation
Construction of partition curves
Organic efficiency

References

Froth flotation

Introduction

Principles of flotation
Classification of minerals
Collectors

Frothers

Regulators

The importance of pH

The importance of pulp potential
The role of bubble generation and froth performance
Entrainment

The engineering of flotation
Electroflotation
Agglomeration-skin flotation
Flotation plant practice
Reagents and conditioning
Control of flotation plants
Typical flotation separations
Flotation of copper ores
Oxidised copper ores
References

Magnetic and electrical separation
Introduction

Magnetic separation

References

Ore sorting

Introduction

Electronic sorting principles
Examples

References

Dewatering
Introduction
Sedimentation

Contents vii

243
244

246
246
247
251
254
255
257
260
261
264
265

267
267
267
269
270
276
277
282
283
285
286
287
315
316
316
319
320
327
327
332
344

353
353
353
372

373
373
373
374
377

378
378
378



viii Contents

Filtration

Drying
References

16 Tailings disposal
Introduction
Methods of disposal of tailings
References

Appendix 1 Metallic ore minerals

Appendix 2 Common non-metallic ores

Appendix 3 Excel spreadsheets for formulae in Chapter 3
Index

390
397
398

400
400
400
407
409
421

428
437



Introduction

Minerals and ores

Minerals

The forms in which metals are found in the crust
of the earth and as sea-bed deposits depend on
their reactivity with their environment, particularly
with oxygen, sulphur, and carbon dioxide. Gold and
platinum metals are found principally in the native
or metallic form. Silver, copper, and mercury are
found native as well as in the form of sulphides,
carbonates, and chlorides. The more reactive metals
are always in compound form, such as the oxides
and sulphides of iron and the oxides and silicates of
aluminium and beryllium. The naturally occurring
compounds are known as minerals, most of which
have been given names according to their composi-
tion (e.g. galena — lead sulphide, PbS; sphalerite —
zinc sulphide, ZnS; cassiterite — tin oxide, Sn0O,).
Minerals by definition are natural inorganic
substances possessing definite chemical compo-
sitions and atomic structures. Some flexibility,
however, is allowed in this definition. Many
minerals exhibit isomorphism, where substitution
of atoms within the crystal structure by similar
atoms takes place without affecting the atomic
structure. The mineral olivine, for example, has
the chemical composition (Mg, Fe), SiO,, but the
ratio of Mg atoms to Fe atoms varies in different
olivines. The total number of Mg and Fe atoms
in all olivines, however, has the same ratio to
that of the Si and O atoms. Minerals can also
exhibit polymorphism, different minerals having
the same chemical composition, but markedly
different physical properties due to a difference in
crystal structure. Thus, the two minerals graphite
and diamond have exactly the same composi-
tion, being composed entirely of carbon atoms,
but have widely different properties due to the
arrangement of the carbon atoms within the crystal

lattice. The term “mineral” is often used in a
much more extended sense to include anything
of economic value which is extracted from the
earth. Thus, coal, chalk, clay, and granite do not
come within the definition of a mineral, although
details of their production are usually included in
national figures for mineral production. Such mate-
rials are, in fact, rocks, which are not homoge-
neous in chemical and physical composition, as
are minerals, but generally consist of a variety
of minerals and form large parts of the earth’s
crust. For instance, granite, which is one of the
most abundant igneous rocks, i.e. a rock formed by
cooling of molten material, or magma, within the
earth’s crust, is composed of three main mineral
constituents, feldspar, quartz, and mica. These
three homogeneous mineral components occur in
varying proportions in different parts of the same
granite mass.

Coals are not minerals in the geological sense,
but a group of bedded rocks formed by the accu-
mulation of vegetable matter. Most coal-seams
were formed over 300 million years ago by
the decomposition of vegetable matter from the
dense tropical forests which covered certain areas
of the earth. During the early formation of the
coal-seams, the rotting vegetation formed thick
beds of peat, an unconsolidated product of the
decomposition of vegetation, found in marshes
and bogs. This later became overlain with shales,
sandstones, mud, and silt, and under the action
of the increasing pressure and temperature and
time, the peat-beds became altered, or metamor-
phosed, to produce the sedimentary rock known
as coal. The degree of alteration is known as
the rank of the coal, the lowest ranks (lignite or
brown coal) showing little alteration, while the
highest rank (anthracite) is almost pure graphite
(carbon).



