BV AR A

" International Materials Frontier Series == -

Extractive
Metallurgy

Mark E. Schlesinger,
Matthew J. King,
Kathryn C. Sole,

Williom G. Davenport

( &58R )

opper (Fifth Edition)

A0

& %K IR

WWW.CSsupress.com.cn




. H MM ¥ ETIEMF International Materials Frontier Series

=

EE5ASFTNERRIE(E3R)

2. MERIENTHRIGNTT A

3. . BENRSYNIEX

4. NRES : PIKREA,
MERIZMMHRAE (FB2hR )

5. MEAESF ($5R )

6. TESSHARIHRE | INTRE.
BRI AR

7. WAEEEES NI, HUWAR.

FFHREFIN A

8. RKiCIZae IR : M=MXK.
LY EFNA

10. MK EE : BIF. RARARMA

Fundamentals of Creep in Metals and Alloys
(Third Edition)

Materials Characterization Using
Nondestructive Evaluation (NDE) Methods

Materials Processing: A Unified Approach to
Processing of Metals, Ceramics and Polymers

Mechanical Alloying: Nanotechnology,
Materials Science and Powder Metallurgy
(Second Edition)

Physical Metallurgy (Fifth Edition)

Advances in Wrought Magnesium Alloys:
Fundamentals of Processing, Properties and
Applications

Nanostructured Metals and Alloys: Processing,
Microstructure, Mechanical Properties
and Applications

Shape Memory Alloy Engineering: For
Aerospace, Structural and Biomedical
Applications

Titanium Powder Metallurgy: Science,
Technology and Applications

HERIT/EE

ISBN 978-7-5487-3006-4

B FEAF AR Y hEAF U
rﬁiﬂi‘.l& J W F &

+|

78754817300
Ebl. 142.0071:

ARy
RS



ESlimy v SEEINE NS

International Materials Frontier Series

Extractive
Metallurgy

Mark E. Schlesinger,
Matthew J. King,
Kathryn C. Sole,
William G. Davenport 2

HIEEXSE (#51%)

Extractive Metallurgy of Copper (Fifth Edition)

5/ ENh

* & k4 Rtk

WWW.Csupress.com.cn




EHERSE (C1 P ) &

HRBUA S : 85 M 30/ (3€) B - ik
¥4 (Mark E. Schlesinger) %53 . ——K¥b: PR
AL, 2017.10

ISBN 978 —7 —5487 —-3006 -4

. IT.%-- M. O —3C V. OTF811

Hh [ RRA e 434 CIP B8 A% 7 (2017 ) 5 242391 5

RBUA S (55 5 ki)

TONG TIQU YEJIN (DI 5 BAN)

Mark E. Schlesinger %53

ORERE LEX
RIEEH Har
OHREIT P ok F dmat

Abak: KW EL &% HR %% . 410083
K 4745 0731 - 88876770 A A 0731 — 88710482
CJEp % bR E SR TR E)
OF & 720x1000 1/16 [JEP3K 30.5 [I=F#f 801 TF
ORR % 2017 4E10 A% 1R (02017 4F 10 A 55 1 YCENA
O# £ ISBN 978 -7 —5487 - 3006 -4
O i 142.00 It

el 45t BB ) R, -5 2 R R



€5 .18 —2017 - 160

Extractive Metallurgy of Copper, Fifth Edition

Mark E. Schlesinger, Matthew J. King, Kathryn C. Sole, William G. Davenport

ISBN: 978008096789 (ISBN of original edition)

Copyright © 2011 by Elsevier Ltd. All rights reserved.

Authorized English language reprint edition published by the Proprietor.

Copyright ©) 2017 by Elsevier (Singapore) Pte Ltd. All rights reserved.

Elsevier ( Singapore) Pte Lid.
3 Killiney Road
#08 — 01 Winsland House I
Singapore 239519
Tel: (65) 6349 —0200
Fax: (65) 6733 - 1817
First Published <2017 >
<2017 > 4EH) I

Printed in China by Central South University Press under special arrangement with
Elsevier ( Singapore) Pte Ltd. This edition is authorized for sale in China only,
excluding Hong Kong SAR, Macao SAR and Taiwan. Unauthorized export of this

¥, edition is a violation of the Copyright Act. Violation of this Law is subject to Civil and
Criminal Penalties.

AFIESCREEIR A Elsevier (Singapore) Pre Ltd. HAX 1 Rg A% i ikt 7e v [
BENIRR K47 o ARAX FRAE R BE N (A48 7 s L RTS8 R AR
o KRGV ZH A, YONEREEAL:, ¥a2 R KON S Hi .

ABEIEMA Elsevier BihFR%:, TThREHE A HHE



NEARE TN

A FEAG T AR AR U Y B A SR St L
Ao E%ARMEPREHSI 2K, 420 EER TR R
VEAR U P S AR 7 S R A L

ABIVESR, FRBI R T BRIz R AR RS R B R
BN A - BALH S U 22 R RS BR P SE HEIR RBOR | B
WAET IR PR S A . BIFE 5 CGRER) I RASE Ry TR
FHENS X e R R PR e AL 4 A A H 40 A 7

ABEHTINFGRE . L TR SEL A G LA R Al
TREIWEH



fEZE " IT

Mark E. Schlesinger {81, 35 [® %75 BEHE K2R S
FAR AL MRS O EEE . 1980 43R 3 I8 HL K2 2 R R
4 TRRE L2400, 1985 4R3I FAB K 2 b0 BB 5 TREAR 157
17,1988 AEF A SR K h R B2 5 TR LA, BECH
Wefth ko B IR B R B R RAT . k2R L E X
i, 2014 4EF4HIT TMS — AIME $5 572 51 2 5t o



The preceding nine years have seen significant changes in the way that copper metal is
produced. The most important change is the continuing high price of copper. It has been
some time since the industry as a whole has enjoyed such success. This has led to an
expansion of the industry, and the list of mines and production facilities is considerably
changed from the previous edition.

Technology changes have occurred as well. The most notable of these include:

e The continuing adoption of high-intensity bath smelting for both primary concentrates
and secondary materials;

e Significant increase in the use of hydrometallurgical processing technology for sulfide
concentrates;

e New technology to mitigate the environmental impact of copper ore mining and
processing.

These changes are reflected in this edition, along with expanded coverage of
byproduct recovery (important when gold prices are US $1400/0z!) and secondary copper
recovery and processing. The continuing search for a replacement for the Peirce—Smith
converter is also featured. The day is getting closer when this venerable device will
belong to the past!

There has also been a change in the group of conspirators behind this book. We
welcome to the group Dr. Kathryn C. Sole from South Africa. Kathy specializes in
hydrometallurgical process development, and the addition of her expertise is important to
three old-fashioned pyrometallurgists. She improves the diversity of the group in more
ways than one!

As with previous efforts, this edition of Extractive Metallurgy of Copper is largely
a product of the copper industry as a whole, since so many engineers and scientists
volunteered their time and expertise (along with photographs and drawings) to make sure
we got it right. Our mentors and assistants included:

e Peter Amelunxen and Roger Amelunxen (Amelunxen Mineral Engineering)

e Mike Bernard (Terra Nova Technologies)

e Elizabeth Bowes, Shingefei Gan, Ursula Mostert, Sandip Naik, Ian Ralston, Bernardo
Soto, and Gabriel Zarate (Anglo American)

e Alistair Burrows (ISASMELT)

e Leszek Byszynski (KGHM)

e Connie Callahan, James Davis III, David Jones, Steve Koski, Michael Lam, John
Quinn, and Cory Stevens (Freeport-McMoRan)

e John Joven S. Chiong (PASAR)

e Felix Conrad (Aurubis AG)

e Frank Crundwell (Crundwell Management Solutions)
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@ Preface

Angus Feather (BASF, formerly Cognis)

Phil Donaldson (Xstrata Technologies)

Jim Finch (McGill University)

Mark Firestein (Bateman-Litwin)

David George-Kennedy, Art Johnston, David Kripner, and Mark Taylor (Rio Tinto)
Tom Gonzalez (Hatch)

J. Brent Hiskey (University of Arizona)

Nicholas Hogan (Incitec Pivot)

Kun Huang (Chinese Academy of Sciences)

John Hugens (Fives North American Combustion)

Cyrus Kets (Moonshine Advertising)

Hannu Laitala, Robert Matusewicz, Lauri Palmu, and Markus Reuter (Outotec Oyj)
Pascal Larouche (Xstrata Copper)

Theo Lehner (Boliden Mineral AB)

Pierre Louis (PEL Consulting)

Guangsheng Luo (Tsinghua University)

Phil Mackey (P.J. Mackey Technology)

Dennis Marschall (Kazakhmys PLC)

Michael Nicol (Murdoch University)

Jan W. Matousek (Chlumsky, Armbrust and Meyer)
Graeme Miller (Miller Metallurgical Services)

Michael Moats (University of Utah)

Tony Moore (MMG Sepon)

Enock Mponda and Charles Shonongo (Konkola Copper Mines)
Keith Mathole and Tlengelani Muhlare (Palabora Mining)
V. Ramachandran (RAM Consultants)

Tim Robinson (Republic Alternative Technologies)

Helge Rosenberg (Haldor Topsge)

Stefan Salzmann (Bamag)

Heguri Shinichi (Sumitomo)

Edwin Slonim (Turbulent Technologies)

Matthew Soderstrom and Owen Tinkler (Cytec Industries)
Gary Spence (Encore Wire)

Nathan Stubina (Barrick)

Ilya Terentiev (Consultant)

Mark Vancas (Bateman Engineering)

Craig van der Merwe (First Quantum Minerals)

Rob West (BHP Billiton)

Yutaka Yasuda (Hibi Kyodo Smelting)

Roe-Hoan Yoon (Virginia Polytechnic Institute)

The fifth edition of Extractive Metallurgy of Copper is dedicated to the memory of

Prof. Akira Yazawa (1926—2010). Professor Yazawa performed pioneering research on
the fundamentals of copper smelting and converting in the 1950s, and continued to make
contributions well into this century. His original work is still referenced in this volume,
and will likely continue to be in editions to come.



@reface to the Fourth EditioD—

This edition contains more-than-ever industrial information, all of it provided generously
by our industrial friends and colleagues. We thank them profusely for their help and
generosity over the years.

The publication we consulted most for this edition was Copper 99/Cobre99 (TMS,
Warrendale, PA [six volumes]). For a near-future update, we direct the reader to Copper
03/Cobre 03 being held in Santiago, Chile, November 30, 2003 (www.cu2003.cl).

As with previous editions, Margaret Davenport read every word of our manuscript.
After 27 years of proofreading, she may well know more than the authors.
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(Preface to the Third Edition)‘

This edition chronicles the changes which have taken place in copper extraction over the
last 20 years. The major changes have been the shrinkage of reverberatory smelting, the
continued growth of flash smelting and the remarkable (and continuing) growth of solvent
extraction/electrowinning. The use of stainless steel cathodes (instead of copper starting
sheets) in electrorefining and electrowinning has also been a significant development.

These industrial growth areas receive considerable attention in this edition as do SO,
collection and sulphuric acid manufacture. SO, capture has continued to grow in
importance — only a few smelters now emit their SO; to the atmosphere.

Several important volumes on copper extraction have appeared recently, namely:
Copper 91/Cobre 91 (Pergamon Press, New York [four volumes]) and Extractive
Metallurgy of Copper, Nickel and Cobolt (TMS, Warrendale, Pennsylvania [two
volumes]). A volume on Converting, Fire-refining and Casting is scheduled to appear in
1994 (TMS) and the proceedings of Cobre95/Copper 95 will appear in 1995. The reader
is directed to these publications for updated information.

We wish to thank our colleagues in the copper industry for their many contributions to
this edition. They have responded to our questions, encouraged us to visit their plants and
engaged us in rigorous debate regarding extraction optimization. We would particularly
like to thank Brian Felske (Felske and Associates), David Jones (Magma Copper
Company) and Eric Partelpoeg (Phelps Dodge Mining Company). Without them this
edition would not have been possible.

The manuscript was prepared and proofed by Patricia Davenport and Margaret
Davenport. Their perseverance, skill and enthusiasm are happily acknowledged.
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@reface to the Second EditioDi

For this edition we have concentrated mainly on bringing the operating data and process
descriptions of the first edition up to date. Typographical errors have been corrected and
several passages have been rewritten to avoid misinterpretation. Since most of the new
data have come directly from operating plants, very few new references have been added.
For collections of recent published information, the reader is directed to the excellent
symposium publications: Extractive Metallurgy of Copper, Volumes I and II, Yanno-
poulos, J. C. and Agarwal, J. C. editors, A.LM.E., New York, 1976, Copper and Nickel
Converters, Johnson, R.E., ALM.E., New York, 1979, and to the reviews of copper
technology and extractive metallurgy published annually in the Journal of Metals
(A.LM.E., New York). Most of the credit for this edition should go to the many industrial
engineers and scientists who almost without exception responded to our requests for new
information on their processes. We would like in particular to single out Jan Matousek of
INCO, Keith Murden of Outokumpu Oy and John Schloen of Canadian Copper Refiners
(now a metallurgical consultant) for their help.

September 1979 A. K. Biswas
W. G. Davenport
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@reface to the First Edition

This book describes the extraction of copper from its ores. The starting point is with
copper ores and minerals and the finishing point is the casting and quality control of
electrical grade copper. Techniques for recovering copper from recycled scrap are also
discussed.

The main objectives of the book are to describe the extractive metallurgy of copper as
it is today and to discuss (qualitatively and quantitatively) the reasons for using each
particular process. Arising from these descriptions and discussions are indications as to
how copper-extraction methods will develop in the future. Control of air and water
pollution is of tremendous importance when considering future developments and these
are discussed in detail for each process. Likewise, the energy demands of each process are
dealt with in detail. Costs are mentioned throughout the text and they are considered in
depth in the final chapter.

The book begins with an introductory synopsis (for the generalist reader) of the major
copper-extraction processes. It then follows copper extraction in a stepwise fashion
beginning with mineral benefication and advancing through roasting, smelting, con-
verting, refining, casting and quality control. Hydrometallurgy and its associated
processes are introduced just before electrorefining so that electrowinning and electro-
refining can be discussed side by side and the final products of each method compared.
The last two chapters are not in sequence — they are devoted to the sulphur pollution
problem and to economics.

As far as possible, the length of each chapter is commensurate with the relative
importance of the process it describes. Blast-furnace copper smelting is, for example,
given a rather brief treatment because it is a dying process while newer techniques such
a continuous copper-making and solvent extraction are given extensive coverage because
they may assume considerable importance in the near future.

A word about units: the book is metric throughout, the only major exception to the
Standard International Unit System being that energy is reported in terms of kilocal-
ories and kilowatt-hours. The principal units of the book are metric tons (always
written tonnes in the text), kilograms and metres. A conversion table is provided in
Appendix 1. A knowledge of thermodynamics is assumed in parts of the book,
particularly with respect to equilibrium constants. For concise information on the
thermodynamic method as applied to metallurgy, the reader is directed to Metallurgical
Thermochemistry by O. Kubaschewski, E. L. Evans and C. B. Alcock, an earlier
volume in this series.

The text of the book is followed by four appendixes which contain units and
conversion factors: stoichiometric data; enthalpy and free energy data; and a summary of
the properties of electrolytic tough pitch copper.

xxiii



Preface to the First Edition

Copper is one of man’s most beautiful and useful materials. It has given us great
satisfaction to describe and discuss the methods by which it is obtained. Both of our
universities have had a long association with the copper industries of our countries, and it
is hoped that, through this book, this association will continue.

A. K. Biswas

University of Queensland

W. G. Davenport
McGill University
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