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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)

o 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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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 EditiorD—

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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@reface 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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@eface to the Second Editio@—

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.LLM.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 I. 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



CChapter 1 Di

Overview

1.1. INTRODUCTION

Copper is most commonly present in the earth’s crust as copper—iron—sulfide and copper
sulfide minerals, such as chalcopyrite (CuFeS;) and chalcocite (Cu;S). The concentration
of these minerals in an ore body is low. Typical copper ores contain from 0.5% Cu (open
pit mines, Fig. 1.1) to 1 or 2% Cu (underground mines). Pure copper metal is mostly
produced from these ores by concentration, smelting, and refining (Fig. 1.2).

Copper also occurs to a lesser extent in oxidized minerals (carbonates, oxides,
hydroxy-silicates, sulfates). Copper metal is usually produced from these minerals by
leaching, solvent extraction, and electrowinning (Fig. 1.3). These processes are also used
to treat chalcocite (Cu,S).

A third major source of copper is scrap copper and copper alloys. Production of
copper from recycled used objects is 10 or 15% of mine production. In addition, there is
considerable re-melting/re-refining of scrap generated during fabrication and manufac-
ture. Total copper production in 2010 (mined and from end-of-use scrap) was ~20 million
tonnes.

FIGURE 1.1 Open pit Cu mine. Note the new blast holes, top right, and blasted ore to the left of them. The
shovel is placing blasted ore in the truck from where it will go to processing. The water truck is suppressing
dust. The front end loader is cleaning up around the shovel. The shovel is electric. Its power wire mostly lies on
the surface except over the wire bridge under which all vehicles travel to and from the shovel. (Photo courtesy
of Freeport-McMoRan Copper & Gold Inc.).

Extractive Metallurgy of Copper. DOI: 10.1016/B978-0-08-096789-9.10001-0
Copyright © 2011 Elsevier Ltd. All rights reserved. 1
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FIGURE 1.2 Main processes for extracting copper from sulfide ores. Parallel lines indicate alternative
processes. “Principally Mitsubishi and Vanyukov smelting.

This chapter introduces the principal processes by which copper is extracted from ore
and scrap. It also indicates the relative industrial importance of each.

1.2. EXTRACTING COPPER FROM COPPER—IRON—SULFIDE ORES

About 80% of the world’s copper-from-ore originates in Cu—Fe—S ores. Cu—Fe—S
minerals are not easily dissolved by aqueous solutions, so the vast majority of copper
extraction from these minerals is pyrometallurgical. The extraction entails:
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FIGURE 1.3 Flowsheet for leaching oxide and Cu,S ores. The dissolved Cu is recovered by solvent
extraction purification/strengthening then electrowinning. Leaching accounts for ~20% of primary (from ore)
copper production.

(a) Isolating the Cu—Fe—S and Cu—S mineral particles in an ore to a concentrate by
froth flotation

(b) Smelting this concentrate to molten high-Cu sulfide matte

(c) Converting (oxidizing) this molten matte to impure molten copper

(d) Fire- and electrorefining this impure copper to ultra-pure copper.
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FIGURE 1.4 Schematic view of flotation cell. Reagents cause Cu—Fe sulfide and Cu sulfide minerals in the
ore to attach to rising air bubbles, which are then collected in a short-lived froth. This froth is de-watered to
become concentrate. The un-floated waste passes through several cells before being discarded as a final tailing.
Many types and sizes (up to 300 m®) of cell are used.

1.2.1. Concentration by Froth Flotation (Chapters 3 and 4)

The copper ores being mined in 2010 are too lean in copper (0.5—2% Cu) to be smelted
directly. Heating and melting their huge quantity of waste rock would require prohibitive
amounts of hydrocarbon fuel. Fortunately, the Cu—Fe—S and Cu—S minerals in an ore
can be isolated by physical means into high-Cu concentrate, which can then be smelted
economically.

The most effective method of isolating the Cu minerals is froth flotation. This process
causes the Cu minerals to become selectively attached to air bubbles rising through
a slurry of finely ground ore in water (Fig. 1.4). Selectivity of flotation is created by using
reagents, which make Cu minerals water repellent while leaving waste minerals wetted.
In turn, this water repellency causes Cu minerals to float on rising bubbles while the other
minerals remain un-floated. The floated Cu-mineral particles overflow the flotation cell in
a froth to become concentrate containing ~30% Cu.

Flotation is preceded by crushing and grinding the mined Cu ore into small (~50 pm)

particles. Its use has led to adoption of smelting processes which efficiently smelt finely
ground material.

1.2.2. Matte Smelting (Chapters 5, 6, and 9)

Matte smelting oxidizes and melts flotation concentrate in a large, hot (1250 °C) furnace
(Figs. 1.2 and 1.5). The objective of the smelting is to oxidize S and Fe from the
Cu—Fe—S concentrate to produce a Cu-enriched molten sulfide phase (matte). The
oxidant is almost always oxygen-enriched air.

Example reactions are:

30 °C 1220 °C
2CuFeS, (s) + 3.250,(g) — Cu,S — 0.5FeS(l) + 1.5FeO(s) +2.550,(g)  (I.1)

in oxygen enriched air molten matte
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FIGURE 1.5 Outokumpu oxygen-enriched air flash furnace. Flash furnaces are typically 20 m long and 7 m
wide. They smelt 1000—3000 tonnes of concentrate per day.

1220 °C 30 °C 1250 °C
2FeO(s) + SiOx(s) — FeSiO4 (1) (1.2)

in quartz flux molten slag

Simultaneously, the gangue minerals in the concentrate dissolve in the molten slag.
Reactions (1.1) and (1.2) are both exothermic — they supply considerable heat for the
smelting process.

The products of smelting are (a) molten sulfide matte (45—75% Cu) containing most
of the copper in the concentrate, and (b) molten oxide slag with as little Cu as possible.
The molten matte is subsequently converted (oxidized) in a converting furnace to form
impure molten copper. The slag is treated for Cu recovery, then discarded or sold
(Chapter 11).

SO;-bearing offgas (10—60% SO,) is also generated. SO, is harmful to the flora and
fauna so it must be removed before the offgas is released to the atmosphere. This is
almost always done by capturing the SO, as sulfuric acid (Chapter 14).

An important objective of matte smelting is to produce a slag which contains as little Cu
as possible. This is done by (a) including SiO; flux in the furnace charge to promote mat-
te—slag immiscibility, and (b) keeping the furnace hot so that the slag is molten and fluid.

Matte smelting is most often done in flash furnaces (Fig. 1.5). It is also done in top
lance and submerged tuyere furnaces (Chapters 7 and 9). Three smelters also smelt
concentrate directly to molten copper (Chapter 10).

1.2.3. Converting (Chapters 8 and 9)

Copper converting is an oxidation of the molten matte from smelting with air or oxygen-
enriched air. It removes Fe and S from the matte to produce crude (99% Cu) molten
copper. This copper is then sent to fire- and electrorefining. Converting is mostly carried
out in cylindrical Peirce—Smith converters (Fig. 1.6).

Liquid matte (1220 °C) is transferred from the smelting furnace in large ladles and
poured into the converter through a large central mouth (Fig. 1.6b). The oxidizing blast is
then started and the converter is rotated, forcing air into the matte through a line of
tuyeres along the length of the vessel. The heat generated in the converter by Fe and S
oxidation is sufficient to make the process autothermal.
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FIGURE 1.6 a. Peirce—Smith converter for producing molten ‘blister’ copper from molten Cu—Fe—S matte,
typical production rate 200—600 tonnes of copper per day. Oxygen-enriched air or air ‘blast’ is blown into the
matte through submerged tuyeres. Silica flux is added through the converter mouth or by air gun through an
endwall. Offgas is collected by means of a hood above the converter mouth. (After Boldt & Queneau, 1967
courtesy Vale). b. Positions of Peirce—Smith converter for charging, blowing, and skimming
(Boldt & Queneau, 1967 courtesy Vale). SO, offgas escapes the system unless the hooding is tight. A converter
is typically 4 or 4.5 m diameter.

The converting takes place in two sequential stages:

(a) The FeS elimination or slag forming stage:

1220 °C 30 °C 30 °C 1200 °C
2FeS(I) + 30,(g) + SiOy(s) — FepSiO4(l) + 280,(g) + heat  (1.3)
in molten matte in blast in quartz flux molten slag in offgas
(b) The copper forming stage:
1200 °C 30°C 1200 °C 1200 °C
CusS(l) + O2(g) — 2Cu(l) + SO2(g) + heat (1.4)
liquid matte in blast in impure molten copper in offgas

Coppermaking (b) occurs only after the matte contains less than about 1% Fe, so that
most of the Fe can be removed from the converter (as slag) before copper production
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begins. Likewise, significant oxidation of copper does not occur until the sulfur content of
the copper falls below ~0.02%. Blowing is terminated near this sulfur end point. The
resulting molten blister copper (1200 °C) is sent to refining.

Because conditions in the converter are strongly oxidizing and agitated, converter slag
inevitably contains 4—8% Cu. This Cu is recovered by settling or froth flotation. The slag
is then discarded or sold (Chapters 11 and 21).

SO,, 8—12 vol.-% in the converter offgas, is a byproduct of both converting reactions.
It is combined with smelting furnace gas and captured as sulfuric acid. There is, however,
some leakage of SO, into the atmosphere during charging and pouring (Fig. 1.6b). This
problem is encouraging development of continuous converting processes (Chapters 8
and 9).

1.2.4. Direct-to-Copper Smelting (Chapter 10)

Smelting and converting are separate steps in oxidizing Cu—Fe—S concentrates to
metallic copper. It would seem natural that these two steps should be combined to
produce copper directly in one furnace. It would also seem natural that this should be
done continuously rather than by batch-wise Peirce—Smith converting.

In 2010, copper is made in a single furnace at only three places — Olympic Dam,
Australia; Glogow, Poland; and Chingola, Zambia — all using a flash furnace. The
strongly oxidizing conditions in a direct-to-copper furnace produce a slag with 14—24%
oxidized Cu. The expense of reducing this Cu back to metallic copper has so far restricted
the process to low-Fe concentrates, which produce little slag.

Continuous smelting/converting, even in more than one furnace, has energy, SO,
collection, and cost advantages. Mitsubishi lance, Outokumpu flash, and Noranda
submerged tuyere smelting/converting all use this approach (Chapters 7—9).

1.2.5. Fire Refining and Electrorefining of Blister Copper
(Chapters 13 and 14)

The copper from the above processing is electrochemically refined to high-purity cathode
copper. This final copper contains less than 20 ppm undesirable impurities. It is suitable
for electrical and almost all other uses.

Electrorefining requires strong, flat thin anodes to interleave with cathodes in
a refining cell (Fig. 1.6). These anodes are produced by removing S and O from molten
blister copper, and casting the resulting fire-refined copper in open, anode shape molds
(occasionally in a continuous strip caster).

Copper electrorefining entails (a) electrochemically dissolving copper from impure
anodes into CuSO4—H;S04—H,0 electrolyte, and (b) electrochemically plating pure
copper (without the anode impurities) from the electrolyte onto stainless steel (occa-
sionally copper) cathodes.

Copper is deposited on the cathodes for 7—14 days. The cathodes are then removed
from the cell. Their copper is stripped, washed, and (a) sold or (b) melted and cast into
useful products (Chapter 20).

The electrolyte is an aqueous solution of HSO4 (150—200 kg/m3) and CuSQOy4
(40—50 kg Cu/m?>). It also contains impurities and trace amounts of chlorine and organic
addition agents.
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Many anode impurities are insoluble in this electrolyte (Au, Pb, Pt metals, Sn). They
do not interfere with the electrorefining. They are collected as solid slimes and treated for
Cu and byproduct recovery (Chapter 21).

Other impurities such as As, Bi, Fe, Ni and Sb are partially or fully soluble. Fortu-
nately, they do not plate with the copper at the low voltage of the electrorefining cell
(~0.3 V). They must, however, be kept from accumulating in the electrolyte to avoid
physical contamination of the cathode copper. This is done by continuously bleeding part
of the electrolyte through a purification circuit.

1.3. HYDROMETALLURGICAL EXTRACTION OF COPPER

About 80% of copper-from-ore is obtained by flotation, smelting, and refining. The other
20% is obtained hydrometallurgically. Hydrometallurgical extraction entails:

(a) Sulfuric acid leaching of Cu from broken or crushed ore to produce impure Cu-
bearing aqueous solution

(b) Transfer of Cu from this impure solution to pure, high-Cu electrolyte via solvent
extraction

(c) Electroplating pure cathode copper from this pure electrolyte.

The ores most commonly treated this way are (a) oxide copper minerals, including
carbonates, hydroxy-silicates, sulfates, and (b) chalcocite (Cu,S).

The leaching is mostly done by dripping dilute sulfuric acid on top of heaps of
broken or crushed ore (~0.5% Cu) and allowing the acid to trickle through to
collection ponds (Fig. 1.3). Several months of leaching are required for efficient Cu
extraction.

Oxidized minerals are rapidly dissolved by sulfuric acid by reactions like:

CuO(s) + HyS04(1) "L Cu?* (ag) + SO (aq) + Ha0(1) (1.5)

in ore in sulfuric acid pregnant leach solution
Sulfide minerals, on the other hand, require oxidation, schematically:

b ial )\
CHZS(S) n 2.502(g) n HzSO4(1) acterial eni};me catalyst

in ore in air in sulfuric acid 30°C (1.6)

2Cu*" (agq) + 2803 (aq) + H0(1)

pregnant leach solution

As shown, sulfide leaching is greatly speeded up by bacterial action (Chapter 15).

Leaching is occasionally applied to Cu-bearing flotation tailings, mine wastes, old
mines, and fractured ore bodies. Leaching of ore heaps is the most important
process.

1.3.1. Solvent Extraction (Chapter 16)

The solutions from heap leaching contain 1—6 kg Cu/m? and 0.5—5 kg H,SO4/m’ plus
dissolved impurities such as Fe and Mn. These solutions are too dilute in Cu and too
impure for direct electroplating of pure copper metal. Their Cu must be transferred to
pure, high-Cu electrolyte.
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FIGURE 1.7 Schematic view of solvent extraction mixer/settler for extracting Cu from pregnant leach solution
into organic extractant. The Cu-loaded organic phase goes forward to another mixer/setter (stripper) where Cu is
stripped from the organic into pure, strongly acidic, high-Cu electrolyte for electrowinning. The process is continuous.

The transfer is done by:

(a) Extracting Cu from an impure leach solution into a Cu-specific liquid organic
extractant

(b) Separating (by gravity) the Cu-loaded extractant from the Cu-depleted leach solution

(¢) Stripping Cu from the loaded extractant into 185 kg H,SO4/m> electrolyte.

Extraction and stripping are carried out in large mixer—settlers (Fig. 1.7).
The solvent extraction process is represented by the reaction:

_ 30°C _
Cu’(ag) +SO;” + 2RH — RyCu +2H' + SO; (1.7)
in pregnant in organic in organic in aqueous solution,
leach solution solvent solvent recycle to leach

It shows that a low-acid (i.e. low H™) aqueous phase causes the organic extractant to
load with Cu (as RyCu). It also shows that a high acid solution causes the organic to
unload (strip). Thus, when organic extractant is contacted with weak acid pregnant leach
solution [step (a) above], Cu is loaded into the organic phase. Then when the organic
phase is subsequently put into contact with high acid electrolyte [step (c) above], the Cu
is stripped from the organic into the electrolyte at high Cu®>" concentration, suitable for
electrowinning.

The extractants absorb considerable Cu but almost no impurities. They give elec-
trolytes, which are strong in Cu but dilute in impurities.

1.3.2. Electrowinning (Chapter 17)

The Cu in the above electrolytes is universally recovered by electroplating pure metallic
cathode copper (Fig. 1.8). This electrowinning is similar to electrorefining except that the
anode is inert (usually lead, but increasingly iridium oxide-coated titanium).
The cathode reaction is:
60 °C
Cu*'(ag) + 2e” — Cu(s) (1.8)

in sulfate electrolyte  electrons from external power supply pure metal deposit on cathode
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FIGURE 1.8 Plates of electrowon copper on stainless steel cathodes after removal from an electrowinning
cell. These cathodes are ~1 m wide and 1.3 m deep. They are carefully washed to remove electrolyte. Their
copper plates are then stripped off in automatic machines and sent to market. They typically contain <20 ppm
impurities. Note the polymer side strips — they prevent copper from plating around the edges. (Photo courtesy
of Freeport-McMoRan Copper & Gold Inc.).

The anode reaction is:

60°C
H,O(l) — 0.50:(g) + 2H'(aq) + 2e” (1.9)
in electrolyte evolved on  in electrolyte, electrons to external
inert anode  recycle to power supply
organic stripping
About 2.0 V are required. Pure metallic copper (less than 20 ppm undesirable
impurities) is produced at the cathode and gaseous O, at the anode.

1.4. MELTING AND CASTING CATHODE COPPER

The first steps in making products from electrorefined and electrowon copper are melting
and casting. The melting is mostly done in vertical shaft furnaces, in which descending
cathode sheets are melted by ascending hot combustion gases. Low-sulfur fuels prevent
sulfur pickup. Reducing flames prevent excessive oxygen pickup.

The molten copper is mostly cast in continuous casting machines from where it goes to
rolling, extrusion, and manufacturing. An especially significant combination is continuous
bar casting/rod rolling (Chapter 20). The product of this process is 1 cm diameter rod,
ready for drawing to wire.

1.4.1. Types of Copper Product

The copper described above is electrolytic tough pitch copper. It contains ~0.025%
oxygen and less than 20 ppm unwanted impurities. It is far and away the most common
type of copper. A second type is oxygen-free copper (<5 ppm O). It is used for highly
demanding applications, such as high-end audio equipment. About 25% of copper is used
in alloy form as brasses, bronzes, etc. Much of the copper for these alloys comes from
recycle scrap.
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FIGURE 1.9 Flowsheet of processes for recovering copper and copper alloys from scrap. Low-grade scrap is
usually smelted in shaft furnaces but other furnaces (e.g. electric) are also used.

1.5. RECYCLE OF COPPER AND COPPER-ALLOY SCRAP
(CHAPTERS 18 AND 19)

Recycle of copper and copper-alloy scrap used objects (old scrap) accounts for 10—15% of
pre-manufacture copper production. Considerable manufacturing waste is also recirculated.
Production of copper from scrap (a) requires considerably less energy than mining
and processing copper ore, (b) avoids mine, concentrator, leach, and smelter wastes, and
(c) helps to ensure the availability of copper for future generations.
The treatment given to copper scrap depends on its purity (Fig. 1.9). The lowest grade
scrap is smelted and refined like concentrate in a primary or secondary (scrap) smelter/
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refinery. Higher-grade scrap is fire-refined, then electrorefined. The highest-grade scrap
(mainly manufacturing waste) is often melted and cast without refining. Its copper is used
for non-electrical products, including tube, sheet, and alloys.

Alloy scrap (brass, bronze) is melted and cast as alloy. There is no advantage to
smelting/refining it to pure copper. Some slagging is done during melting to remove dirt
and other contaminants.

1.6. SUMMARY

About 80% of the world’s copper-from-ore is produced by concentration/smelting/
refining of sulfide ores. The other 20% is produced by heap leaching/solvent extraction/
electrowinning of oxide, and chalcocite ores. Copper production from recycled end-of-
use objects is about 15% of copper-from-ore copper production.

Electrochemical processing is always used in producing high-purity copper: elec-
trorefining in the case of pyrometallurgical extraction and electrowinning in the case of
hydrometallurgical extraction. The principal final copper product is electrolytic tough
pitch copper (~250 ppm oxygen and 20 ppm unwanted impurities). It is suitable for
nearly all uses.

The tendency in copper extraction is toward the processes that do not harm the
environment and which consume little energy and water. This has led to:

(a) Energy- and pollution-efficient oxygen-enriched smelting
(b) Solvent extraction/electrowinning

(¢) Increased re-circulation of water

(d) Increased recycle of end-of-use scrap.
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Chapter 2

Production and Use

Metallic copper occurs occasionally in nature. For this reason, it was known to man about
10,000 B.C (CDA, 2010a). Its early uses were in jewelry, utensils, tools, and weapons. Its
use increased gradually over the years, and then dramatically in the 20th century with
mass adoption of electricity. This dramatic growth continues in the 21st century with the
rapid industrialization of China (Fig. 2.1).

Copper is an excellent conductor of electricity and heat. It resists corrosion. It is
easily fabricated into wire, pipe, and other forms, and easily joined. Electrical conduc-
tivity, thermal conductivity, and corrosion resistance are its most exploited properties
(Table 2.1).

This chapter discusses production and use of copper around the world. It gives
production, use, and price statistics, and identifies and locates the world’s largest copper-
producing plants. It shows that the Andes mountain region of South America (Chile and
Peru) is the world’s largest source of copper (Table 2.2). The remaining production is
scattered around the world. The world’s 20 largest mines are listed in Table 2.3 and
plotted in Fig. 2.2.
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FIGURE 2.1 World mine production of copper in the 19th through 21st centuries (Butts, 1954;
Edelstein & Porter, 2010). The steep rise after 1995 is notable.
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ﬁABI.E 2.1 United States Usage of Copper by Exploited Property and by Applicatioh
(CDA, 2010b, 2010c)

% of total use

Exploited property

Electrical conductivity 63
Corrosion resistance 18
Thermal conductivity 11
Mechanical and structural properties 6
Aesthetics 2
Application

Building wire 23
Plumbing and heating 13
Automotive 10
Air conditioning, refrigeration & natural 10
gas

Power utilities 9
Telecommunications 6
In-plant equipment 5
Ordnance 3
Business electronics 2
Lighting and wiring devices 2
Other 17

\_ /

2.1. COPPER MINERALS AND CUT-OFF GRADES

Table 2.4 lists the main copper minerals. These minerals occur at low concentrations in
ores. The remainder consists mostly of oxide rock such as andesite or granite, with
a small amount of iron minerals such as pyrite. It is now rare to find a large copper deposit
averaging more than 1 or 2% Cu. Copper ores containing down to 0.4% Cu (average) are
being mined from open pits, while ores down to 1% (average) are being taken from
underground mines.

The average grade of ore being extracted from any given mine is determined by the
cut-off grade (% Cu), which separates ore from waste. Material with less than the cut-off
grade (when combined with all the ore going to concentration or leaching) cannot be
profitably treated for copper recovery. This material is waste. It is removed to large waste
dumps.
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HABLE 2.2 World Production of Copper in 2008, Kilotonnes of Contained Copper \

(Edelstein & Porter, 2010)

Mine Smelter Refinery Electrowon
production production production production
Country (kt/a Cu) (kt/a Cu) (kt/a Cu) (kt/a Cu)
Argentina 157 16
Armenia 19 6
Australia 886 449 503 53
Austria 67 107
Belgium 125 394
Botswana 29 23
Brazil 206 220 223
Bulgaria 105 278 127
Burma 7
Canada 607 486 442
Chile 5330 1369 1087 1974
China 960 3370 3900 20
Colombia 3
Congo 2335 3
Cyprus 11 11
Egypt 4
Finland 13 174 122
Georgia 8
Germany 588 690
Hungary 12
India 28 662 670
Indonesia 633 261 181
Iran 249 248 200 7
Italy 24
Japan 1625 1540
Kazakhstan 420 430 398
Korea, North 12 15 15
Korea, South 544 531

N

_/

(Continued)
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(Edelstein & Porter, 2010)—cont’d

GABLE 2.2 World Production of Copper in 2008, Kilotonnes of Contained Copper

W

Mine Smelter Refinery Electrowon
production production production production
Country (kt/a Cu) (kt/a Cu) (kt/a Cu) (kt/a Cu)
Laos 89 64
Mexico 247 205 221 75
Mongolia 130 3
Morocco 6
Namibia 8 19
Norway 27 32
Oman 25 24
Pakistan 18
Papua New 201
Guinea
Peru 1268 360 304 160
Philippines 21 247 174
Poland 429 461 527
Portugal 89
Romania 2 19 15
Russia 750 865 860
Saudi Arabia 1
Serbia 29 48 34
Slovakia 28 20
South Africa 109 95 93
Spain 7 260 308
Sweden 57 225 228
Turkey 83 35 100
United States 1310 574 767 507
Uzbekistan 95 92 90
Zambia 546 232 240 175
Zimbabwe 2 10 3 2
Total 17,500 14,700 16,600 3100

-
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GABI_E 2.3 The World’s 20 Highest Production Capacity Cu Mines (ICSG, 2010) \

Capacity, kt/a
Mine Country contained Cu Products

1 Escondida Chile 1330 Concentrates & leach feed
2 Codelco Norte Chile 950 Concentrates & leach feed
3 Grasberg Indonesia 780 Concentrates

4 Collahuasi Chile 518 Concentrates & leach feed
5 El Teniente Chile 457 Concentrates

6 Morenci United States 440 Concentrates & leach feed
7 Taimyr Peninsula Russia 430 Concentrates

8 Antamina Peru 400 Concentrates

9 Los Pelambres Chile 380 Concentrates

10 Bingham Canyon United States 280 Concentrates

11 Batu Hijau Indonesia 280 Concentrates

12 Andina Chile 280 Concentrates

13 Kansanshi Zambia 270 Concentrates & leach feed
14 Zhezkazgan Kazakhstan 230 Concentrates

15 Los Bronces Chile 228 Concentrates & leach feed
16 Olympic Dam Australia 225 Concentrates & leach feed
17 Rudna Poland 220 Concentrates

18 Cananea Mexico 210 Concentrates & leach feed
19 Sarcheshmeh Iran 204 Concentrates & leach feed
20 Spence Chile 200 Leach feed

\_ 4

Cut-off grade depends on the copper selling price and mining and extraction
costs. If, for example, the price of copper rises and costs are constant, it may become
profitable to treat lower grade material. This means that cut-off grade (and average
ore grade) will decrease. Lower copper prices and increased costs have the opposite
effect.

2.2. LOCATION OF EXTRACTION PLANTS

The usual first stage of copper extraction from sulfide ores is production of high-grade
(30% Cu) concentrate from low-grade (~1% Cu) ore (Chapter 3). This is always done at
the mine site to avoid transporting worthless rock.



FIGURE 2.2 The world’s 20 highest production capacity Cu mines (ICSG, 2010). See Table 2.3 for names and tonnages mined.
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/TABI_E 2.4 Principal Commercial Copper Minerals \
Type Common minerals Chemical formulas Theoretical % Cu

Primary sulfide minerals

Hypogene sulfides Chalcopyrite CuFeS, 34.6

Bornite CusFeS, 63.3

Secondary minerals

Supergene sulfides Chalcocite Cu,S 79.9
Covellite CuS 66.5
Digenite Cuq gS 78.1
Native copper Metal Cu 100.0
Carbonates Malachite CuCO3-Cu(OH), 57.5
Azurite (CuCO3), - Cu(OH), 55.3
Hydroxy-silicates Chrysocolla CuO-SiO,-2H,0 36.2
Oxides Cuprite Cu,O 88.8
Tenorite CuO 79.9
Sulfates Antlerite CuSOy4-2Cu(OH), 53.7
Brochantite CuSO,-3Cu(OH), 56.2

N /

The resulting concentrate is smelted near the mine or in coastal smelters around the
world. The trend in recent years has been toward the latter. Coastal smelters can
conveniently receive concentrates from around the world, rather than being tied to
a single, local, depleting concentrate source (mine). The world’s largest smelters are
listed in Table 2.5, and their locations shown in Fig. 2.3.

Copper electrorefineries are usually built near the smelter that supplies them with
anodes. They may also be built in a convenient central location among several smelters.
The world’s largest electrorefineries are listed in Table 2.6, and shown in Fig. 2.4.

GABLE 2.5 The World’s Largest Cu Smelters in Descending Order of Smelting \
Capacity (AME, 2010; Antaike, 2009; ICSG, 2010)

Name Country Furnace Production (kt/a)
1 Guixi China F 800
2 Onsan Korea FEM 565
3 Birla India AS, FM 500
4 Saganoseki Japan F 470
e _/

(Continued)
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ﬁABLE 2.5 The World’s Largest Cu Smelters in Descending Order of Smelting w

Capacity (AME, 2010; Antaike, 2009; ICSG, 2010)—cont’d
Name Country Furnace Production (kt/a)

5 Hamburg Germany F 450
6 Glogow Poland Fcu, B 427
7 Chuquicamata Chile FT 424
8 Norilsk Russia FV 400
9 Caletones Chile T 365
10 Jinlong China F 350
11 Tuticorin India IS 334
12 La Caridad Mexico FT 320
13 llo Peru IS 317
14 Chingola Zambia Fcu 311
15 Huelva Spain F 290
16 Tamano Japan F 280
17 Yunnan Copper China IS 278
18 Kennecott USA Fs, Fc 272
19 Altonorte Chile N 268
20 Toyo Japan F 260
21 Zhezkazgan Kazakhstan E 254
22 Balkash Kazakhstan \ 250
23 Ronnskar Sweden E, F 250
24 Caraiba/Camacari Brazil F 240
25 Gresik Indonesia M 240
26 Olympic Dam Australia Fcu 235
27 Mufulira Zambia IS 230
28 Naoshima Japan M 220
29 Onahama Japan R, M 220
30 Mount Isa Australia IS 214
31 Pirdop Bulgaria F 210
32 Harjavalta Finland F 210
33 Jinchuan China R, K, AS 200
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TABLE 2.5 The World’s Largest Cu Smelters in Descending Order of Smelting
Capacity (AME, 2010; Antaike, 2009; ICSG, 2010)—contd

~

Name Country Furnace Production (kt/a)
34 Yanggu Xiangguang China Fs, Fc 200
35 Leyte Philippines F 200
36 Hayden USA IF 200
37 Miami USA IS 200
38 Potrerillos Chile T 190
39 Daye China N 186
40 Horne Canada Ns, Nc 164
41 Chuxiong China IS 150
42 Jinchang China R, AS 150
43 Nchanga Zambia IS 150
44 Sarchesmah Iran R, F 145
45 Chagres Chile F 140
46 Sudbury Copper Cliff Canada IF 135
47 Las Ventanas Chile T 130
48 Chifeng Jinjian China AS 120
49 Huludao China AS 120
50 Almalyk Uzbekistan IF 120
51 Brixlegg Austria B 110
52 Palabora South Africa R 110
53 Baiyin China F 100
54 Dongfang China AS 100
55 Feishang China B 100
56 Kangxi China B 100
57 Yantai Penghui China B 100
58 Yunan Tin China AS 100
59 Legnica Poland B 100
60 Nadezhda Russia F 100

Key: AS: Ausmelt Furnace; R: Reverberatory Furnace; B: Blast Furnace; S: Shaft Furnace; E: Electric Furnace;
T: Teniente Furnace; F: Outotec Flash Furnace; V: Vanyukov Furnace; IS: Isasmelt Furnace; s: smelting; IF: Inco
Flash Furnace; c: converting; K: Kaldo (TBRC); cu: direct to copper furnace; N: Noranda Furnace.

/




FIGURE 2.3 Location of the world’s largest Cu smelters (AME, 2010; Antaike, 2009; ICSG, 2010). See Table 2.5 for details.
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HABLE 2.6 The World’s Largest Cu Refineries in Descending Order of Copper \

Production Capacity (AME, 2010; Antaike, 2009; ICSG, 2010; Robinson et al., 2007)
Name Country Production (kt/a)
1 Guixi China 702
2 Zhongtiaoshan China 655
3 Onsan Korea 519
4 Birla India 500
5 Chucquicamata Chile 490
6 Yanggu Xiangguang China 400
7 Glogow Poland 398
8 Pyshma Russia 390
9 Las Ventanas Chile 385
10 Yunnan China 385
11 Silvassa India 380
12 Hamburg Germany 374
13 Jinlong China 350
14 Olen Belgium 322
15 Norilsk Russia 306
16 Garfield USA 300
17 Nkana Zambia 300
18 El Paso USA 295
19 Gresik Indonesia 289
20 Ilo Peru 285
21 Jinchuan China 284
22 Montreal East CCR Canada 280
23 Townsville Australia 277
24 Daye China 265
25 Huelva Spain 263
26 Tamano Japan 260
27 Zhezkazgan Kazakhstan 254
28 Balkash Kazakhstan 250
29 Saganoseki Japan 233
30 Naoshima Japan 230
31 Onahama Japan 230
N _/

(Continued)
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GABLE 2.6 The World’s Largest Cu Refineries in Descending Order of Copper \
Production Capacity (AME, 2010; Antaike, 2009; ICSG, 2010; Robinson et al., 2007)—

cont'd
Name Country Production (kt/a)

32 Ronnskar Sweden 223
33 Kyshtym Copper Russia 220
34 Zhangjiagang China 200
35 Camacari Brazil 199
36 Pirdop Bulgaria 197
37 Lunen Germany 197
38 Amarillo USA 189
39 Olympic Dam Australia 182
40 Mufulira Zambia 180
41 Leyte Philippines 175
42 Dongying Fangyuan China 173
43 Hitachi Japan 170
44 Sarcheshmeh Iran 168
45 Jinchang China 150
46 Cobre de Mexico Mexico 150
47 La Caridad Mexico 150
48 Toyo/Niihama Japan 146
49 Tuticorin India 144
50 Harjavalta Finland 122
51 Chifeng Jinjian China 120
52 Fuchunjiang China 120
53 Huludao China 120
54 Almalyk Uzbekistan 120
55 Chifeng Jinfeng China 110
56 Brixlegg Austria 107
57 Legnica Poland 105
58 Feishang China 100
59 Tianjing China 100
60 Yantai Penghui China 100
61 Monchegorsk Russia 100




FIGURE 2.4 Location of the world’s largest Cu refineries (AME, 2010; Antaike, 2009; ICSG, 2010; Robinson, Davenport, Moats, Karcas, & Demetrio, 2007). See
Table 2.6 for details.
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Leach/solvent extraction/electrowinning operations are always located next to their
mines. This is because ores that are suitable for leaching are low in copper grade, hence
uneconomic to transport. The world’s largest copper leach/solvent extraction/electro-
winning plants are listed in Table 2.7, and their locations shown in Fig. 2.5. This tech-
nology dominates in Chile.

GABLE 2.7 The World’s Largest Cu Solvent Extraction and Electrowinning (SXEW) \

Plants in Descending Order of Cathode Production for 2008 (Huang, 2010; ICSG,
2010; Robinson et al., 2008)
Name Country Cathode (kt/a)

1 Jiangxi China 443
2 Yunnan China 380
3 Anhui China 321
4 Escondida Chile 310
5 Radomiro Tomic Chile 300
6 Daye China 275
7 Morenci USA 267
8 Jinchuan China 205
9 Sarcheshmeh Iran 203
10 Spence Chile 180
11 El Abra Chile 170
12 Gaby Chile 150
13 Chuquicamata Chile 143
14 Tenke Fungurume D R Congo 135
15 Kansanshi Zambia 120
16 Zaldivar Chile 110
17 Cerro Colorado Chile 100
18 Ningbo JinTian China 98
19 Zhongtiaoshan China 93
20 Cerro Verde Peru 90
21 Quebrada Blanca Chile 80
22 El Tesoro Chile 80
23 Safford USA 70
24 Baiyin China 67
25 Shanghai Dachang China 65
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/TABLE 2.7 The World’s Largest Cu Solvent Extraction and Electrowinning (SXEW) \
Plants in Descending Order of Cathode Production for 2008 (Huang, 2010; ICSG,
2010; Robinson et al., 2008)—cont’d

Name Country Cathode (kt/a)
26 Mantoverde Chile 62
27 Lomas Bayas Chile 60
28 Sepon Laos 60
29 Tyrone USA 50
30 Colllahuasi Chile 50
31 Mantos Blancos Chile 42
32 Michilla Chile 40
33 Cobre Las Cruces Spain 40
34 Kinsevere D R Congo 40
35 Toquepala Peru 38
36 Los Bronces Chile 37
37 Ruashi D R Congo 36
38 Ray USA 35
39 Chino USA 35
40 Chemaf D R Congo 35
41 Nkana Zambia 32
42 Milpillas Mexico 30
43 Konkola Zambia 28
44 Tintaya Peru 25
45 Mufulira Zambia 25
46 La Caridad Mexico 22
47 Carlota USA 20
48 Silver Bell USA 20
49 Sierrita USA 20
50 El Salvador Chile 20
51 Catemu Chile 20
52 Mutanda D R Congo 20
53 Carmen de Andacollo Chile 18
54 Olympic Dam Australia 18




FIGURE 2.5 Location of the world’s largest Cu solvent extraction and electrowinning facilities (Huang, 2010; ICSG, 2010; Robinson et al., 2008). See Table 2.7 for
details.
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FIGURE 2.6 London Metal Exchange cash price for Grade A copper since 1956. The rapid increases are due
to the ongoing rapid industrialization of China. Specifications for Grade A copper are given at www.lme.com
and in Chapter 20.

2.3. PRICE OF COPPER

Fig. 2.6 presents selling prices of copper from 1956 to 2010. It shows that the constant
dollar price fell until 2002 then rose rapidly. The actual price also rose rapidly after 2002,
to record highs.

These high prices are due to the huge demand for copper in China, for its rapid
industrialization and infrastructure development.

2.4. SUMMARY

Copper is produced around the world. About 40% is mined in the western mountain
region of South America.

Concentrators and leach/solvent extraction/electrowinning plants are located near
their mines. Smelters and refineries, on the other hand, are increasingly being located on
sea coasts so that they can receive concentrates from mines around the world.

Copper’s most exploited property is its high electrical conductivity, in conjunction with
its excellent corrosion resistance, formability, and joinability. Its high thermal conductivity
and corrosion resistance are also exploited in many heat transfer applications.

Worldwide, about 22 million tonnes of copper come into use per year. About 18
million tonnes of this comes from new mine production and about 4 million tonnes from
recycled end-of-use objects and manufacturing wastes.
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Production of High Copper
Concentrates — Introduction
and Comminution

The grade of copper ores is typically too low (0.5—2% Cu) for economic direct smelting.
Heating and melting the huge quantity of largely worthless rock would require too much
energy and too much furnace capacity. For this reason, all ores destined for pyrometal-
lurgical processing are physically concentrated before smelting. The product of this step
is concentrate, which contains ~30% Cu (virtually all as sulfide minerals).

Ores destined for hydrometallurgical processing are rarely concentrated. Cu is usually
extracted from these ores by direct leaching of crushed or milled ore (Chapter 15).

This chapter and Chapter 4 describe the production of high-grade concentrate from
low-grade ore. Processing of sulfide minerals is emphasized because these minerals
account for virtually all Cu concentration.

3.1. CONCENTRATION FLOWSHEET

Concentration of Cu ores consists of isolating the copper-containing minerals from the
rest of the ore. It entails:

(a) Blasting, crushing, and grinding the ore to a size where the Cu mineral grains are
liberated from the non-Cu mineral grains, known as comminution, and

(b) Physically separating the liberated Cu minerals from non-Cu minerals by froth flota-
tion to generate a Cu-rich concentrate and Cu-barren failings (Chapter 4).

Figure 1.2 shows these processes in relation to the overall copper-making flowsheet.
Figures 3.1 and 4.1 describe them in detail.

Copper concentrators typically treat 10,000—150,000 tonnes of ore per day,
depending on the production rate of their mines (ICSG, 2010).

3.2. THE COMMINUTION PROCESS

To liberate the copper-containing minerals from the gangue materials in the ore (Chapter
2) and enable them to be collected by flotation into a concentrate (Chapter 4), the ore
should be finely ground.

Comminution is performed in three stages:

(a) Breaking the ore by explosions in the mine (blasting);
(b) Crushing large ore pieces by compression in gyratory or roll crushers;

Extractive Metallurgy of Copper. DOI: 10.1016/B978-0-08-096789-9.10003-4
Copyright © 2011 Elsevier Ltd. All rights reserved. 31
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FIGURE 3.1 Flowsheet for preparing small flotation feed particles from as-mined ore fragments. One stage
of crushing and two stages of grinding are shown. The crushing is open-circuit, i.e. there is no recycle loop.
The two grinding circuits are closed circuit; oversize material is recycled for re-crushing or re-grinding to
specified particle sizes.

(c) Wet grinding of the crushed ore in rotating tumbling mills, where abrasion, impact,
and compression all contribute to breaking the ore.

The final fineness of grind is mainly determined by the number of times an ore particle
passes through the grinding mills. Separate crushing and grinding steps are necessary
because it is not possible to break massive run-of-mine ore pieces while at the same time
controlling the fineness of grind that is necessary for the flotation step.

3.3. BLASTING

Blasting entails drilling holes in a mine bench with automatic equipment, filling the holes
with explosive granules, and then electronically igniting the explosive. This explosively
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FIGURE 3.2 Blast hole drilling machine and newly drilled holes. The holes will be filled with explosive
slurries, then exploded to produce ore fragments. Already exploded ore is shown in the forefront of the
photograph. Photo courtesy of Freeport-McMoRan Copper & Gold Inc.

fragments the ore near the mine wall (Figs. 1.1 and 3.2). The explosions send shock
waves through the ore, cracking the rock, and releasing multiple fragments.

Many Cu open-pit mines use closer drill holes and larger explosive charges to produce
smaller ore fragments (Fig. 3.3) and/or uniform size fragments from ores of different
toughness (Brandt, Martinez, French, Slattery, & Baker, 2010; Titichoca, Magne, Pereira,
Andrades, & Molinet, 2007). By optimizing blasting and fragmentation conditions in the
mine, the subsequent crushing requirements can be reduced and throughputs with
existing crushing equipment can be increased. This practice also reduces the electrical
energy requirement per tonne of ore for communition.

80

40}

% of blasted fragments >0.1 m diameter

20 1 1 1
500 1000 1500 2000

Blast hole charge, kJ per tonne of surrounding ore

FIGURE 3.3 Size of post-blast fragments as a function of amount of explosive charged to a mine’s blast
holes. Increasing the explosive charge per tonne of ore decreases the amount of oversize fragments. This graph
is for a specific ore. Tougher ore would require more explosive energy to achieve the same result. Weaker ore
would require less.
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Improved fragmentation has been aided by two recent technologies: automated real-
time ore-size determinations and automated real-time ore-toughness determinations.

3.3.1. Ore-size Determination

Automated ore-size determination technology consists of (a) digitally photographing ore
particle assemblages at various points in the comminution flowsheet and (b) calculating
particle-size distributions from these digital photographs (Maerz, 2001; Split, 2011).
Examples of targets for the digital camera are blasted ore as it is being dumped into haul
trucks (Fig. 1.1) or ore as it is being dropped into the gyratory crusher (Fig. 3.4). The real-
time particle-size measurements are then used to determine whether the amount of
explosives needed for subsequent blast holes (the explosive load) should be increased or
decreased to ensure optimal fragmentation (Fig. 3.3).

3.3.2. Automated Ore-toughness Measurements

Modern blast hole drilling machines are equipped to measure the amount of energy
(from torque and drilling time) required to drill a blast hole (Aardvark Drilling, 2010;
Kahraman, Bilgin, & Feridunoglu, 2003). The higher the energy requirement, the
tougher the ore at the location of the hole. This knowledge enables the blasting engineer
to adjust his explosive load in each blast hole to obtain the desired level of
fragmentation.

FIGURE 3.4 Gyratory crusher for crush-
ing as-mined ore to ~0.2 m diameter pieces.
The crushing is done by compression of ore
pieces between the eccentrically rotating FEED PLATE
spindle and the fixed crusher wall. The
crushing surface on the spindle can be up to
3 m high, 1.5 m diameter. Crushing rates are
10,000—150,000 tonnes of ore per day.
Drawing from Boldt and Queneau (1967)
courtesy of Vale.

HEAD
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3.4. CRUSHING

Crushing is mostly done in the mine, mostly using gyratory crushers (Fig. 3.4). This
permits ore to be transported out of an open-pit mine by conveyor (MacPhail & Richards,
1995). It also permits easy hoisting of ore out of an underground mine. The crushed ore is
stored in a coarse-ore stockpile, from which it is sent by conveyor to a grinding mill. The
ore from crushing is then sent for grinding.

3.5. GRINDING
3.5.1. Grind Size and Liberation of Copper Minerals

To isolate the copper-containing minerals into a concentrate, the ore should be ground
finely enough to liberate the Cu mineral grains from the non-Cu mineral grains. The
extent of grinding required to do this is determined by the size of mineral grains in the
ore. Laboratory-scale flotation tests on materials of different particle sizes are usually
required to ascertain the grind size that is required to liberate the copper minerals.
Figure 3.5(a) shows the effect of grind size on recovery of Cu into the concentrate,
while Fig. 3.5(b) shows the corresponding Cu concentration in the tailings. There is an
optimum grind size for maximum recovery of Cu to the concentrate in the subsequent
flotation step (Chapter 4): too large a grind size causes some Cu mineral grains to remain
combined with or occluded by non-Cu mineral grains, preventing their flotation; too fine
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FIGURE 3.5 Effect of grind particle size on (a) Cu recovery to concentrate and (b) % Cu in tailings. The
presence of an optimum is shown (Taggart, 1954). Recent (2010) visits to industrial concentrators confirm
these patterns.
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a grind size causes the rising bubbles in the flotation process to push the very tiny Cu-
containing particles aside, preventing their contact with the bubble, and thereby
reducing their recovery to the concentrate. In addition, very fine rock and Fe-sulfide
mineral particles may agglomerate with very fine Cu-sulfide particles, preventing them
from floating.

Liberation of mineral grains from each other generally requires grinding to ~100 um
diameter particle size. Flotation begins to be adversely affected when particles less than
~10 pm are produced.

Grinding requires considerable electrical energy (Table 3.1 (a,b,c)). This is another
reason to avoid overgrinding.

3.5.2. Grinding Equipment

Grinding produces ore particles of sufficient fineness for Cu mineral recovery by flota-
tion. The most common grinding mills are semi-autogenous (SAG) and autogenous (AG)
mills (Fig. 3.6) and ball mills (Jones & Pena, 1999). A grinding circuit usually consists of
one SAG or AG mill and one or two ball mills. Grinding is continuous and fully inte-
grated with the subsequent flotation operation. Grinding is always done wet, with
mixtures of ~70 mass% solids in water.

3.5.2.1. Autogenous and Semi-autogenous Mills

The crusher product is ground in a SAG or AG mill. Autogenous mills crush the ore
without the need for iron or steel grinding media. They are used when the ore is hard
enough for the tumbling ore to grind itself. In SAG milling, ~0.15 m® of 13 cm diameter
iron or steel balls are added into the mill per 0.85 m° of ore (i.e. 15 vol.-% ‘steel’) to assist
grinding. SAG mills are much more common.

The mill product is usually passed over a large vibrating screen to separate oversize
pebbles from ore particles of the correct size. The correct-size material is sent forward to
a ball mill for final grinding. The oversize pebbles are recycled through a small eccentric
(cone) crusher, then back to the SAG or AG mill (Jones & Pena, 1999; Markkola, Soto,
Yanez, & Jimenez, 2007). This procedure maximizes ore throughput and minimizes
electrical energy consumption.

3.5.2.2. Ball Mills

The ball mill accepts the SAG or AG mill product. Ball mills give a controlled final
grind and produce flotation feed of a uniform size. Ball mills tumble iron or steel balls
with the ore. The balls are initially 5—10 cm diameter but gradually wear away as
grinding of the ore proceeds. The feed to ball mills (dry basis) is typically 75 vol.-% ore
and 25% steel.

The ball mill is operated in closed circuit with a particle-size measurement device and
size-control cyclones. The cyclones send correct-size material on to flotation and direct
oversize material back to the ball mill for further grinding.

3.5.3. Particle-Size Control of Flotation Feed

A critical step in grinding is ensuring that its product particles are fine enough for efficient
flotation. Coarser particles must be isolated and returned for further grinding.
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/TABI_E 3.1a Industrial Crushing and Grinding Data for Three Copper Concentrators,\
2010. Flotation Details are Given in Table 4.1

Candaleria, El Soldado, Los Bronces
Concentrator Chile Chile Chile
Ore treated per 25,000,000 7,700,000 21,000,000
year, tonnes (2001) (2010) (2010)
Ore grade, %Cu 0.9-1.0 0.63 1.055
Crushing Chalcopyrite Chalcopyrite
Primary gyratory One One One
crusher
Diameter x height, m 1.52 x 2.26 1.1 x 1.65 1.4 %19
Power rating, kW 522 300 430
Rotation speed, RPM 6.5
Product size, m 0.1-0.13 0.2 0.2
Energy consumption, 0.3 (estimate) 0.2 0.25(0.18 m
kWh per tonne diameter product
of ore
Secondary crushers No Yes, 4 No

First stage grinding

Mill type Semi-autogenous Semi-autogenous Semi-autogenous

Number of mills 2 1 2

Diameter x length, m 11 x 4.6 10.4 x 5.2 8.5 x 4.3

Power rating each 12,000 11,300 5590

mill, kWh

Rotation speed, RPM 9.4-9.8 10.2 11.3

Vol.-% ‘steel” in 12—15 15 13—15%

mill

Ball size, initial 12.5 cm 12.7 12.7

Ball consumption, 0.3 0.32 0.35

kg per tonne of ore

Feed 70% ore, 80% ore 20% 70% ore 30%
30% H,O water water

Product size 80% < 140 pm 200 pm 3cm

Oversize treatment 22% ore recycle Oversize to

through two
525 kW crushers

pebble crushers

_/

(Continued)
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KTABLE 3.1a Industrial Crushing and Grinding Data for Three Copper Concentrators,\
2010. Flotation Details are Given in Table 4.1—cont'd

Candaleria, El Soldado, Los Bronces

Concentrator Chile Chile Chile

Energy consumption, 7.82 6.5

kWh per tonne

of ore
Second stage grinding

Mill type Ball mills Rod + ball mills Ball mills

Number of mills 4 4 rod, 7 ball 3

Diameter x length, m 6x9 3.6 x25 7 x 11

Power rating each 5600 Rod 350 Ball 550 10,800

mill, kW

Rotation speed, RPM 28 12

Vol.-% ‘steel” in mill 47 35

Feed 70% ore, 30% w 65% ore, 35%

water

Product size 80% < 212 um

Energy consumption, 7 (estimate) ~8 7.2

kWh per tonne

of ore
Hydrocyclones 14 Krebs 14 (~0.6 m 3 (Krebs 4 Cavex)

(0.5 m diameter) diameter) (0.66 m diameter)

Particle size monitor Yes PS1200 Yes PS1200

\

)

fTABLE 3.1b Industrial Crushing and Grinding Data for Three Copper Concentrators,\
2010. Flotation Details are Given in Table 4.1

Mantos Blancos,

chalcopyrite

Concentrator Africa, open pit Africa, u-ground Chile

Ore treated per year, 4,000,000 900,000 4,500,000
tonnes

Ore grade, %Cu 0.15 0.45 1.13

Crushing Chalcocite, Chalcopyrite Chalcocite

2

_/
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ﬁ

2010. Flotation Details are Given in Table 4.1—cont’d

ABLE 3.1b Industrial Crushing and Grinding Data for Three Copper Concentrators,

Mantos Blancos,

per tonne of ore

Concentrator Africa, open pit Africa, u-ground Chile
Primary gyratory 1 jaw crusher 1 jaw crusher One
crusher
Diameter x height, m 42 x 6.5 85 x 11 1.1 x 1.65
Power rating, kW 250 132 300
Rotation speed, RPM
Product size, m 80% < 0.25 80% < 0.25 0.15
Energy consumption, 5.4 4.5 0.4
kWh per tonne of ore
Secondary crushers None Yes, jaw crusher Yes, 4

First stage grinding
Mill type semi-autogenous semi-autogenous ball mills
Number of mills 1 1 2
Diameter x length, m 8.53 x 4.35 6.1 x 2.75 3.8 x 4.6
Power rating each mill, 6000 1300 1120
kWh
Rotation speed, RPM 14 12 21.6
Vol.-% ‘steel” in mill 22% 25% 38—40
Ball size, initial, cm 12.5 12.5
Ball consumption, kg 0.41 0.9

Feed

85% ore, 15%
water

85% ore, 15%
water

84% ore, 16%
water

Product size

80% < 800 pm

80% < 600 pum

75% < 212 um

Oversize treatment

Pebble crushers,
SAG

Recycle to SAG

Energy consumption, 8.5 6.5 13.5
kWh per tonne of ore

Second stage grinding
Mill type Ball mill Ball mill Ball mill
Number of mills 1 1 1
Diameter x length, m 6.1 x 9.05 4.27 x 7.01 3.5 x52

N

_/

(Continued)
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KTABLE 3.1b Industrial Crushing and Grinding Data for Three Copper Concentrators,w
2010. Flotation Details are Given in Table 4.1—cont'd

Mantos Blancos,

Concentrator Africa, open pit Africa, u-ground Chile
Power rating each 6000 1860 940
mill, kW
Rotation speed, RPM 18 16 23
Vol.-% 'steel’ in mill 35% 32 38—40

Feed

85% ore, 15%
water

85% ore, 15%
water

85% ore, 15%
water

Product size

80% < 125 pm

80% < 100 pm

75% < 212 um

Energy consumption, 16.8 15 20

kWh per tonne of ore
Hydrocyclones 8 (1.1 m dia) 8 (0.25 m dia) 5 (0.5 m diameter)
Particle size monitor Outotec PSI Outotec PSI

\

%

2010. Flotation Details are Given in Table 4.1

fTABl_E 3.1c Industrial Crushing and Grinding Data for Three Copper Concentrators,\

Cerro Verde

Concentrator Peru Ray, U.S.A. Sierrita, U.S.A.
Ore treated per year, 3,900,000 10,000,000 34,000,000
tonnes 0.453 in 0.23% Cu in cpy

Ore grade, %Cu

0.6 (chalcopyrite)

Chalcopyrite &

0.03 Mo in MoS,

chalcocite

Crushing
Primary gyratory One One Two
crusher
Diameter x height, m 1.5 x 2.87 1.5x23 1.5x23
Power rating, kW 750 600
Rotation speed, RPM
Product size, m 0.125 0.152 80% < 0.1
Energy consumption, 5 0.08
kWh per tonne of ore
Secondary crushers Yes No 4
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ﬁABLE 3.1c Industrial Crushing and Grinding Data for Three Copper Concentrators,\

2010. Flotation Details are Given in Table 4.1—cont'd

Cerro Verde

Concentrator Peru Ray, U.S.A. Sierrita, U.S.A.
First stage grinding
Mill type Ball mills Semi-autogenous Ball mills
Number of mills 4 1 16
Diameter x length, m 7.3 x 11 10.4 x 5.2 5x5.8
Power rating each 13,000 12,500 3000
mill, kWh
Rotation speed, RPM 12.2 8.3—10.8 13.8
Vol.-% ‘steel” in mill 38 13 39
Ball size, initial, cm 6.35 14 10, 7.5
Ball consumption, 0.67 0.15 0.39

kg per tonne of ore

Feed 75% ore/25% 83% ore/17% 98% ore, 2%
water H,O H,O
Product size 80% < 150 um 6.35 cm 80% < 350
Oversize treatment Cone crushers
Energy consumption, 10 12—-18 8.4
kWh per tonne of ore
Second stage grinding None
Mill type Ball mills
Number of mills 2
Diameter x length, m 5.5 x 9.34
Power rating each 4500
mill, kW
Rotation speed, RPM 13
Vol.-% ‘steel” in mill 35—40

Feed

85% ore/15%
Hzo

Product size

80% < 147 um

Energy consumption,
kWh per tonne of ore

8

_/

(Continued)
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KTABLE 3.1c Industrial Crushing and Grinding Data for Three Copper Concentrators}
2010. Flotation Details are Given in Table 4.1—cont'd

Cerro Verde

Concentrator Peru Ray, U.S.A. Sierrita, U.S.A.

Hydrocyclones 9 per ball mill 16 (1.5 m diameter) 2 per ball mill (0.84 m
(0.84 m diameter) dia.)

Particle size monitor Yes No No

N

/

Size control is universally done by hydrocyclones (Fig. 3.7; Olson & Turner, 2003).
A hydrocyclone uses the principle that, under the influence of a force field, large ore
particles in a water-ore mixture (slurry) tend to move faster than small ore particles.

This principle is put into practice by pumping the grinding mill discharge into
a hydrocyclone at high speed, 5—10 m/s. The slurry enters tangentially (Fig. 3.7), giving
it a rotational motion inside the cyclone. This creates a centrifugal force, which

Geared
drive
shaft

Covered 'tooth'
drive gear

FIGURE 3.6 Semi-autogenous grinding mill.
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1} Fine
I fraction
b

Coarse
fraction

FIGURE 3.7 Cutaway view of hydrocyclone showing (a) tangential input of water—ore particle feed and
(b) separation of the feed into fine particle and coarse particle fractions. Drawing from Boldt and Queneau
(1967) courtesy Vale.

accelerates ore particles toward the cyclone wall. The water content of the slurry, typi-
cally ~60% by mass, is adjusted so that (a) the oversize particles are able to reach the
wall, where they are dragged out by water flow along the wall and through the apex of the
cyclone, and (b) the correct (small) size particles do not have time to reach the wall before
they are flushed out with the main slurry flow through the vortex finder.

The principal control parameter for the hydrocyclone is the water content of the
incoming slurry. An increase in the water content of the slurry gives less hindered
movement of particles, and allows a greater fraction of the input particles to reach the
wall and pass through the apex. This increases the fraction of particles being recycled for
re-grinding, and ultimately leads to a more finely ground final product. A decrease in
water content has the opposite effect.

3.5.4. Instrumentation and Control

Grinding circuits are extensively instrumented and closely controlled (Fig. 3.8,
Table 3.2). The objectives of the control are to:

(a) Produce particles of appropriate size for efficient flotation recovery of Cu minerals;
(b) Produce these particles at a rapid rate;
(c) Produce these particles with a minimum consumption of energy.

The most common control strategy is to ensure that the sizes of particles in the final
grinding product are within predetermined limits, as sensed by an on-stream particle-size
analyzer (Outotec, 2010), and then optimize production rate and energy consumption while
maintaining this correct size. Figure 3.8 and the following describe one such control system.



Extractive Metallurgy of Copper

~50 um particles
to flotation

0 HO canirol loop
e - @ @ @ i_ .......................

|
i Crushed ' : Flotation feed
. ore ' ! )
! ¢ . i Hydrocyclones =<
N !
L \"|Bin ! l
i © | |
—_ | |
| Variable speed i Oversize
| conveyor X
: 1 ! N Ball
| N ! Ho mil
N 1
! | Cyclone
| | feed
. Autogeneous v
| grinding mill
L Hydrocyclon Variable
Mass flow control loop € sump speed pump
&/
FIGURE 3.8 Control system for grinding mill circuit (—————ore flow, —————— water flow, elec-

tronic control signals). The objective is to quickly and cheaply produce correct-size ore particles for efficient
Cu mineral flotation. The circled symbols refer to the sensing devices in Table 3.2.

3.5.4.1. Particle-size Control

The particle-size control loop in Fig. 3.8 controls the particle size of the grinding product
by automatically adjusting the rate of water addition to the hydrocyclone feed sump. If,
for example, the flotation feed contains too many large particles, an electronic signal from
the particle-size analyzer (S) automatically activates water valves to increase the water
content of the hydrocyclone feed. This increases the fraction of the ore being recycled to
the ball mills, and gives a finer grind.

Conversely, too fine a flotation feed automatically cuts back on the rate of water
addition to the hydrocyclone feed sump. This decreases ore recycle to the grinding mills,
thereby increasing the particle size of the flotation feed. It also permits a more rapid
initial feed to the ball mills, and minimizes grinding energy consumption.

3.5.4.2. Ore-throughput Control

The second control loop in Fig. 3.8 gives maximum ore throughput rate without over-
loading the ball mill. Overloading might become a problem if, for example, the ball mill
receives tough and large particles, which require extensive grinding to achieve the small
particle size needed by flotation.

The simplest mass-flow control scheme is to use the hydrocyclone sump slurry level
to adjust the ore feed rate to the grinding plant. If, for example, slurry level sensor (L)
detects that the slurry level is rising (due to tougher ore and more hydrocyclone recycle),
it automatically slows the input ore feed conveyor. This decreases flow rates throughout
the plant, and stabilizes ball mill loading and sump level.



/TABLE 3.2 Sensing and Control Devices for Fig. 3.8 Grinding Control Circuit

Sensing instruments

Symbol in Fig. 3.8

Purpose

Type of device

Use in automatic control system

Ore input rate
weightometer

O

Senses feed rate of ore into
grinding circuit

Load cells, conveyor speed

Controls ore feed rate

Water flow gages

Sense water addition rates

Rotameters

Control water-to-ore ratio
in grinding mill feed

On-stream particle-size
analyzer

Senses a critical particle-
size parameter (e.g. percent
minus 70 mm) on the basis
of calibration curves for the
specific ore

Measures diffraction of laser
beam by particles in an
automatically taken slurry
sample (Outotec, 2010)

Controls water addition rate to
hydrocyclone feed (which controls
recycle & the size of the final grinding
circuit product)

Hydrocyclone feed
sump level indicator

Senses changes of slurry
level in sump

Bubble pressure tubes;
electric contact probes;
ultrasonic echoes; nuclear
beam

Controls rate of ore input into grinding
circuit (prevents overloading of ball
mills)

~

\_

J
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Hydraulic Feed
Pistons Floating roll Fixed roll

Zone of compression

Product

FIGURE 3.9 Sketch of high-pressure roll crusher (Rana et al., 2010). Ore is force fed between the two
rotating, hard-surfaced rolls. Constant crushing pressure is provided by hydraulic pistons pressing on the
movable left roll housing. Representative details are: 2.4 m roll diameter x 1.65 m length; 21 rotations per
minute; 2500—3000 tonnes/hour ore feed rate; <0.05 m feed diameter; <0.0055 m product diameter;
2 x 25 kW power requirement; 130—160 bar pressure on moveable roll housing.

Detection of a falling sump level, on the other hand, automatically increases ore feed
rate to the grinding plant, to a prescribed rate or to the maximum capacity of another part
of the concentrator, such as the flotation circuit.

There is, of course, a time delay (5—10 min) before the change in ore feed rate is felt
in the hydrocyclone feed sump. The size of the sump must be large enough to accom-
modate further build-up (or draw-down) of slurry during this delay.

3.6. RECENT DEVELOPMENTS IN COMMINUTION
Major recent developments in comminution include:

(a) Improved fragmentation during blasting (Section 3.3);
(b) Incorporation of high-pressure roll crushing in the comminution flowsheet;
(c) Use of scanning electron microscopy to optimize the grind size.

3.6.1. High Pressure Roll Crushing

Figure 3.9 sketches a high-pressure roll crusher. This equipment is used extensively in the
cement, diamond, and iron ore industries. First deployed in the copper industry in 2006 at
the Cerro Verde concentrator in Peru, it has since been adopted by several copper producers
as a replacement for the cone crushers used to grind oversize product from the SAG mill
(Fig. 3.1; Burchardt, Patzelt, Knecht, & Klymowsky, 2010). It is increasingly seen as
a potential replacement for the SAG mill itself (Rana, Chandrasekaran, & Wood, 2010).

Its perceived advantages are 15—25% lower electrical energy consumption per tonne
of ore, and its ability to fracture ore at the mineral grain boundaries (although this is
probably more advantageous for leaching than for froth flotation). Its major disadvantage
appears to be its difficulty in handling wet, sticky, and high clay ores, and a 10—25%
higher initial capital cost (Rana et al., 2010).
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FIGURE 3.10 Scanning electron microscope image of Cu sulfide concentrate particle assemblage. The key is
shown at right. The bottom right particle is ~70 um across. As expected, most of the particles are Cu-sulfide
minerals. However, the concentrate contains many silicate particles, which indicates that concentrate cleaning
(Section 4.3) could be improved. Fe sulfides have also floated so that depression could also be improved.
Further grinding might liberate a few more Cu-sulfide particles, but for the most part grind size is about
optimum. Courtesy of Anglo American: Research.

3.6.2. Automated Mineralogical Analysis

An important modern tool for optimizing concentrate production is quantitative scanning
electron microscopy (SEM) which, for any assemblage of ore particles (a) indicates the
mineral grain makeup of every particle in the assemblage, showing liberated, partially
liberated, and unliberated copper mineral grains, and (b) suggests whether more or less
grinding will give improved Cu recovery to the concentrate (Hamilton, Martin, & Zhou,
2007; Zahn, Baum, Magnuson, Jensen, & Thompson, 2007). Figure 3.10 shows an
example concentrate assemblage. This can be done routinely or specifically when Cu
recovery to concentrate unexpectedly decreases.

Automated mineralogical analysis can also be useful in the initial design of a new
concentrator by indicating the minerals and mineral grain associations of ore samples
from around the entire mineral deposit.

3.7. SUMMARY

Copper ores typically contain 0.5—2% Cu. They must be concentrated to ~30% Cu before
smelting. The universal concentration technique is froth flotation of finely ground ore
particles (Chapter 4).

The feed to froth flotation is produced by comminution, which includes:

(a) Blasting ore fragments from the mine walls (~0.1 m diameter);
(b) Crushing these fragments in eccentric and roll crushers (~0.01 m diameter);
(c) Grinding the crushed ore in rotating tumbling mills (<100 pm diameter).

The resulting finely ground particles are then sent continuously to froth flotation.

A recent development is the formation of finer more uniform fragments during
blasting by means of larger explosive loadings in blast holes. This increases crushing rate
and lowers crushing electricity requirements. It has been aided by (a) automatic ore-
toughness measurements during blast hole drilling and (b) continuous measurement of
fragment sizes by electronic imaging of blasted ore during delivery to crushing.
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Production of Cu Concentrate from
Finely Ground Cu Ore

Chapter 3 describes blasting, crushing, and grinding of Cu-sulfide ore (0.5—1% Cu). This
chapter describes production of Cu-rich sulfide concentrate (~30% Cu) from this finely
ground ore.

4.1. FROTH FLOTATION

The indispensable tool for Cu concentrate production is froth flotation (Fuerstenau,
Jameson, & Yoon, 2007). This technique is used to upgrade an ore to a concentrate by
selectively floating copper-containing minerals away from non-copper minerals. The
principles of froth flotation are as follows:

(a) Sulfide minerals are normally wetted by water (hydrophilic) but they can be condi-
tioned with reagents (known as collectors) that cause them to become water-repellent
(hydrophobic).

(b) Cu-sulfide minerals can selectively be made hydrophobic by their interaction with
the collector, leaving other minerals wetted.

(c) Collisions between ~1 mm diameter rising air bubbles and the now water-
repellent Cu minerals result in attachment of the Cu mineral particles to the
bubbles (Fig. 4.1). The Cu minerals are floated to the surface of the slurry by
the air bubbles.

(d) The still-wetted non-copper mineral particles do not attach to the rising bubbles and
remain in the slurry.

Industrially, the process entails (a) conditioning a water—ore mixture (slurry) to make
the Cu minerals water-repellent while leaving the non-Cu minerals hydrophilic and
(b) passing a dispersed stream of small bubbles up through the slurry. These procedures
cause the Cu mineral particles to attach to the rising bubbles, which carry them to the top of
the flotation cell (Fig. 4.2). The other minerals are left behind. They depart the cell through
an underflow system. These are mostly non-sulfide gangue with a small amount of pyrite.

The last step in the flotation process is creating a strong but short-lived froth by adding
frother when the bubbles reach the surface of the slurry. This froth prevents bursting of
the bubbles and release of the Cu mineral particles back into the slurry. The froth
overflows the flotation cell, often with the assistance of paddles (Fig. 4.2), and into
a trough. There it collapses and flows into a collection tank.

A sequence of flotation cells is designed to optimize Cu recovery and the Cu grade in
the concentrate (Fig. 4.3). The froth from the last set of flotation cells is, after water
removal, the Cu concentrate.

Extractive Metallurgy of Copper. DOI: 10.1016/B978-0-08-096789-9.10004-6
Copyright © 2011 Elsevier Ltd. All rights reserved. 51
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FIGURE 4.1 Photograph of water-repellent
mineral particles attached to rising bubbles. The
input bubbles in industrial flotation are ~1 mm
diameter, which is about the size of the largest
bubble in this photograph. Photograph by
H. Rush Spedden.

" Tailing to
adjoining
. cell
adjoining cell

FIGURE 4.2 Cutaway view of cubic mechanical flotation cell. The methods of producing bubbles and
gathering froth are shown (Boldt & Queneau, 1967 courtesy Vale). Mechanical flotation cells in recent-design
Cu concentrator are up to 300 m® cylindrical tanks. They operate continuously.

4.2. FLOTATION CHEMICALS (NAGARAJ & RAVISHANKAR, 2007;
WOODCOCK, SPARROW, BRUCKARD, JOHNSON, & DUNNE, 2007)

4.2.1. Collectors

The reagents (collectors), which create the water-repellent surfaces on sulfide minerals
are heteropolar molecules. They have a polar (charged) end and a non-polar (hydro-
carbon) end. They attach their polar (charged) end to the mineral surface (which is itself
polar), leaving the non-polar hydrocarbon end extended outwards (Fig. 4.4). It is the
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30% Cu to water removal then
smelting

Column cell
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mill

Underflow
Froth, 19% Cu 0.06% Cu
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Rougher - scavengers to waste storage

FIGURE 4.3 Flowsheet for floating Cu sulfide concentrate from gangue minerals and Fe sulfides. Residence
times in each sector (e.g., rougher—scavenger cells) are 10—20 minutes. Representative solid mass flows in
tonnes/day are: Feed from hydrocyclones 40,000; Concentrate (re-cleaner froth) 720; Tailings 39,280,
Rougher—scavenger froth 1140; Cleaner—scavenger feed 500; Re-cleaner feed 850.

orientation that imparts the water-repellent character to the conditioned mineral
surfaces.
A commonly used collector is xanthate, e.g.:

Other sulfur-containing molecules, particularly dithiophosphates, mercaptans, and
thionocarbamates, are also used. Commercial collectors are often blends of several of these
reagents (Klimpel, 2000). About 10—50 g of collector are required per tonne of ore feed.

4.2.2. Selectivity in Flotation

The simplest froth flotation separation are that of sulfide minerals from waste oxide
minerals, such as andesite, granodiorite, and granite. It uses collectors which, when
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FIGURE 4.4 Sketch of attachment of amyl xanthate ions to covellite. There is a hydrogen atom hidden
behind each carbon of the hydrocarbon chain (after Hagihara, 1952).

dissolved in a water—ore slurry, preferentially attach themselves to sulfides. These
collectors mostly have a sulfur group at the polar end, which attaches to sulfide minerals
but ignores oxides.

4.2.3. Differential Flotation — Modifiers

Separating sulfide minerals, such as chalcopyrite from pyrite, is somewhat more
complex. It relies on modifying the surfaces of non-Cu sulfides so that the collector does
not attach to them while still attaching to Cu sulfides.

The most common modifier is the OH™ (hydroxyl) ion. Its concentration is varied by
adjusting the basicity of the slurry with burnt lime (CaO), occasionally with sodium
carbonate (NapyCO3). The effect is demonstrated in Fig. 4.5, which shows how chalco-
pyrite, galena, and pyrite can be floated from each other. Each line on the graph marks the
boundary between float and non-float conditions for the specific mineral — the mineral
floats to the left of its curve, but not to the right.

This graph shows that:

(a) Up to pH 5 (acid slurry), CuFeS,, PbS, and FeS, all float;

(b) Between pH 5 and pH 7.5 (neutral slurry), CuFeS; and PbS float while FeS, is
depressed;

(¢) Between pH 7.5 and pH 10.5 (basic slurry), only CuFeS; floats.

A bulk Pb—Cau sulfide concentrate could therefore be produced by flotation at pH 6.5.
The Pb and Cu sulfides could then be separated at pH 9, which occurs after addition of
more CaO.
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FIGURE 4.5 Effects of collector concentration and pH on the floatability of pyrite, galena and chalcopyrite.
Each line marks the boundary between float and non-float conditions for the specific mineral (Wark & Cox,
1934). Precise float/non-float boundary positions depend on collector, mineral, and water compositions.

The modifying effect of OH ™ is due to its competition with collector anions, such as
xanthates, for a place on the mineral surface. OH™ ions are, for example, selectively
adsorbed on pyrite. This prevents appreciable xanthate adsorption on the pyrite, selec-
tively depressing it. However, too many OH™ ions will also depress chalcopyrite, so
excess CaO must be avoided.

4.2.4. Frothers

Collectors and modifiers give selective flotation of Cu minerals from non-Cu minerals.
Frothers create the strong but short-lived froth, which holds the floated Cu minerals at the
top of the cell. Frothers produce a froth which is strong enough in the flotation cell to
support the floated Cu minerals, but breaks down quickly once the forth and its attached
minerals overflow the cell.

Branched-chain alcohols are the most common frothers (Woodcock et al., 2007).
These include natural (pine oil or terpinol) or synthetic (methyl isobutyl carbinol,
polyglycols, and proprietary alcohol blends) products (Chevron Phillips, 2008).

Frothers stabilize the froth by absorbing their OH™ polar end in water, while their
branched (non-polar) chains form a cross-linked network in air. The froth should not be
long-lived, so the branched-chain hydrocarbon tails should not be too long. The addition
of frothers also decreases bubble size, which provides more relative surface to attach
mineral particles to.

4.3. SPECIFIC FLOTATION PROCEDURES FOR CU ORES

Selective flotation of Cu-sulfide minerals (chalcopyrite, chalcocite, bornite) from oxide
rock and Fe-sulfide minerals (mainly pyrite) is usually done with xanthate, dithiophos-
phate, mercaptan, or thionocarbamate collectors; burnt lime (CaO) for pH (OH™ ion)
control; and branched-chain alcohol frothers. A representative flowsheet, industrial data,
and example reagents are shown in Fig. 4.3 and Tables 4.1—4.3.
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KTABLE 4.1 Cu contents of Ores Around the World. Industrial Recoveries \
to Concentrate are also Shown
Recovery of Cu to

Country Mine % Cu in ore concentrate, %
Chile Candelaria 0.54 91
Indonesia Grasberg open pit 0.9 84

Peru Cerro Verde 0.4 86

Poland Lower Silesia 1.64 ~90

USA Bagdad 0.36 85

USA Bingham Canyon 0.6 84

USA Sierrita 0.25 82

\_ J

The flowsheet in Fig. 4.3 shows four sets of flotation cells:

(a) The rougher—scavenger cells float the incoming ground-ore slurry under conditions,
which give efficient recovery of Cu to the froth with a reasonable froth grade
(15—20% Cu);

(b) The cleaner cells in which flotation of non-Cu minerals in reground concentrate from
the rougher—scavenger cells is depressed with CaO to produce a higher grade Cu
concentrate;

(¢) The re-cleaner cells maximize concentrate grade (% Cu) by giving rock and
Fe-sulfide minerals, a final depression under quiescent conditions;

(d) The cleaner—scavenger cells scavenge the last traces of Cu to the froth from the
cleaner tails by the addition of more collector before the tails are discarded.

The froths from the rougher—scavengers and cleaner—scavengers are ground before
being sent to the cleaners (Fig. 4.3). This releases previously unliberated Cu mineral grains.

The rougher—scavenger and cleaner—scavenger cells are designed to maximize Cu
recovery to concentrate. The cleaner and re-cleaner cells maximize concentrate grade.

Circuits such as that in Fig. 4.3 give ~90% recovery of Cu-sulfide minerals and ~30%
Cu concentrate grade (Tables 4.2 and 4.3).

4.4. FLOTATION CELLS

Figure 4.2 shows a mechanical flotation cell. Air bubbles are introduced into the slurry through
a rotating agitator at the bottom of the cell. The agitator sheers the air into the 1 mm diameter
bubbles needed for Cu mineral attachment. It also disperses the bubbles across the cell.

4.4.1. Column Cells

Many new Cu flotation plants use column cells for cleaner flotation (Tables 4.3 and 4.4;
Figs. 4.6 and 4.7). These cells provide separate zones for particle—bubble attachment and
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/TABI_E 4.2 % Cu in Concentrate Feeds at Smelters Around the World Pure \
chalcopyrite contains 35.4% Cu
% Cu in
Country Smelter location concentrate
Australia Mount Isa 25-27
Brazil Caraiba 32
Canada Noranda 22
Chile Caletones 31
(Teniente)
China Guixi 28
Finland Harjavalta 28
Germany Hamburg 30-33
India Tutincorin 30-32
Indonesia Gresik 30
Iran Khatoon Abad 27
Japan Toyo (Niihama) 32
Korea Onsan 32.5
Mexico La Caridad 26
Peru llo 28
Philippines Isabel (Leyte) 25-32
Poland Lower Silesia 23
Russia Norisk 26
South Africa Palabora 30-35
Spain Huelva 31
Sweden Ronnskar 30
U.S.A. Kennecott 26.5
Zambia Mopani 28—42

- /

for draining of non-attached low-Cu particles from the froth (Finch, Cilliers, & Yianatos,
2007).

Column cells provide a long vertical particle/bubble contact zone and a well-
controlled froth-draining zone. They are an excellent tool for maximizing % Cu in
a concentrator’s final concentrate.
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KTABI_E 4.3a Industrial Flotation Data from Three Copper Concentrators. \
The Equivalent Crushing/Grinding Data are Given in Table 3.1

Concentrator Candelaria, Chile El Soldado, Chile Los Bronces, Chile
Ore treated per year, 25,000,000 7,700,000 20,500,000
tonnes (2001) (2010) (2010)
Concentrate, tonnes/ 67,000 676,000
year
Ore grade, % Cu 0.9—-1.0 0.63
Sulfide 0.54 1.055
‘Oxide’ 0.09 0.049
Concentrate grade, 29-30 22.5 28.4
% Cu
Tailings grade, % Cu 0.18 0.133

Cu recovery to
concentrate, %

95% Cu, 82%
Au 87% Mo

Rougher—scavenger flotation

minutes

Feed Cyclone overflow Cyclone overflow Grinding product

Number of cells 24 32 30

Volume of each 85 and 128 42.5 3 x 127 +27 x 85

cell, m*

Cell type Eimco Wemco Wemco

Mass% solids 38 30

in feed

pH 10.4 10.3 10.3

Collector SF 323 K dithiophosphate Dithiophosphate &

polysulfate

kg/tonne of ore 0.19 0.035

Oily collector, No 0.012

kg/t of ore

Frother MIBC Dowfroth 250: 5 Nalfloat: 1

MIBC 1:5 Dowfoth 250

kg/tonne of ore 0.033 0.022

CaO, kg/tonne 0.7 0.65 0.45

of ore

Residence time, 33 25-30

Cleaner flotation

2
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ABLE 4.3a Industrial Flotation Data from Three Copper Concentrators.
The Equivalent Crushing/Grinding Data are Given in Table 3.1—cont'd

Concentrator

Candelaria, Chile

El Soldado, Chile

Los Bronces, Chile

Feed

Rougher concentrate

Rougher—scavenger

Reground rougher &

ground in 4.27 m x  concentrate scavenger
6.7 m ball mill concentrate
Number of cells 1 square + 1 round 5
columns

Volume of each 8.8 m? square, 16 m*> 224 c/u
cell, m* round
Cell type Column Column
Mass% solids in feed 16 16
pH 10.5 11.3
Reagents CaO No
Residence time, 15.8
minutes

Cleaner—scavenger No

flotation
Feed Cleaner tails Cleaner tails
Number of cells 11 Wemco 21
Volume of each 10 x 283 + 1 x 127 425
cell, m*
Cell type Mechanical Wemco
Mass% solids in feed 18 16
pH 10—10.5 11.3
Reagents No No
Residence time, minutes 15

- /

~

/TABLE 4.3b Industrial Flotation Data from Three Copper Concentrators, 2010.
The Equivalent Crushing/Grinding Data are Given in Table 3.1

Africa open Africa under Mantos Blancos
Concentrator pit ground Chile, open pit
Ore treated per year, 4,000,000 900,000 4,500,000

tonnes

N

_/

(Continued)
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KTABLE 4.3b Industrial Flotation Data from Three Copper Concentrators, 2010. \
The Equivalent Crushing/Grinding Data are Given in Table 3.1—cont'd

concentrate, %

Africa open Africa under Mantos Blancos

Concentrator pit ground Chile, open pit
Concentrate, tonnes/ 35,000 21,000 125,000
year
Ore grade, % Cu 0.21 0.45 1.13

Sulfide 0.15 Chalcopyrite 0.92

‘Oxide’ 0.06 - 0.21
Concentrate grade, 25 17 35.2
% Cu
Tailings grade, 0.018 0.04 0.12
% Cu
Cu recovery to 80 85 89

Rougher—scavenger flotation

minutes

Feed Cyclone overflow Cyclone overflow Cyclone overflow
Number of cells 5 7 11
Volume of each 150 40 43
cell, m*
Cell type OK150 tank OK40 tank Wemco
Mass% solids 30 36 42
in feed
pH 9.0 7.9 9.5
Collector K amyl xanthate K amyl xanthate Sodium di-isobutyl
Aerophine 3418A Aerophine 3418A dithiophosphate
kg/tonne of ore 0.12 g PAX, 0.08 g 0.1 gPAX, 0.03 g 0.042
Aerophine Aerophine
Qily collector, No No No
kg/t of ore
Frother MIBC Inter-froth 64 MB78-MIBC
kg/tonne of ore 0.06 g 0.06g 0.02
CaO, kg/tonne 0.5 2 0.808
of ore
Residence time, 25 35 5

Cleaner flotation

\Z
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ABLE 4.3b Industrial Flotation Data from Three Copper Concentrators, 2010.
The Equivalent Crushing/Grinding Data are Given in Table 3.1—cont'd

~

Africa open Africa under Mantos Blancos
Concentrator pit ground Chile, open pit
Feed Various reground Various reground Rougher, scavenger, &
concentrates concentrates sand flotation
80% < 30 um 80% < 20 pm concentrates
Number of cells 7 6 1
Volume of each 8 17 86
cell, m®
Cell type OK8 trough cell Mechanical Column
Mass% solids 14 20 15
in feed
pH 11.5 11.5 11
Reagents Ca0, 3418A, CMC  CaO, 3418A, CMC None
(depressant) (depressant)
Residence time, 9 12 16.5
minutes
Cleaner—scavenger None
flotation
Feed Cleaner tails Cleaner tails
Number of cells 4 6
Volume of each 17 3x28+3x14
cell, m*
Cell type OK 16 mechanical Wemco
Mass% solids 16 18
in feed
pH 11.5 11.5
Reagents Aerophine 3418A 0.005 kg/tonne
Residence time, 10 16.5
minutes
Re-cleaner float Re-leaner float Sand flotation
Feed Cleaner concentrate ~ Cleaner concentrate Various tailings
Number of cells 5 Various 20
Cell volume, m* 4.25 Various 14
Cell type OK3HG trough cell  Various Wemco

_/

(Continued)
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KTABLE 4.3b Industrial Flotation Data from Three Copper Concentrators, 2010. \
The Equivalent Crushing/Grinding Data are Given in Table 3.1—cont'd

Africa open Africa under Mantos Blancos
Concentrator pit ground Chile, open pit
Mass% solids in feed 10 24 42
pH 11 11 11.5
Reagents CaO, Aerophine CaO, 3418A, NaHS
3418A, MIBC Inter-froth, CMC (4%) + CytecAero
3753
Residence time, 14 16 19

minutes

\_

/

KI'ABLE 4.3c Industrial Flotation Data from Three Copper Concentrators, 2010.
The Equivalent Crushing/Grinding Data are Given in Table 3.1

~

concentrate, %

Concentrator Cerro Verde, Peru Sierrita, U.S.A. Ray, U.S.A.

Ore treated per 39,000,000 37,000,000 10,000,000

year, tonnes

Concentrate, tonnes/ 750,000 325,000 150,000

year

Ore grade, % Cu 0.26 0.453
Sulfide 0.6 0.23 Chalcopyrite & Chalcopyrite &

chalcocite chalcocite

‘Oxide’ 0.02 0.03 0.025

Concentrate grade, 25 26 28

% Cu

Tailings grade, 0.075 0.041 0.035

% Cu

Cu recovery to 88 84.3 90

Rougher—scavenger flotation

Feed Cyclone overflow Cyclone overflow Cyclone overflow
Number of cells 40 380 15

Volume of each 160 2.9;14.2;29.3 9.4

cell, m3

Cell type Wemco Denver & Wemco ~ Wemco
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ABLE 4.3c Industrial Flotation Data from Three Copper Concentrators, 2010.
The Equivalent Crushing/Grinding Data are Given in Table 3.1—cont'd

~

minutes

Concentrator Cerro Verde, Peru Sierrita, U.S.A. Ray, U.S.A.

Mass% solids 30 35 35

in feed

pH 11.2 ~11.8 10.5

Collector Thionocarbamate Na Nalco 9740 + Xanthate
isopropy| xanthate K amyl xanthate

kg/tonne of ore 0.01 0.01 N & 0.005 K 0.015

Oily collector, 0.012 Chevron Phillips 0.012

kg/t of ore MCO, 0.05

Frother Molycop H 75 Nalco 9873/Ore Pine oil

Prep X-133 80/20
kg/tonne of ore 0.02 0.018 0.015

CaO, kg/tonne 1.26 1.02 0.92

of ore

Residence time, 18 8 27

minutes

Cleaner flotation

Feed Reground cleaner— Rougher froth Reground
scavenger & rougher—scavenger &
rougher—scavenger cleaner—scavenger
froth & column tail, froth
80% < 101 um

Number of cells 6 12 6

Volume of each 160 8.5 42.5

cell, m*

Cell type Wemco Wemco Denver Agitair

Mass% solids 19 20 14

in feed

pH 12.2 11

Reagents CaO, Molyflow None CaO, collector,

frother
Residence time, 20 6.2 12

Cleaner—scavenger flotation

Feed

Cleaner tails

Cleaner + re-
cleaner tails

Cleaner tails

o

/

(Continued)
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KTABLE 4.3c Industrial Flotation Data from Three Copper Concentrators, 2010.
The Equivalent Crushing/Grinding Data are Given in Table 3.1—cont'd

~

Concentrator Cerro Verde, Peru Sierrita, U.S.A. Ray, U.S.A.
Number of cells 4 6 4
Volume of each 160 14.2 42.5
cell, m®
Cell type Wemco Wemco Denver Agitair
Mass% solids 19 16 11.3
in feed
pH 12.2 11.5
Reagents CaO, Molyflow None CaO, xanthate
Residence time, 23 4.2 8
minutes
Re-cleaner flotation No

minutes

Feed Rougher & cleaner froths ~ Ground cleaner
froth 80% < 44 um

Number of cells 4 12

Cell volume, m? 236 54.5

CELL type Minovex Column
column cell

Mass% solids in 27 20

feed

pH 123

Reagents CaO, Molyflow None

Residence time, 36

N

4.5. SENSORS, OPERATION, AND CONTROL

Modern flotation plants are equipped with sensors and automatic control systems (Shang,
Ryan, & Kennedy, 2009). The principal objectives of the control are to maximize Cu
recovery, concentrate grade (% Cu), and ore throughput rate. The principal variables

sensed are (Table 4.5):

(a) Ore particle size after grinding and regrinding (Outotec, 2010a);

(b) % Cu, % solids, pH, and mass flowrate of the process streams (especially the input
and output streams);

(c) Froth height in the flotation cells.
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/TABI_E 4.4 Column Flotation Cells Around the World. Virtually all are used for \

cleaning gangue from the final concentrate
Column diameter x

Country Mine Column cell use height, m Number
Australia Cobar Cu cleaner 2.3 x2? 1
Brazil Sossego Cu cleaners 43 x 14 6
Canada Duck Pond Cu cleaners 1.2 x 10 2
Chile Escondida Cu cleaners 4 x4x13.9 8
China Dashan copper Cu cleaners 4.3 x 12 7
Indonesia Batu Hijau Cu cleaners 43 x 14 2
Mexico Capstone mining Cu cleaner 3.1 x7.6 1
Mongolia Oyu Tolgoi Cu cleaners 5.5 x 16 4
Peru Toquepala Cu 24 %133 3
Philippines Philex Mining Cu cleaner 3.1 x 12 1
USA Bingham Canyon Cu cleaners 43 x 9.6 4

Scavengers 4.3 x 9.6 4
Venezuela Auriferas Brisas Cu cleaners 3.1x9 2
Zambia Nchanga Cu cleaners 4 x? 6

Cu cleaners 25 %2 2

N /

Impeller speeds and air input rates in the flotation cells are also often sensed. The
adjustments made on the basis of the sensor readings are:

(a) Water flow rates into hydrocyclone feed sumps to control grinding recycle, and thus
flotation feed (ore) particle size;

(b) Flotation reagent (collector, frother, and depressant) and water addition rates
throughout the flotation plant;

(¢) Slurry level in the flotation cells, by adjusting the underflow valves in each cell.

4.5.1. Continuous Chemical Analysis of Process Streams

Of particular importance in flotation control is continuous measurement of Cu concen-
tration in the solids of the process streams. This is typically done by X-ray fluorescence
analysis, which may be accomplished by either sending samples to a central X-ray
analysis unit or by using small X-ray units in the process streams themselves. The analyses
are often done by fixed-crystal wavelength-dispersive spectrometry (Outotec, 2010b).

These analyses are used to monitor and optimize plant performance by automatically
controlling (for example) reagent addition rates, grind size, and flotation cell operation.
In modern plants, the control is done by a supervisory computer (Barette, Bom, Taylor, &
Lawson, 2009).
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FIGURE 4.6 Sketch of column flotation cell. Air bubbles carry Cu-sulfide particles up to the top of the
column where they overflow in concentrate froth. Water spraying on top of the froth layer washes weakly held
pyrite and gangue from the froth back into the slurry and eventually out in the underflow tailings slurry.
Industrial column cell dimensions are given in Table 4.4.

FIGURE 4.7 Industrial column flotation cells. Their sizes around the world are given in Table 4.4.
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/TABLE 4.5 Sensors and Their Use in Automatic Flotation Control and Optimization\

Sensing
Instrument

Purpose

Type of Device

Use in Automatic
Control

Process stream
particle size
analyzer

Senses particle
sizes after grind
and regrind mills

Laser beam diffraction
(Outotec, 2010a)

Controls water addition
rates to hydrocyclone
feed (which controls
particle recycle to ball
mills & final grind size)

In-stream X-ray

Senses Ni content

X-ray fluorescence

Controls collector,

chemical of solids in analysis of automatically frother, depressant, &
analyzer process streams taken process stream water addition rates
samples (Outotec, throughout the plant.
2010b) Adjusts valves in
flotation cells to vary
froth thickness
Slurry level Indicates slurry Float level, hydro-static Adjusts underflow valves
sensor surface location pressure, conductivity to maintain prescribed

froth layer thicknesses

Slurry mass flow
gage and %

Determines mass
and volumetric

Magnetic induction,
Doppler effects,

Measures flows in
flotation circuit, permits

solids in slurry flow rates of optimization of recycle
gage process streams streams

N /

ultrasonic energy loss

Advanced mineralogical techniques are also being more commonly employed to
improve the performance and control of flotation circuits (Celik, Can, & Sherazadishvili,
2011; Hamilton, Martin, & Zhou, 2007).

4.5.2. Machine Vision Systems

Several large concentrators have installed machine vision systems on their flotation cells
(Metso, 2010). These systems determine froth quality and froth overflow rate. They are
used to automatically adjust grind size, reagent addition rates, and froth depth, to
maximize Cu recovery in their rougher and scavenger cells and Cu grade in their cleaner
and re-cleaner cells (Chadwick, 2010; Supomo et al., 2008).

Freeport’s Grasberg concentrator installed 172 machine vision systems. These
systems and new process strategies increased Cu-to-concentrate recovery by several
percent (Supomo et al., 2008). The Escondida Phase IV concentrator has installed 102
systems (Metso, 2010).

4.6. THE FLOTATION PRODUCTS
4.6.1. Thickening and Dewatering

The product from flotation contains ~75 mass% water, most of which must be removed
before the concentrate can be transported and smelted. Most of this dewatering is
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performed by settling in large quiescent thickeners. The solids settle under the influence
of gravity to the bottom of the thickener from where they are scraped to a central
discharge by a slowly rotating rake. Faster settling is encouraged by adding small
quantities of organic flocculants, such as polyacrylamides (Ferrera, Arinaitwe, & Pawlik,
2009), to the input slurry. These cause the fine particles to flocculate, which results in
faster settling velocities.

The underflows from the thickeners still contain 30—40% water. This is reduced to
10—15% in rotary vacuum filters and then further reduced to 8% in pressure filters or
ceramic-disc vacuum filters (sometimes pressurized to 3 bar gauge; Outotec, 2010c). The
water content of the concentrate when it is shipped (approximately 8%) is a compromise
between the cost of shipping water and the need to minimize concentrate losses as dust
during transport.

4.6.2. Tailings

Flotation tailings account for ~98% of the ore fed to the concentrator. They are stored in
large tailings dams near the mine property. Water is reclaimed from the dams and
recycled to the concentrator.

Most concentrators are zero water discharge plants, which means that no water can be
discharged from the plant but must be internally recycled. This minimizes water
consumption and avoids mixing concentrator effluents with the surrounding water table.
The pH of the tailings water is close to that required for rougher—scavenger flotation, so
this recycle minimizes CaO consumption. Cu flotation tailings typically contain
0.02—0.15% Cu on a dry basis (Table 4.3).

4.7. OTHER FLOTATION SEPARATIONS

Copper flotation consists mainly of separating Cu-sulfide minerals from non-sulfide rock
and Fe-sulfide minerals. Many Cu deposits also contain molybdenite. Others contain
pentlandite [(Ni,Fe)9Sg], sphalerite (ZnS), or galena (PbS). These can all be separated
from Cu minerals by selective flotation. Molybdenite flotation is discussed in Chapter 21.
The flotation of sphalerite, galena, and Ni and Cu oxides is discussed by Biswas and
Davenport (1994). Pentlandite flotation is described by Crundwell, Moats, Ramachan-
dran, Robinson, and Davenport (2011).

4.7.1. Gold Flotation

Au is present in many Cu-sulfide ores, from just traces to ~1 g/t Au (1 x 107%% Au).
Au is mostly present in Cu-sulfide ores as metal and metal alloy (e.g., electrum Au, Ag)
grains. Some may also be present as tellurides. These grains of Au and Au alloy may be
liberated particles, attached to other mineral particles, encapsulated in sulfide mineral
particles (e.g., in chalcopyrite CuFeS; and pyrite FeS, particles), or encapsulated in oxide
gangue (e.g., andesite) particles.

The Au, Au alloy, and Au mineral grains in Cu—Au ores may be smaller than their
companion Cu-sulfide mineral grains, so Au recovery may be increased by finer grinding.
Optimum grind size is best determined by controlled in-plant testing.

Fortunately, all of these gold mineral types float efficiently under the same conditions
as Cu-sulfide minerals, using xanthate, dithiophosphate and thionocarbamate collectors
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and conventional frothers such as methyl isobutyl carbinol (Woodcock et al., 2007).
Generally speaking, liberated Au metal, Au alloy, and Au mineral particles float with
chalcopyrite and other Cu-sulfide minerals and report to the bulk concentrate (Zahn et al.,
2007). Au recoveries to the concentrate of 80—85% are typical.

Kendrick, Baum, Thompson, Wilkie, and Gottlieb (2003) suggest that Au recovery to
concentrate can be increased ~10% by decreasing the pH of the ore slurry from 10.7 to
9.5. This also appreciably lowers CaO consumption. Special collectors have also been
developed for copper ores with significant gold content. These collectors are a blend of
monothiophosphates and dithiophosphates, and may be worth considering for Cu—Au
concentrators.

4.8. SUMMARY

Copper sulfide ores must be concentrated before they can be economically transported and
smelted. The universal technique for this concentration is froth flotation of finely ground ore.

Froth flotation entails attaching fine Cu-sulfide mineral particles to bubbles and
floating them out of a water—ore mixture. The flotation is made selective by using
reagents, which make the Cu-sulfide minerals water-repellant (hydrophobic) while
leaving the other minerals wetted (hydrophilic).

Typical Cu sulfide recoveries to concentrate are 85—90%. Typical concentrate grades
are 30% Cu (higher with chalcocite, bornite, and native copper mineralization). Column
flotation cleaner cells are particularly effective at giving a high Cu grade in the
concentrate.

Modern concentrators are automatically controlled to give maximum Cu recovery,
maximum % Cu in the concentrate, and maximum ore throughput rate at minimum cost.
Expert control systems help to optimize the performance of flotation plants. On-stream
particle size and on-stream X-ray fluorescence analyses are key components of this
automatic control.
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Matte Smelting Fundamentals

5.1. WHY SMELTING?

Beneficiation of copper ores produces concentrates consisting mostly of sulfide minerals,
with small amounts of gangue oxides (Al,0O3, CaO, MgO, and SiO;). Theoretically, this
material could be directly reacted to produce metallic Cu by oxidizing the sulfides to
elemental copper and ferrous oxide:

CuFeS; +2.50, — Cu® + FeO + 250, (5.1)
CuS +0, — 2Cu° + SO, (5.2)
FeS, +2.50, — FeO +2S0, (5.3)

These reactions are exothermic, meaning they generate heat. As a result, the smelting
of copper concentrate should generate (a) molten copper and (b) molten slag containing
flux oxides, gangue oxides, and FeO. However, under oxidizing conditions, Cu forms Cu
oxide as well as metal:

Cu,S +1.50; — Cuy0 + SO, (5.4)

When this happens, the Cu,0 dissolves in the slag generated during coppermaking.
The large amount of iron in most copper concentrates means that a large amount of slag
would be generated. More slag means more lost Cu. As a result, eliminating some of the
iron from the concentrate before final coppermaking is a good idea.

Figure 5.1 illustrates, what happens when a mixture of FeO, FeS, and SiO; is heated to
1200 °C. The left edge of the diagram represents a solution consisting only of FeS and
FeO. In silica-free melts with FeS concentrations above ~31 mass%, a single oxysulfide
liquid is formed. However, when silica is added, a liquid-state miscibility gap appears.
This gap becomes larger as more silica is added.

Lines a, b, ¢ and d represent the equilibrium compositions of the two liquids. The
sulfide-rich melt is known as matte. The oxide-rich melt is known as slag. Heating
a sulfide concentrate to this temperature and oxidizing some of its Fe to generate a molten
matte and slag,

CuFeS; + O; + Si0, — (Cu, Fe, S) (matte) + FeO-SiO; (slag) + SO, (5.5)

is known as matte smelting. It accomplishes the partial removal of Fe needed to make
final coppermaking successful. Matte smelting is now performed on nearly all Cu—Fe—S
and Cu—S concentrates. This chapter introduces the fundamentals of matte smelting and
the influence of process variables. Following chapters describe current smelting
technology.

Extractive Metallurgy of Copper. DOI: 10.1016/B978-0-08-096789-9.10005-8
Copyright © 2011 Elsevier Ltd. All rights reserved. 73
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FIGURE 5.1 Simplified partial phase

diagram for the Fe—O—S—SiO, system

showing liquid—liquid (slag—matte) immisci-

bility caused by SiO, (Yazawa & Kameda,

1953). The heavy arrow shows that adding

SiO, to an oxysulfide liquid causes it to split 1200°C
into FeS-rich matte and FeS-lean slag. The

compositions of points A and B (SiO, satura-

tion) and the behavior of Cu are detailed in

Table 5.1.
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5.2. MATTE AND SLAG
5.2.1. Slag

Slag is a solution of molten oxides. These oxides include FeO from Fe oxidation, SiO;
from flux, and oxide impurities from concentrate. Oxides commonly found in slags
include ferrous oxide (FeO), ferric oxide (Fe,03), silica (SiO,), alumina (Al,0O3), calcia
(Ca0), and magnesia (MgO). As Fig. 5.1 shows, small amounts of sulfides can also be
dissolved in FeO—SiO; slags. Small amounts of calcia and alumina in slags decrease this
sulfide solubility (Table 5.1).

The molecular structure of molten slag is described by dividing its oxides into three
groups — acidic, basic, and neutral. The best-known acidic oxides are silica and alumina.
When these oxides melt, they polymerize, forming long polyions such as those shown in
Fig. 5.2. These polyions give acidic slags high viscosities, making them difficult to
handle, and increasing the amount of entrained copper or matte. Acidic slags also have
low solubilities for other acidic oxides. This can cause difficulty in coppermaking
because impurities, which form acidic oxides (e.g., As;Os3, Bi,03, Sb,03) are not readily
removed in acidic slag. Instead, they will remain in matte or copper.

Adding basic oxides such as calcia and magnesia to acidic slags breaks the polyions
into smaller structural units. As a result, basic slags have low viscosities and high
solubilities for acidic oxides. Up to a certain limit, adding basic oxides also lowers the
melting point of a slag. Coppermaking slags generally contain small amounts of basic
oxides.

Neutral oxides such as FeO and Cu,O react less strongly with polyions in a molten
slag. Nevertheless, they have much the same effect. FeO and Cu,O have low melting
points, so they tend to lower a slag’s melting point and viscosity.
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50

/TABLE 5.1 Compositions of Immiscible Liquids in the SiO,-Saturated Fe—O—S \

System, 1200 °C (Yazawa & Kameda, 1953). Points A (slag) and B (matte) correspond to
A and B in Fig. 5.1
Composition (mass%)
System Phase FeO FeS SiO, CaO Al,O; Cu,S
FeS—FeO—SiO, “A" Slag 54.82 17.90 27.28
“B” Matte 27.42 72.42 0.16
FeS—FeO—SiO, + CaO Slag 46.72 8.84 37.80 6.64
Matte 28.46 69.39 2.15
FeS—FeO—SiO, + Al,O;  Slag 50.05 7.66 36.35 5.94
Matte 27.54 72.15 0.31
Cu,S—FeS—FeO—SiO, Slag 57.73 7.59 33.83 0.85
Matte 14.92 54.69 0.25 30.14

FIGURE 5.2 Impact of basic oxides on the structure of silica polyions in molten slags. Adding basic oxides
like CaO and MgO breaks up the polyions, lowering the melting point, and viscosity of the slag. @ = Si;

O=0;0=Ca"" or Mg"™".

The slags produced in industrial matte smelting consist primarily of FeO, Fe,O3, and
Si0;, with small amounts of Al,O3, CaO, and MgO (Table 5.2). They are often referred to
as fayalite slags; fayalite (Fe;SiO4) often precipitates from these slags on cooling.
Figure 5.3 shows the composition limits for the liquid region in the FeO—Fe;03—SiO,
system at 1200 °C and 1250 °C. Along the top line, the slag is saturated with solid silica.



KTABI_E 5.2 Compositions of Industrial Concentrates, Fluxes, Mattes, Slags, and Dusts for Various Matte-Smelting Processes
(Ramachandran et al., 2003)

~

Concentrate Flux Matte Slag
Smelter/process Cu Fe S SiO, H,O SiO, CaO Fe Cu Fe S Cu SiO, Total Fe CaO
La Caridad 26 26 35 6 8 90 0.1 0.4 65 10 21 2-3 31 43
Outokumpu flash
Caraiba 32 25 33 7 8 97 2 0 62 12 22 2.3 31 42
Outokumpu flash
Huelva 31 23 31 7 7—8 94—-97 0.2 0.9 62 13 20 1.5 28 42 2
Outokumpu flash
Hayden 28 25 31 6 10 92 0.4 1.3 59 14 23 1.2 34 36 2
Inco flash
Potrerillos 30 25 32 4 8 86 0.2 0.5 71 5 21 8 25 38
Teniente
Horne 22 30 30 7 5—-10 75 2 2 70 3 20 6.0 30 36 1
Noranda
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Mount Isa 25-27 24-26 27-29 11-13 7 87 0.3 1 60 15 23 2.6 33 41 1.5
Isasmelt

Zhongttiaoshan 23-26 26—29 29-32 5-13 7—12 60 15 23 0.7 32 36 5

Ausmelt

Glogow 2 28 3.3 11 17 92-95 1-2 >95 0.5 14.3 31 6.4 14

OK flash

direct-to-copper

Gresik 30 24 29 10 90 0 <2 68 8 21 0.7 34 36 5

Mitsubishi

Naoshima 34 21 24 17 12 85 68 8 21 0.7 36 40 5

Mitsubishi

SUMZ 15—-20 35 33 5 8—10 90 1.5 2.0 45 30 25 0.7 32 30 3

Vanyukov

Pasar 25-32 22-30 25-33 6-10 10 >95 <1.5 <2 55 24 23 <0.7 36 38 2

Electric

Palabora 30—35 20-30 20-30 3-5 6—7 60—80 0—-15 0-15 40-50 25-30 20-27 0.5-0.8 30—40 30—40 0—-10
Reverberatory

N
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FIGURE 5.3 Liquidus surface in the
FeO—Fe,03;—Si0; system at 1200 °C
and 1250°C (Muan, 1955). Copper
smelting processes typically operate
near magnetite saturation (line CD).

Mass% Si0; 20

Magnetite
+/ saturation
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Mass% Fe,0s

Along the bottom boundary line, the slag is saturated with solid FeO. The boundary at right
marks the compositions at which dissolved FeO and Fe,03 react to form solid magnetite:

FeO + Fe; 03 — Fe304 (S) (5.6)

Extensive oxidation and lower smelting temperatures encourage the formation of
Fe,03 in the slag. Avoiding these conditions minimizes magnetite precipitation.

Along the left-hand boundary, the slag is saturated either with metallic iron or solid
fayalite (Fe;SiO4). Under the oxidizing conditions of industrial copper smelting, this
never occurs. Table 5.2 lists the compositions of some smelter slags, including their Cu
content. Controlling the amount of Cu dissolved in smelting slag is an important part of
smelter strategy (Chapter 12).

Many measurements have been made of the viscosities of molten slags (Vadasz et al.,
2001; Vartiainen, 1998). These have been used to develop a model, which calculates
viscosities as a function of temperature and composition (Utigard & Warczok, 1995). The
model relies on calculation of a viscosity ratio (VR). VR is the ratio of A (an equivalent
mass% in the slag of acidic oxides) to B (an equivalent mass% of basic oxides):

VR=A/B (5.7)
A = (%Si0,) + 1.5(%Cry03) + 1.2(%Zr0,) + 1.8(%Al,03) (5.8)

B = 1.2(%FeO) + 0.5(%Fe,03 + %PbO) + 0.8(%MgO) + 0.7(%Ca0O)
+2.3(%Nay0 + %K,0) + 0.7(%Cu,0) + 1.6(%CaF,) (5.9)

Utigard and Warczok related VR to viscosity by regression analysis against their
existing database, obtaining:

- 12,080v/VR
049 — 5.1/VR 4 —2000+ 12, 080vV

T(K) (5.10)

log u(kg/m —s) =
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liquid + FeO, solid solution
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FIGURE 5.4 Liquidus lines at 1200 °C and 1300 °C for calcium ferrite (CaO—Cu,0O—FeO,) slags in air,
1 atmosphere pressure (Goto & Hayashi, 1998). The triangle represents Mitsubishi converting furnace slag if
all its Cu exists as Cu,0. Slag compositions inside the solid line are fully liquid at 1300 °C. Slag compositions
inside the dashed lines are fully liquid at 1200 °C.

Figure 5.4 shows the effect of temperature and composition on the viscosity of
FeO—Fe,03—Si0,. Numerous other models have been developed for viscosity prediction
in slags (Kondratiev, Jak, & Hayes, 2002); however, Eqgs. 5.7—5.10 appear to be easier to
use in practice.

The specific gravity of smelting slags ranges between 3.3 and 4.1. It increases with
increasing iron content and increases slightly with increasing temperature (Utigard, 1994;
Vadasz, Tomasek, & Havlik, 2001).

Slag electrical conductivity is strongly temperature-dependent, ranging at smelting
and converting temperatures between 5 and 20 ohm ™' cm ™' (Hejja, Eric, & Howat, 1994;
Zidlek & Bogacz, 1987). It increases with Cu and iron oxide content and with basicity.

The surface tension of smelting slags is 0.35—0.45 N/m (Vadasz et al., 2001). It
increases with basicity, but is not strongly influenced by temperature.

5.2.2. Calcium Ferrite and Olivine Slags

The ferrous silicate melts discussed in the previous section have been the basis for the
slags used in most primary copper smelting and converting technologies. However,
ferrous silicate slags have limitations. The most important is the need to control
magnetite formation (Eq. 5.6). In bath smelting or converting, this is a particular problem
because the magnetite crust that forms during the initial reaction can act as a process
barrier. The second is the relatively small window of compositions where the slag is
molten at smelting temperatures (Fig. 5.3). Ferrous silicate slags are relatively acidic,
which makes it more difficult to use them to remove impurities such as As, Bi, and Sb that
form acidic oxides.

The development of the Mitsubishi converter (Chapter 9) was accompanied by the
adoption of CaO-based (rather than SiO;-based) slag, better known as calcium ferrite
(Jahanshahi & Sun, 2003). Early in the development of the process, it was found that
blowing O,-rich blast onto the surface of fayalite slag produced a crust of solid magnetite.
This made further converting impossible. CaO, on the other hand, reacts with magnetite,
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FIGURE 5.5 Liquidus line for the CaO—SiO,—(FeOy) system at 1300 °C (Tsukihashi & Kimura, 2000). The
minimal solubility of silica in calcium ferrite slags is apparent, as is the wider solubility range of olivine
(ferrous calcium silicate) slags.

molten Cu, and O; to form a molten Cu,O—CaO—Fe30y slag (Fig. 5.4). The slag typi-
cally contains 14—16% Cu, 40—55% Fe (mostly Fe"), and 15—20% CaO.

Calcium ferrite slag has a low viscosity (0.025—0.04 kg/m s), and specific gravities
are 3.1—3.8, less than that of comparable fayalite slags (Vadasz et al., 2001). Surface
tensions are 0.58—0.60 N/m. This improves settling rates after smelting. The CaO in the
slag lowers the activity of Fe,Os, and this prevents magnetite formation. The activity
coefficient of Cu,O is also higher in calcium ferrite slags. This means that the solubility
of Cu,0 is reduced, which means lower copper losses. Calcium ferrite slags are more
basic than fayalite slags, which lower the activity coefficient of impurity oxides such as
Asy0O3 and SbyO3. The result enhances the removal of these impurities. Calcium ferrite
slags are also less likely to engage in foaming.

The advantages of calcium ferrite slag have led to its adoption for bath converting
furnaces (Chapter 9). However, there are drawbacks to the use of this slag, especially in
smelting. Figure 5.5 shows the CaO—FeOx—SiO; phase diagram at 1300 °C (Tsukihashi &
Kimura, 2000). As it shows, the solubility of silica in CaO—FeOy melts is low. This makes
smelting of concentrates with significant levels of silica difficult (Vartiainen, Kojo, &
Acufia, 2003). The other significant difficulty with the use of calcium ferrite slags is
their aggressive behavior toward the ‘mag—chrome’ (MgO—Cr,03) refractories used
in copper smelting and converting furnaces (Fahey, Swinbourne, Yan, & Osborne,
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FIGURE 5.6 Liquidus isotherms in the CaO—FeO,—SiO, system at 1250 °C and varying oxygen potential
(Jak et al., 2000).

2004). The frequent lining repair and replacement that occurs as a result increases
downtime and expense. As a result, extensive research has been conducted over the past
decade on a more suitable type of slag. Figure 5.6 shows the liquid region at 1250 °C for
slags in the CaO—FeO4—SiO; system at different oxygen potentials (Jak, Zhao, & Hayes,
2000). Slags in this region have been called ferrous calcium silicate (FCS) or olivine
((Fe,Ca),Si0y) slags. Their properties represent a compromise between those of calcium
ferrite and fayalite slags. As a result, they are a possible alternative to fayalite slags for
copper smelting. They have also been chosen for the Ausmelt C3 converting process
(Wood, Matusewicz, & Reuter, 2009).

5.2.3. Matte (Sundstrom, Eksteen, & Georgalli, 2008)

As Fig. 5.1 shows, immiscibility between matte and fayalite slag increases with increasing
silica content (Yazawa, 1956). A high sulfur/iron ratio also increases the completeness of
separation, as do the presence of calcia and alumina in the slag (Table 5.1).

There is some silica and oxygen solubility in matte, but Li and Rankin (1994)
demonstrated that increasing Cu,S in matte decreases these solubilities “dramatically”. As
a result, the typical industrial matte contains only about one percent oxygen (Table 5.2).

The structure of molten mattes is uncertain. Shimpo, Goto, Ogawa, and Asakura
(1986) treat them as molten salts, but Zhang (1997) modeled their electrical conductance
by treating them as an intermetallic alloy. Their specific gravity is higher than that of
slags, so they form the bottom layer in smelting furnaces. As Fig. 5.5 shows, their melting
points are lower than the 1200 °C of most slags.

The viscosities of mattes are much lower than those of slags. Data obtained in the
1960s showed that the values of dynamic viscosity of melts in the FeS—Cu,S system
ranged between 0.002—0.004 N-s/mz, with a minimum at about 65 wt.-% FeS (Sund-
strom et al., 2008). Temperature has little impact on these values. As a result, the choice
of operating temperature in smelting furnaces is driven primarily by the characteristics of
the molten slag.
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The surface tension of molten Cup,S—FeS mattes ranges from 0.35 to 0.40 N/m,
increasing slightly with Cu,S content. Temperature has little effect (Kucharski, Ip, &
Toguri, 1994; Sundstrom et al., 2008). The effect of temperature on matte density is also
small; values range from 3.97 g/cm? for pure Cu,S to 5.27 for pure FeS, with a roughly
linear relationship to mole fraction.

Measurements of interfacial tension between molten mattes and slags were reviewed
by Nakamura and Toguri (1991). Interfacial tension increases from near zero in low-Cu
mattes to about 0.20 N/m for high-Cu mattes (~70 mass% Cu,S). The interfacial tension
is lowered by small additions of CaF,, and is also reduced in mattes with higher Fe/SiO,
ratios (Li, Huang, & Chen, 1989). Higher interfacial tension is a driving force for
improved separation of matte and slag after smelting, and thus favors production of
higher-grade mattes. However, higher-grade mattes are also associated with higher dis-
solved-copper losses in slag.

The electrical conductance of molten matte depends on concentration (Sundstrom
et al., 2008). For pure Cu;S, the conductance at coppermaking temperatures is less than
100 ohm ' em™". The conductance of pure molten Fe$S in the same temperature range is
1500—1600 ohm ' cm ™. Excess sulfur levels above those needed for strict stoichiom-
etry also cause substantial increases in conductance. For typical smelter mattes,
conductances are in the 350—450 ohm ™' cm ™' range.

5.3. REACTIONS DURING MATTE SMELTING

The primary purpose of matte smelting is to turn the sulfide minerals in solid copper
concentrate into three products: molten matte, molten slag, and offgas. This is done by
reacting them with O,. The oxygen is almost always fed as oxygen-enriched air. The
initial reaction takes the form:

CuFeS; + 0, — (Cu,Fe,S)(matte) + FeO (slag) + SO, (5.11)

The stoichiometry varies, depending on the levels of chalcopyrite and other Cu—Fe
sulfide minerals in the concentrate and on the degree of oxidation of the Fe.

As will be seen, smelting strategy involves a series of trade-offs. The most significant
is that between matte grade (mass% Cu) and recovery. Inputting a large amount of O will
oxidize more of the Fe in the concentrate, so less Fe sulfide ends up in the matte. This
generates a higher matte grade. On the other hand, using too much oxygen encourages
oxidation of Cu, as shown previously:

CuS + 1.50, — Cup0 + SO, (5.4)

The Cu oxide generated by this reaction dissolves in the slag, which is undesirable. As
a result, adding the correct amount of O, needed to produce an acceptable matte grade
without generating a slag too high in Cu is a key part of smelter strategy.

A second set of reactions important in smelter operation involves the FeO content
of the slag. If the activity of FeO in the slag is too high, it will react with Cu,S in
the matte:

FeO (slag) + Cu,S (matte) — FeS (matte) + CupO (slag) (5.12)

This reaction is not thermodynamically favored (Keq~ 10~* at 1200 °C). However,
a high activity of FeO in the slag and a low activity of FeS in the matte generate higher
activities of Cu;0 in the slag. (This occurs if too much of the iron in the concentrate is
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oxidized.) This again gives too much Cu in the slag. In addition, FeO reacts with O, to
form solid magnetite if the FeO activity is too high:

3FeO + 0.50, — Fe304 (s) (5.13)

As a result, lowering the activity of FeO in the slag is important. It is done by adding
silica as a flux:

FeO + SiO; — FeO — SiO; (slag) (5.14)

However, again there is a trade-off. Flux costs money and the energy required to heat
and melt, and it also costs more as more silica flux is used. In addition, as Fig. 5.4 shows,
the viscosities of smelting slags increase as the silica concentration increases. This makes
slag handling more difficult, and also reduces the rate at which matte particles settle
through the slag layer. If the matte particles settle too slowly, they will remain entrained
in the slag when it is tapped. This increases Cu losses. As a result, the correct levels of
FeO and SiO; in the slag require another balancing act.

5.4. THE SMELTING PROCESS: GENERAL CONSIDERATIONS

While industrial matte smelting equipment and procedures vary, all smelting processes
have a common sequence of events. The sequence includes:

(a) Contacting particles of concentrate and flux with an O,-containing gas in a hot
furnace. This causes the sulfide minerals in the particles to rapidly oxidize
(Eq. 4.11). The reactions are exothermic, and the energy they generate heats
and melts the products.

In flash smelting, the contact time between concentrate particles and the gas is less
than a second, so ensuring good reaction kinetics is essential (Jorgensen & Koh,
2001). This is difficult, as the percentage of volatiles in copper concentrate is much
smaller than in coal, which makes stable combustion of the concentrate more unlikely
(Caffery, Shook, Grace, Samarasekara, & Meadowcroft, 2000; Gonzalez, Richards, &
Rivera, 2006). As a result, good mixing is essential. Nearly all smelters mix concen-
trate with the gas prior to injecting it into the smelting furnace. Decreasing the particle
size of the concentrate increases flame speeds, but this requires a finer grind, which
increases both processing cost and dust losses. The use of oxygen-enriched air instead
of air also improves reaction kinetics, and is increasingly popular (Chapter 6). Never-
theless, about 5% of the concentrate fed to a flash furnace winds up in the dust
collector (Asaki, Taniguchi, & Hayashi, 2001). The use of computational fluid
dynamics (CFD) has become an increasingly important tool in the modeling of flash
furnace processing (Li, Mei, & Xiao, 2002; Li, Peng, Han, Mei, & Xiao, 2004).

Use of oxygen-enriched air or oxygen also makes the process more autothermal.
Because less nitrogen is fed to the furnace, less heat is removed in the offgas. This
means that more of the heat generated by the reactions goes into the matte and slag.
As aresult, less (or no) hydrocarbon fuel combustion is required to ensure the proper
final slag and matte temperature (~1250 °C). This is especially important in the
melting of high-grade concentrates, which have less FeS to oxidize and thus generate
less heat (Caffery et al., 2000).

Another method for contacting concentrate and O, is used in submerged tuyere
bath smelting furnaces (Chapter 7 and 9). In these furnaces, concentrate is blown
into a mixture of molten matte and slag, and the oxidation process takes place
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indirectly. The limiting factor in bath-smelting kinetics appears to be the rate at
which silica flux dissolves in the matte, where it reacts with dissolved FeS and
oxygen to generate slag (Asaki et al., 2001). Because of this, the particle size of
the concentrate is of less importance, and the finer grind used by some flash smelters
is not needed. The rapid dissolution of concentrate particles in the bath also means
that less dust is generated.

(b) Letting the matte settle through the slag layer into the matte layer below the slag.
Most smelting furnaces provide a quiet settling region for this purpose. During
settling, FeS in the matte reacts with dissolved Cu;O in the slag by the reverse of
Reaction (5.12):

FeS (matte) + CuyO (slag) — FeO (slag) + Cu,S (matte) (5.15)

This further reduces the amount of Cu in the slag. The importance of low slag
viscosity in encouraging settling has already been mentioned. Keeping the slag layer
still also helps. Here too a trade-off is at work. Higher matte and slag temperatures
encourage reaction (5.15) to go to completion and decrease viscosity, but they cost
more in terms of energy and refractory wear.

(¢) Periodically tapping the matte and slag through separate tap holes. Feeding of smelt-
ing furnaces and withdrawing of offgas is continuous. Removal of matte and slag is,
however, done intermittently, when the layers of the two liquids have grown deep
enough. The location of tap holes is designed to minimize tapping matte with slag.

5.5. SMELTING PRODUCTS: MATTE, SLAG AND OFFGAS
5.5.1. Matte

In addition to slag compositions, Table 5.2 shows the composition of mattes tapped from
various smelters. The most important characteristic of a matte is its grade (mass% Cu),
which typically ranges between 45 and 75% Cu (56—94% Cu;,S equivalent). At higher
levels, the activity of Cu,S in the matte rises rapidly, pushing Reaction (5.12) to the right.
Figure 5.7 shows what happens as a result.

The rapidly increasing concentration of Cu in slag when the matte grade rises above
65% is a feature of many smelter operators prefer to avoid (Henao, Yamaguchi, & Ueda,
2006). However, producing higher-grade mattes increases heat generation, reducing fuel
costs. It also decreases the amount of sulfur and iron to be removed during subsequent
converting (decreasing converting requirements), and increases SO, concentration in the
offgas (decreasing gas-treatment costs). In addition, almost all copper producers now
recover Cu from smelting and converting slags (Chapter 12). As a result, production of
higher-grade mattes has become more popular.

Most of the rest of the matte consists of iron sulfide (FeS). Table 5.3 shows the
distribution of other elements in copper concentrates between matte, slag, and offgas.
Precious metals report almost entirely to the matte (Henao et al., 2006), as do most Ni, Se,
and Te.

5.5.2. Slag

As Table 5.2 shows, the slag tapped from the furnace consists mostly of FeO and SiO5,
with a small amount of ferric oxide. Small amounts of Al,O3, CaO, and MgO are also
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FIGURE 5.7 Solubility of copper in fayalite slags at 1300 °C in equilibrium with mattes of increasing grade
(Roghani et al., 2000).

fTABLE 5.3 Estimated Distribution of Impurities During Flash Furnace \
Production of 55% Cu Matte (Steinhauser et al., 1984)
Matte Slag Volatilized®

Copper 99 1 0
Alkali/alkaline-earth elements, aluminum, titanium 0 100 0

Ag, Au, Pt-group elements 99 1 0

Antimony 30 30 40

Arsenic 10 10 80

Bismuth 15 5 80

Cobalt 40 55 5

Lead 20 10 70

Nickel 50 45 5

Selenium 75 5 20

Zinc 15 45 40

(Not including solid dust from the furnace. /
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present, as is a small percentage of dissolved sulfur (typically <1%). Cu contents range
from less than 1 to as high as 7%. Higher Cu levels are acceptable if facilities are
available for recovering Cu from smelter slag. SiO,/Fe mass ratios are usually 0.7—0.8.

5.5.3. Offgas

The offgas from smelting contains SO, generated by the smelting reactions, N, from the air
used for oxidizing the concentrate, and small amounts of CO,, H,O, and volatilized
impurity compounds. The strength of the offgas is usually 10—60 vol.-% SO;. The strength
depends on the type of O,-containing gas used for smelting, the amount of air allowed to
leak into the furnace and the grade of matte produced. Vol.-% SO, in smelter offgases has
risen in recent years. This is due to increased use of oxygen in smelting, which reduces the
amounts of nitrogen and hydrocarbon combustion gases passing through the furnace.

Smelter offgases may also contain substantial levels of dust (up to 0.3 kg/Nm?). This
dust comes from (a) small particles of unreacted concentrate or flux, (b) droplets of matte/
slag that did not settle into the slag layer in the furnace, and (c) volatilized elements in the
concentrate such as arsenic, antimony, bismuth, and lead, which have either solidified as
the gas cools or reacted to form non-volatile compounds. The dust generally contains
20—40 mass% Cu, making it potentially valuable. It is nearly always recycled to the
smelting furnace, but it may be treated hydrometallurgically to recover Cu and remove
deleterious impurities from the smelting circuit (Chapter 21).

5.6. SUMMARY

Matte smelting is the most common way of smelting Cu—Fe—S concentrates. It entails
heating, oxidizing (almost always with oxygen-enriched air), and fluxing the concentrate
at high temperatures, 1250 °C. The products are:

(a) Molten Cu—Fe—S matte, 45—75% Cu, which is sent to oxidation converting to
molten metallic copper

(b) Molten Fe silicate slag, which is treated to recover Cu and then sold or stockpiled; and

(c) SO,-bearing offgas, which is cooled, cleaned, and sent to sulfuric acidmaking.

Matte smelting oxidizes most, but not all, of the Fe and S in its input concentrates.
Total oxidation of Fe and S would produce molten Cu, but would also result in large Cu,O
losses in slag. The expense of reducing this Cu,O and settling the resulting copper almost
always overwhelms the advantage of direct-to-copper smelting.

The next four chapters describe industrial techniques for matte smelting and
converting.
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Flash Smelting

Flash smelting accounts for around half of all Cu matte smelting. It entails blowing
oxygen, air, dried Cu—Fe—S concentrate, silica flux, and recycle materials into
a 1250 °C hearth furnace. Once in the hot furnace, the sulfide mineral particles of
the concentrate react rapidly with the O, of the blast. This results in controlled
oxidation of the concentrate’s Fe and S, a large evolution of heat and melting of the
solids.

The process is continuous. When extensive oxygen enrichment of the blast is prac-
ticed, it is nearly autothermal. It is perfectly matched to smelting fine particulate
concentrates (~ 100 um) produced by froth flotation.

The products of flash smelting are:

(a) Molten Cu—Fe—S matte, ~65% Cu, considerably richer in Cu than the input
concentrate

(b) Molten iron-silicate slag containing 1—2% Cu

(c) Hot dust-laden offgas containing 30—70 vol.-% SO,.

Three flash furnaces produce molten copper directly from concentrate (Chapter 10).
Two other Outotec flash furnaces produce molten copper from solidified/ground matte.
This is flash converting (Chapter 8).

The goals of flash smelting are to produce:

(a) Molten matte at constant composition and temperature for feeding to
converters

(b) Slag which, when treated for Cu recovery, contains only a tiny fraction of the Cu
input to the flash furnace

(c) Offgas strong enough in SO, for its efficient capture as sulfuric acid.

There are two types of flash smelting: the Outotec process (~ 30 furnaces in opera-
tion) and the Inco process (four furnaces in operation). The Outotec process was formerly
known as the Outokumpu process.

6.1. OUTOTEC FLASH FURNACE

Figure 6.1 shows a typical 2010-design Outotec flash furnace. It is 26 m long, 8 m wide,
and 2 m high (all dimensions inside the refractories). It has a 7 m diameter, 8 m high
reaction shaft and a 5 m diameter, 10 m high offgas uptake. It has one concentrate burner
and is designed to smelt up to 4500 tonnes of concentrate per day. It has four matte
tapholes and four slag tapholes.

Extractive Metallurgy of Copper. DOI: 10.1016/B978-0-08-096789-9.10006-X
Copyright © 2011 Elsevier Ltd. All rights reserved. 89
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FIGURE 6.1 Schematic of a year 2010 Outotec flash furnace. This furnace is designed to smelt up to
4500 tonnes of concentrate per day. A concentrate burner is shown in Fig. 6.2. It sits atop the reaction shaft.

Outotec flash furnaces vary considerably in size and shape (Table 6.1). However, they
all have five main features:

(a) Concentrate burners (usually one, but a few have four), which combine dry particu-
late feed with O»-bearing blast and blow them downward into the furnace

(b) A reaction shaft where most of the reaction between O, and Cu—Fe—S feed particles
takes place

(c) A settler where molten matte and slag droplets collect and form separate layers

(d) Water-cooled copper block tapholes for removing molten matte and slag

(e) An uptake for removing hot SO,-bearing offgas.

6.1.1. Construction Details (Fagerlund, Lindgren, & Jafs, 2010)

The interior of an Outotec flash furnace consists of high-purity direct-bonded
magnesia—chrome bricks. The bricks are backed by water-cooled copper cooling
jackets on the walls and by sheet steel elsewhere. Reaction shaft and uptake refractory
is backed by water-cooled copper cooling jackets or by sheet steel, cooled with water
on the outside.

The furnace rests on a 2-cm thick steel plate on steel-reinforced concrete pillars.
The bottom of the furnace is air cooled by forced convection (Janney, George-
Kennedy, & Burton, 2007). Slag line bricks may have eroded, but the furnace can
usually continue to operate without them. This is because magnetite-rich slag freezes
on cool regions of the furnace walls.



Flash Smelting

fTABI_E 6.1a Dimensions and Production Details of Three Outotec Flash Furnaces \

Pan Pacific
Arubis Copper
PASAR Leyte, Hamburg, Saganoseki,
Smelter Philippines Germany Japan
Startup date 1983 1972 1973
Size, inside brick, m
Hearth: w x | x h 7.5 %202 %26 6 x20x3 6.8 x 20.1 x 2.2
Reaction shaft
Diameter 6.5 6 6.2
Height above settler 6.5 7.5 5.9
roof
Gas uptake
Diameter 2.5 4x8 3.1
Height above roof 9.4 10 6.3
Slag layer thickness 0.3—0.6 0.7 0.3
Matte layer thickness 0.65—0.85 0.2-0.5 0.8
Active slag tapholes 2 2 1
Active matte tapholes 4 4 6

Concentrate burners

1

Feed details tonnes/day

New concentrate (dry)

2000 (23—29% Cu)

3100 (29% Cu)

3581 (28.4% Cu)

Silica flux 100 350—450 543

Oxygen 440

Recycle flash furnace 95—-120 230 215

dust

Converter dust 20-30 15 40

Slag concentrate 75 No

Reverts 150 (ladle sculls, 107 (converter dust,
slimes, various leach plant residue,
dusts) gypsum)

Other 36 t/d coal 430 molten 70 purchased
converter scrap
slag

/

(Continued)
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Furnaces—cont’'d

ABLE 6.1a Dimensions and Production Details of Three Outotec Flash

~

Pan Pacific
Arubis Copper
PASAR Leyte, Hamburg, Saganoseki,
Smelter Philippines Germany Japan
Blast details
Temperature, °C 200 Ambient Ambient
Vol.-% O, 45—52 50—65 70—80
Flowrate, thousand 36 45 27-35

Nm3/h

Production details

Matte, tonnes/day

1080 (54—56%Cu)

1450 (63% Cu)

1632 (64.8% Cu)

Slag, tonnes/day 800—900 2000 2220
Slag, mass% Cu 0.5—0.75 1.5
Slag mass% 0.87—1 0.82 0.93

SiOy/mass% Fe

Cu recovery,
flash slag

Electrodes and
coal in flash
furnace

Electric furnace

Electric furnace

Cu recovery,
converter slag

Solidify/flotation

Recycle to flash
furnace

Solidify/flotation

Offgas, thousand 36.6 50—68 40—45
Nm?/h
Vol.-% SO,, 28—-30 30—45 50—60 (calculated)
leaving furnace
Dust production, 48—60 flash 230 215
tonnes/day furnace 28—30
dryer dust
Matte/slag/offgas 1220/1240/750 1220/1230/1350 1242/1245/1250
temperature, °C
Fuel inputs, kg/h
Hydrocarbon fuel 0—0.2 m*h bunker ~ None 70 fine coal with
burnt in reaction C oil, coal added to feed
shaft solid feed
Hydrocarbon fuel None, but None None
in settler burners 1.2—1.5 MW

electric power
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/TABI_E 6.1b Dimensions and Production Details of Three Outotec Flash Furnaces \

Rio Tinto
Hibi Kyodo Kennecott Utah
Smelting Co. Sumitomo Copper Magna,
Smelter Tamano, Japan Toyo, Japan UT, USA
Startup date 1972 1971 1995

Size, inside brick, m

Hearth: w x | x h

7.0 x 19.8 x 2.5

6.7 x 19.9 x 3.3

7.7 x239%x19

Reaction shaft

Diameter 6.2 6.1 7

Height above settler roof 6.7 6.4 8.1
Gas uptake

Diameter 2.5 4 5.0

Height above roof 8.7 7.5 11.9
Slag layer thickness 0.4 0.3-0.5 0.4
Matte layer thickness 0.7 0.6—0.7 0.5
Active slag tapholes 2 2 3
Active matte tapholes 4 4 4

Concentrate burners

Feed details tonnes/day

New concentrate (dry)

2241 (29.2% Cu)

3830 (28.8% Cu)

4200 (25% Cu)

Silica flux 220 564 528
Oxygen 1036 720—1100
Recycle flash furnace dust 178 262 307
Converter dust 20 36 75
Slag concentrate 70 0 240-500
Reverts 70 (gypsum, 64
tankhouse sludge)

Other 20 purchased scrap 43

Blast details
Temperature, °C 210 200 Ambient
Vol.-% O, 66—69 77 82—88
Flowrate, thousand Nm?/h 25—29 38 27—-34

N

_/

(Continued)
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ABLE 6.1b Dimensions and Production Details of Three Outotec Flash
Furnaces—cont’d

~

temperature, °C

Rio Tinto
Hibi Kyodo Kennecott Utah
Smelting Co. Sumitomo Copper Magna,
Smelter Tamano, Japan Toyo, Japan UT, USA
Production details
Matte, tonnes/day 1129 (63.5% Cu) 1895 (64% Cu) 1800
(66.5—74.5%
Cu)
Slag, tonnes/day 1326 2477 2100—-3100
Slag, mass% Cu 0.74 1 0.5—4
Slag mass% SiOy/mass% Fe 0.85 1 0.64
Cu recovery, flash slag Electric furnace Electric furnace
with coal
Cu recovery, converter slag Solidify/flotation Solidify/mill
plant/flash
furnace
Offgas, thousand Nm?/h 27 57 43—60
Vol.-% SO,, leaving 50 (calculated) 38 30—40
furnace
Dust production, 178 210
tonnes/day
Matte/slag/offgas 1222/1254/1230 1220/1250/1300 1260/1320/1370

Fuel inputs, kg/h

Hydrocarbon fuel burnt in
reaction shaft

1200 fine coal
with feed

404 oil (including
settler) 147
pulverized coal

Occasionally

Hydrocarbon fuel in settler
burners

None

\J

=/

6.1

.2. Cooling Jackets

Recent design cooling jackets are solid copper with Monel 400 (Ni—30% Cu) alloy tube
embedded inside. The tube is bent into many turns to maximize heat transfer from the
solid copper to water flowing in the Monel tube (McKenna, Voermann, Veenstra, &
Newman, 2010). The hot face of the cooling jacket is cast in a waffle shape. This
provides a jagged face for refractory retention and magnetite-slag deposition. Jackets
are typically 0.75 m x 0.75 m x 0.1 m thick with 0.03 m diameter, 0.004 m wall Monel
tube.
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FIGURE 6.2 Central jet distributor Outotec concentrate burner. The main goal of the burner is to create
a uniform concentrate-blast suspension 360° around the burner. This type of burner can smelt up to 200 tonnes
of feed per hour. Its feed consists mainly of dry Cu—Fe—S concentrate, ~100 um, silica flux, ~1 mm, recycle
dust and recycle crushed reverts, ~1 mm.

6.1.3. Concentrate Burner (Fig. 6.2)

Dry concentrate and O,-rich blast are combined in the furnace reaction shaft by blowing
them through a concentrate burner. Dry flux, recycle dust, and crushed reverts (matte and
slag inadvertently frozen during transport around the smelter) are also added through the
burner. As of 2010, a concentrate burner consisted of:

(a) An annulus through which O,-rich blast is blown into the reaction shaft

(b) A central pipe through which concentrate falls into the reaction shaft

(c) A distributor cone at the burner tip, which blows air horizontally through the
descending solid feed.

Special attention is paid to uniform distribution of blast and solid feed throughout the
reaction shaft. It is achieved by introducing blast and solids vertically and uniformly into
quadrants around the burner and by blowing the solids outwards with central jet
distributor air.

A variation of this burner design is the Sumitomo-type concentrate burner, which uses
an oxygen—fuel burner located at the central jet distributor to accelerate the ignition of
the concentrate particles (Nagai, Kawanaka, Yamamoto, & Sasai, 2010).

6.1.4. Supplementary Hydrocarbon Fuel Burners

All Outotec flash furnaces are equipped with hydrocarbon fuel burners atop the reaction
shaft and through the settler walls and roof. Shaft-top burners keep the process in thermal
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balance. Settler burners eliminate cool zones in the furnace. They are also used to adjust
slag temperature.

6.1.5. Matte and Slag Tapholes

Molten matte and slag are tapped through single-hole water-cooled copper chill blocks
embedded in the furnace walls. The holes are typically 60—80 mm diameter. They are
plugged with moist fireclay, which is solidified by the heat of the furnace when the
clay is pushed into the hole. They are opened by chipping out the clay and by melting
it out with steel oxygen lances. Matte is tapped via copper or refractory-lined steel
launders into cast steel ladles for transport to converting. Matte is also granulated to
~0.5 mm granules in a water torrent where Outotec flash converting is used instead of
Peirce—Smith converting (Chapter 8). Slag is tapped down water-cooled copper
launders into:

(a) An electric settling furnace for Cu settling and recovery, or
(b) Ladles for truck haulage to Cu recovery by slow cooling/grinding/flotation.

Both withdrawals are only partial. Reservoirs of matte and slag (~0.5 m deep each)
are maintained in the furnace. Tapping of matte is continuously rotated around its
tapholes. This washes out solid buildups on the furnace floor by providing matte flow over
the entire hearth.

6.2. PERIPHERAL EQUIPMENT

The Outotec flash furnace is surrounded by:

(a) Concentrate blending equipment

(b) Solids feed dryer

(¢) Flash furnace feed bins and feed system

(d) Oxygen plant

(e) Blast preheater (optional)

(f) Heat recovery boiler (Chapter 12)

(g) Dust recovery and recycle system

(h) Gas cleaning system (Chapter 12)

(i) Sulfuric acid plant (Chapter 12)

(j) Secondary gas collection and treatment system (Chapter 12)
(k) Cu-from-slag recovery system (Chapter 11).

6.2.1. Concentrate Blending System

Most flash furnaces smelt several concentrates plus small amounts of miscellaneous

materials, such as precipitate copper. They also smelt recycle dusts, sludges, slag flotation

concentrate, and reverts. These materials are blended to give constant composition feed to

the flash furnace. Constant composition feed is the surest way to ensure smooth flash

furnace operation and continuous attainment of target compositions and temperatures.
Two techniques are used:

(a) Bin-onto-belt blending by which individual feed materials are dropped from holding
bins at controlled rates onto a moving conveyor belt



Flash Smelting

(b) Bedding, where layers of individual feed materials are placed on long (occasion-
ally circular) shaped piles, then reclaimed as vertical slices of blend (FLSmidth,
2010).

The blended feed is sent to a dryer. Flux may be included in the blending or added just
before the dryer.

6.2.2. Solids Feed Dryer

Concentrate and flux are always dried prior to flash smelting to ensure even flow through
the concentrate burner. Steam and rotary dryers are used (Chen & Mansikkaviita, 2006;
Hoshi, Toda, Motomura, Takahashi, & Hirai, 2010; Talja et al., 2010). The water
contents of moist and dry feed are typically 6—14% and 0.2% H;O.

Rotary dryers evaporate water by passing hot gas from natural gas or oil combustion
through the moist feed. The temperature of the drying gas is kept below ~500 °C (by
adding nitrogen, recycle combustion gas, or air) to avoid spontaneous oxidation of the
concentrate. Some smelters recycle anode furnace offgas (Chapter 12) or warm air
from acid plant SO3 coolers (Chapter 12) to their rotary dryers to decrease fuel
consumption. In addition, steam from the flash furnace heat recovery boiler can also be
used to indirectly pre-heat rotary kiln air to decrease fuel consumption (Hoshi et al.,
2010).

Steam drying is being widely adopted in new and existing Outotec flash smelters
(Talja et al., 2010). Steam dryers rotate hot, steam-heated stainless steel coils through the
moist feed. Modern designs have a drum that rotates in the same direction as the steam
coils to minimize tube wear and improve water evaporation efficiency. Dryer capacities
are as high as 200 t/h wet feed.

Steam drying has the advantages of:

(a) Efficient use of flash furnace heat recovery boiler steam

(b) Little SO,, dust, and offgas evolution because hydrocarbon combustion is not
used

(c) Low risk of concentrate ignition because steam drying is done at a lower temperature
(~200 °C) than combustion-gas drying (~ 500 °C).

(d) Approximately 14% less energy consumption than a similar-capacity rotary dryer
(Chen & Mansikkaviita, 2006)

6.2.3. Bin and Feed System

Dried feed is blown up from the dryer by a pneumatic lift system (Walker, Coleman, &
Money, 2010). It is caught in acrylic bags and dropped into bins above the flash furnace
reaction shaft. It is fed from these bins onto drag or screw conveyors and sometimes into
a loss-in-weight feeder. From the loss-in-weight feeder it flows on an air slide to the
concentrate burner (Jones et al., 2007; Reed, Jones, Snowdon, & Coleman, 2010;
Outotec, 2010). The rate of feeding is adjusted by varying the speed of the conveyors
below the bins (Contreras, Bonafio, Fernandez-Gil, & Palacios, 2003). The use of the
loss-in-weight feeder provides an accurate measurement of the mass flow of feed to the
furnace. Older feed systems were based on volumetric flow.

Bin design is critical for controlled feeding of the flash furnace. Fine dry flash
furnace feed tends to hang up on the bin walls or flood into the concentrate burner. This
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is avoided by mass flow bins (Dudley, 2009; Marinelli & Carson, 1992) that are steep
enough and smooth enough to give even flow throughout the bin.

6.2.4. Oxygen Plant

The principal oxygen plant in an Outotec flash smelter is usually a cryogenic liquefaction/
distillation unit producing 200—1100 tonnes oxygen per day. It delivers 92—99.95 vol.-%
O, industrial oxygen gas (0.8—2 bar gauge) to the flash furnace (Deneys, Dray, Mahoney, &
Barry, 2007).

Some smelters also use molecular sieve oxygen plants (vacuum pressure swing
absorption (VPSA) or pressure swing absorption (PSA)) to supplement their liquefaction/
distillation oxygen. Molecular sieve plants are small (<200 tonnes oxygen/day) units that
produce oxygen with a purity of 90—93 vol.-% O;: Ar (5%) and N, are the main impurities.
They are suitable for incremental additions to the output of the main oxygen plant.

Oxygen-enriched blast is prepared by mixing industrial oxygen and air as they flow to
the concentrate burner. The oxygen is added through a diffuser (holed pipe) protruding
into the air duct. The diffuser is located about six duct diameters ahead of the concentrate
burner to ensure good mixing.

The rates at which oxygen and air flow into the concentrate burner are important flash
furnace control parameters. They are measured by orifice or mass flow flowmeters and are
adjusted by butterfly valves.

6.2.5. Blast Heater (optional)

A few Outotec flash furnaces use heated blast. The blast is typically heated to
100—450 °C using hydrocarbon-fired shell-and-tube heat exchangers. Hot blast ensures
rapid Cu—Fe—S concentrate ignition in the flash furnace. It also provides energy for
smelting. Modern, highly oxygen-enriched flash furnaces use ambient (~ 30 °C) blast.
Concentrate ignition is rapid with this blast at all temperatures.

6.2.6. Heat Recovery Boiler (Koster, 2010)

Offgas leaves an Outotec flash furnace at about 1300 °C. Its sensible heat is recovered as
steam in a horizontal heat recovery boiler (Chapter 12).

6.2.7. Dust Recovery and Recycle System

Outotec flash furnace offgases typically contain 0.1—0.2 kg of dust per Nm?> of offgas.
The dust consists of mainly oxides (e.g. Cuy0, FezOy). It becomes sulfated by SO, and O,
in the heat recovery boiler and electrostatic precipitators. This sulfated dust is collected
and recycled to the flash furnace for Cu recovery. In many flash smelters, air or industrial
oxygen are deliberately fed into the offgas to sulfate the dust (Davenport, Jones, King, &
Partelpoeg, 2001). Controlling the oxidation and sulfation behavior of the dust minimizes
accretion formation in the uptake and heat recovery boiler (Miettinen, Ahokainen, &
Eklund, 2010).

About 70% of the dust leaving the uptake drops out in the heat recovery boiler. The
remainder is caught in electrostatic precipitators (Ryan, Smith, Corsi, & Whiteus, 1999)
where the particles are charged in a high voltage electrical field, caught on a charged wire
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or plate and periodically collected as dust clumps by rapping the wires and plates. Elec-
trostatic precipitator exit gas contains ~0.1 g of dust per Nm® of gas (Conde, Taylor, &
Sarma, 1999; Parker, 1997).

The collected dust contains approximately 25% Cu. It is almost always recycled to the
flash furnace for Cu recovery. It is removed from the boilers and precipitators by drag-
and-screw conveyors, transported pneumatically to a dust bin above the flash furnace, and
combined with the dried feed just before it enters the concentrate burner.

6.3. FLASH FURNACE OPERATION
Table 6.1 indicates that Outotec flash furnaces:

(a) Smelt up to 4200 tonnes per day of new concentrate

(b) Typically produce ~65% Cu matte (depending on the matte converting process)
(¢) Use 45—88% O, blast, sometimes slightly heated

(d) Burn hydrocarbon fuel to some extent mostly in the reaction shaft.

This section describes how the furnaces operate.

6.3.1. Startup and Shutdown

Operation of an Outotec flash furnace is begun by heating the furnace to its operating
temperature with hydrocarbon burners or hot air blowers (Severin, 1998). The heating
is carried out gently and evenly over a week or two to prevent uneven expansion and
spalling of the refractories. Adjustable springs attached to fixed-position I-beams
keep the walls and hearth under constant pressure during the heating. During initial
heatup, paper is inserted between newly laid hearth bricks to burn out and
compensate for brick expansion. Concentrate feeding is begun as soon as the furnace
is at its target temperature. Full production is attained in a day or so. Shutdown
consists of:

(a) Overheating the furnace for 7—10 days to melt solid buildups
(b) Starting hydrocarbon burners

(c) Stopping the concentrate burner

(d) Draining the furnace with hydrocarbon burners on

(e) Turning off the hydrocarbon burners

(f) Turning off the cooling water

(g) Allowing the furnace to cool at its natural rate.

6.3.2. Steady-state Operation
Steady-state operation of a flash furnace entails:

1. Feeding solids and blast at a constant rate

2. Drawing SO,-rich gas from the gas uptake at a constant rate

3. Tapping matte from the furnace on a scheduled basis or as needed by the
converter(s)

4. Tapping slag from the furnace on a scheduled basis or when it reaches a prescribed
level in the furnace.

The next section describes how steady-state operation is attained.
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FIGURE 6.3 Example control system for Outotec flash furnace. The three loops control slag temperature,
slag composition, and matte composition. Slag temperature may also be controlled by adjusting reaction shaft
hydrocarbon burner combustion rate. It is fine-tuned by adjusting settler burner combustion rates. Matte
grades & 1.5% Cu and temperatures £ 20 °C are obtained.

6.4. CONTROL (FIG. 6.3)

The Outotec flash furnace operator must smelt concentrate at a steady, specified rate
(Fig. 6.3) while:

(a) Producing matte of specified Cu grade

(b) Producing slag of specified SiO, content

(¢) Producing slag at specified temperature

(d) Maintaining a protective coating of magnetite-rich slag on the furnace interior.

6.4.1. Concentrate Throughput Rate and Matte Grade Controls

Basic Outotec flash furnace strategy is to charge dried concentrate mix to the furnace
at a prescribed rate and to base all other controls on this rate. Having chosen the
concentrate feed rate, the flash furnace operator must next select the grade (% Cu) of
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the product matte, i.e. the extent of Fe and S oxidation. It is selected as a compromise
between:

1. Maximizing SO, evolution in the flash furnace (where it is captured efficiently) and:

2. Keeping enough Fe and S in the matte so that subsequent converting can operate auto-
thermally while melting the required amount of Cu scrap and smelter recycle
materials.

Physically, matte grade is set by adjusting the ratio of oxygen input rate in the
blast to concentrate feed rate until the target matte composition is obtained. A large
ratio results in extensive Fe and S oxidation and high-grade (% Cu) matte. A small
ratio gives the opposite. Physically, the ratio is controlled by adjusting the rates at
which air and oxygen enter the furnace, after setting a constant concentrate feed
rate.

6.4.2. Slag Composition Control

The iron oxide formed by concentrate oxidation is fluxed with SiO, to form liquid slag.
The amount of SiO; is based upon the slag having a low solubility for Cu and sufficient
fluidity for easy tapping and a clean matte-slag separation. An SiO,/Fe mass ratio of
0.7—1.0 is used. It is controlled by adjusting the rate at which flux is fed to the solids feed
dryer.

6.4.3. Temperature Control

Matte and slag temperatures are measured as matte and slag flow from the furnace.
Disposable thermocouple probes and optical pyrometers are used. Matte and slag
temperatures are controlled by adjusting (a) the rate at which N, coolant enters the
furnace (mainly in air) or (b) hydrocarbon burner combustion rates. Slag temperature is
adjusted somewhat independently of matte temperature by adjusting settler hydrocarbon
burner combustion rates.

Matte and slag temperatures are typically 1220 °C and 1250 °C, respectively. They
are chosen for rapid matte/slag separation and easy tapping. They are also high enough
to keep matte and slag molten during transport to their destinations. Excessive
temperatures are avoided to minimize refractory and cooling jacket wear.

6.4.4. Reaction Shaft and Hearth Control (Davenport et al., 2001)

Long flash furnace campaign lives require that magnetite-rich slag be deposited in
a controlled manner on the furnace walls and hearth. Magnetite slag deposition is
encouraged by (Chapter 6):

(a) Highly oxidizing conditions in the furnace
(b) Low operating temperature
(¢) Low SiO; concentration in slag

It is discouraged by reversing these conditions and by adding coke or coal to the
furnace.

Campaigns up to 11 years in duration have been achieved for flash smelting furnaces
(Janney et al., 2007).
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6.5. IMPURITY BEHAVIOR

Flash furnace concentrates inevitably contain impurities from their original ore. They
must be separated from Cu during smelting and refining. Table 6.2 shows that this is
partially accomplished during flash smelting, as portions of the impurities report to the
slag and offgas while almost all the Cu reports to the matte. Important exceptions to
this are gold, silver, and platinum group metals. They accompany Cu through to
electrorefining where they are recovered as byproducts (Chapter 21). Most Ni also
follows Cu.
Industrial impurity distribution is complicated by recycle of:

(a) Flash furnace and converter dusts

(b) Flash furnace slag concentrate

(c) Converter slag concentrate and (occasionally) molten converter slag
(d) Solid reverts from around the smelter

(e) Acid plant sludges

Nevertheless, Table 6.2 provides guidance as to how impurities distribute themselves
during flash smelting.

6.5.1. Non-recycle of Impurities in Dust

Impurities are also found in flash furnace dust (Table 6.2). This dust is usually recycled to
the flash furnace for Cu recovery, so it is not usually an escape route for impurities.

AABLE 6.2 Distribution of Elements in Outotec Flash Smelting (Davenportetal., 200m

Element % to matte % to slag % to offgas”
Cu 97 2 1
Ag 90—-95 2-5 3-8
Au 95 2 3
As 15—40 5-25 35—-80
Bi 30—-75 5-30 15—65
Cd 20—40 5-35 25—60
Co 45—55 45—55 0-5
Ni 70—80 20—-25 0-5
Pb 45—80 15—-20 5—40
Sb 60—70 5-35 5-25
Se 85 5—15 0—5
Te 60—80 10-30 0—-10
Zn 30-50 50—60 5—15

k"(.“ol/ected as precipitated solids during gas cleaning. j
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However, some flash smelters, including Chuquicamata (EcoMetales, 2010), Kennecott
(Gabb, Howe, Purdie, & Woerner, 1995; Kaur, Nexhip, Wilson, & George-Kennedy, 2010),
Saganoseki (Larouche, 2001, pp. 118—119) and Kosaka (Maeda, Inoue, Hoshikawa, &
Shirasawa, 1998), recover Cu from some of their dust hydrometallurgically rather than by
recycle to the flash furnace (Chapter 21). This allows the impurities to leave the smelter in
leach plant residues. It is particularly effective for removing As, Bi, and Cd from the
smelter. Lead is removed to a lesser extent.

6.5.2. Other Industrial Methods of Controlling Impurities

Flash smelters that treat several concentrates blend their high- and low-impurity
concentrates to ensure that impurity levels in their product anodes are low enough for
efficient electrorefining. Flash smelters that are dedicated to treating high-impurity
concentrates control anode impurity levels by (a) minimizing dust recycle, or (b)
modifying converting and fire refining to increase impurity removal (Larouche, Harris, &
Wraith, 2003).

6.6. OUTOTEC FLASH SMELTING RECENT DEVELOPMENTS
AND FUTURE TRENDS

Outotec flash furnace smelting capacity and campaign life has increased in recent years
through enhancements in the design of the feed system, concentrate burner, and furnace
cooling elements. Advances in process control and dust sulfation techniques have also
contributed. The future development foreseen by Outotec is use of its flash furnace for
direct-to-copper smelting (Chapter 10) of lower grade concentrates and further use of
continuous flash converting (Chapter 8). Both have the advantages of improved SO,
capture and an SO,-free workplace because they eliminate batch Peirce—Smith con-
verting (Ahokainen & Eklund, 2007; Kojo & Lahtinen, 2007).

6.7. INCO FLASH SMELTING

Inco flash smelting blows industrial oxygen, dried Cu—Fe—S concentrate, SiO; flux, and
recycle materials horizontally into a hot (~ 1250 °C) furnace. Once in the furnace, the
oxygen reacts with the concentrate to generate:

(a) Molten matte, 55—60% Cu
(b) Molten slag, 1—2% Cu
(c) Offgas, 60—75 vol.-% SO,.

The matte is tapped into ladles and sent to converting. The slag is tapped into ladles
and sent to stockpile, with or without Cu-from-slag removal (Chapter 11). The offgas is
water-quenched, cleaned of dust, and sent to a sulfuric acid plant. The Inco flash furnace
is also used to recover Cu from molten recycle converter slag. The slag is poured into the
furnace via a steel chute and water-cooled door (Fig. 6.4).

At the start of 2010 there were four Inco flash furnaces in operation: at Almalyk,
Uzbekistan (Ushakov et al. 1975); Hayden, Arizona (Marczeski & Aldrich, 1986), and
Sudbury, Ontario (two furnaces; Carr, Humphris, & Longo, 1997; Humpbhris, Liu, &
Javor, 1997; Molino et al., 1997; Zanini, Wong, & Cooke, 2009).
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FIGURE 6.4 Inco flash furnace at Sudbury, Ontario (Queneau & Marcuson, 1996).

The Almalyk and Hayden furnaces smelt Cu—Fe—S concentrates. The Sudbury
furnaces smelt Ni—Cu—Co—Fe—S concentrates to produce ~45% Ni + Cu + Co matte
and ~1% Ni + Cu + Co slag.

6.7.1. Furnace Details

The Inco flash furnace is made of high-quality MgO and MgO—Cr,Oj3 brick (Fig. 6.4). Its
main components are:

(a) Concentrate burners, two at each end of the furnace
(b) End- and sidewall water-cooled copper cooling jackets
(c) A central offgas uptake

(d) Sidewall tapholes for removing matte

(e) An endwall taphole for removing slag

(f) An endwall chute for charging molten converter slag

6.7.2. Concentrate Burner

Inco concentrate burners are typically ~0.25 m diameter, 1 m long, 1 cm thick stainless
steel pipes, water-cooled with an internal ceramic sleeve. They are fed with industrial
oxygen, blown in horizontally, and dry feed, dropped in from above through an angled
tube (Fig. 6.5) or flexible metal hose.

The diameter of the burner barrel gives an oxygen/feed entry velocity of ~40 m/s.
This velocity creates a concentrate/oxygen flame that reaches the central uptake. The
burners are typically angled 7° down and 7° in so that the flame plays on the slag surface
rather than on the roof and walls.

6.7.3. Water Cooling

Inco furnace side and endwalls are fitted with water-cooled copper fingers, plates, and
shelves to maintain the integrity of the furnace structure (McKenna et al., 2010). As in
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FIGURE 6.5 Details of Inco flash furnace concentrate burner.

the Outotec furnace, water cooling causes magnetite-rich slag to deposit on the furnace
walls. This protects the bricks and water-cooled copper, extending furnace life. An Inco
furnace can be operated for five or six years without reconstruction. Repairs are done
annually and while the smelter is stopped for non-furnace reasons, such as acid plant
maintenance. The end of a furnace campaign is usually caused by excessive refractory
erosion, especially at the slag line.

6.7.4. Matte and Slag Tapholes

The Inco furnace is equipped with four sidewall matte tapholes and an endwall slag
taphole. Each consists of a single-hole refractory block fitted in a water-cooled copper
plate. Tapping and plugging are similar to Outotec flash furnace tapping and plugging
(Section 6.1.5).

Reservoirs of slag (~0.5 m deep) and matte (0.2—1.0 m deep) are always kept in the
furnace. The matte level is kept well below the slag taphole. This avoids accidental
tapping of matte with slag. Matte tapping is rotated continuously between the four
tapholes to keep matte flowing across the entire floor. This minimizes localized magnetite
buildups on the furnace floor.

6.7.5. Gas Uptake

The central offgas uptake is brick or castable refractory backed by copper cooling jackets
or stainless steel. A small amount of oxygen is injected into the uptake. It burns the
elemental sulfur that is present in Inco furnace offgas. This prevents the sulfur from
precipitating in downstream cooling and dust collection equipment.

6.7.6. Auxiliary Equipment
The auxiliary equipment required for Inco flash smelting is:

(a) Oxygen plant (Section 6.2.4)
(b) Concentrate blending system (Section 6.2.1)
(¢) Solids feed dryer
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(d) Four concentrate burner feed systems

(e) Offgas cooling system

(f) Dust recovery and recycle system

(g) Secondary gas collection and treatment system (Chapter 12)
(h) Sulfuric acid plant (Chapter 12).

6.7.7. Solids Feed Dryer (Carr et al., 1997)

Inco furnace solid feed (concentrate, flux, reverts, recycle sludges) is dried to give an even
flow of solids through the concentrate burners. This is essential to create a uniform
oxygen-concentrate suspension in the furnace. Natural gas-fired fluid bed dryers are used
(Liu, Vahed, Yotingco, Macnamara, & Warner, 2007). The dryer feed is typically 10%
H,0; the dried product, ~0.2% H,0. The fluidization gas is combustion gas plus air at
~330 °C. A fixed bed of 1—10 mm gravel distributes the fluidization gas across the bed.
The fluidized dried feed particles and their surrounding gas are drawn at ~90 °C
through acrylic or aramid fabric tubes stretched on wire frameworks. About 99.99% of
the concentrate is caught on the outside of the fabric. It is removed by reverse nitrogen or
air pulsation and dropped into a large storage bin. From there it is sent by conveyors or air
slides to four dry charge bins above the furnace, one for each concentrate burner.

6.7.8. Concentrate Burner Feed System

The solid charge to the Inco flash furnace consists mainly of dried feed blend from the
fluid bed dryer. It drops from its dry charge bins onto drag or screw conveyors, which
then drop it into the concentrate burners. The feed system may also include separate
touch-up flux, touch-up revert, and converter dust bins. Material is drawn from these bins
as needed to control flash furnace product temperature and slag composition. The rate of
withdrawal from each bin is controlled by adjusting the speed of the drag or screw
conveyor beneath the bin.

6.7.9. Offgas Cooling and Dust Recovery Systems (Humphris et al.,
1997; Liu, Baird, Kenny, Macnamara, & Vahed, 2006)

Inco offgas is cooled and cleaned of dust in (a) a water-spray evaporation cooler where
the offgas is cooled from ~ 1230 °C to 80 °C and where 90% of the entrained dust is
removed as sludge, or (b) scrubbers and wet electrostatic precipitators. The equipment is
stainless steel to minimize corrosion. The offgas (60—75 vol.-% SOy) is pulled through
the equipment by fans, which push the gas onwards to a sulfuric acid plant for SO,
treatment.

Solids from the cooler and dust removal equipment contain ~35% Cu. The Cu is
recovered by neutralizing and dewatering the sludge then recycling it through the
concentrate dryer and flash furnace.

6.8. INCO FLASH FURNACE SUMMARY

The Inco flash furnace uses industrial oxygen (no air) to smelt Cu—Fe—S and
Ni—Cu—Co—Fe—S concentrates. It produces high Cu and high Ni—Cu—Co mattes. It
introduces dry feed and industrial oxygen through four horizontal burners and removes
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SO, offgas through a central gas uptake. The offgas is water-quenched and sent to
a sulfuric acid plant to capture its SO,.

Very little nitrogen enters the Inco furnace, so its blast and offgas handling systems
are small. Also, the strong offgas is ideal for SO, capture.

Inco flash furnace slag can contain less than 1% Cu, which can be discarded without
Cu-recovery treatment. This gives it a cost advantage over most other modern smelting
techniques. If desired, converter slag can also be recycled through the furnace for Cu
recovery. However, this procedure upsets an otherwise steady process.

6.9. INCO VS. OUTOTEC FLASH SMELTING

There are many more Outotec flash furnaces than Inco flash furnaces. Outotec advantages
include:

(a) Higher concentrate throughput rates (double that of the Inco flash furnace)
(b) Single concentrate burner in place of four Inco burners

(c) Recovery of offgas heat in a heat recovery boiler as useful steam

(d) Dry dust recycle

(e) Engineering and operational support

6.10. SUMMARY

Outotec flash smelting accounts for around half of all Cu matte smelting. It is also used in
three locations for direct-to-copper smelting and in two locations for continuous
converting.

It blows a well-dispersed mixture of oxygen, air, dried concentrate, flux, and partic-
ulate recycle materials into a hot reaction shaft. Smelting reactions are extremely fast
under these conditions. Outotec flash furnaces smelt ~4000 tonnes of new concentrate
per day.

Modern Outotec flash furnaces operate with high oxygen blast and very little
hydrocarbon fuel. Most of the energy for heating and melting comes from Fe and S
oxidation. This operation also gives strong SO, offgas from which SO, can be captured
efficiently as sulfuric acid.

Outotec flash furnaces are operated under automatic control to give constant
temperature, constant composition products at a rapid rate and with minimum energy
consumption. Matte and slag compositions are controlled by adjusting the ratios of O,
input rate to concentrate feed rate, and of flux input to concentrate input. Product
temperatures are controlled by adjusting the N»/O, ratio of the input blast and the
hydrocarbon fuel combustion rate.

Wide adoption of Outotec flash smelting is due to its efficient capture of SOy, its rapid
production rate, and its small energy requirement. Its only limitation is its inability to
smelt scrap.
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Submerged Tuyere Smelting:
Noranda, Teniente, and Vanyukov

Teniente and Noranda smelting use large, 4—5 m diameter x 14—26 m long, cylindrical
furnaces. The furnaces always contain layers of molten matte (70—74% Cu) and slag.
Oxygen for concentrate oxidation is provided by blowing enriched air through
submerged tuyeres into the molten matte layer.

Cu—Fe—S concentrate is (a) dried and blown into the furnace through 4—6 dedicated
submerged tuyeres, or (b) thrown moist (~8% H,0O) with flux, recycle materials, and
scrap onto the slag surface through an endwall.

The products of the processes are super high-grade molten matte (72—74% Cu, 3—7%
Fe, ~20% S), slag (6—10% Cu, 1200—1250 °C), and offgas with 20—26 vol.-% SO,
(before dilution). The matte is sent to Peirce—Smith converters for coppermaking, the
slag is sent to a Cu recovery process, and the offgas is sent to cooling, dust recovery, and
a sulfuric acid plant.

All or most of the energy for heating and melting the charge comes from Fe and S
oxidation:

CuFeS,(s) + 02(g) — Cu—Fe—S(/) +SO,(g) + heat  (7.1)

injected concentrate in injected oxygen-air blast molten matte in offgas

in matte/slag bath

Natural gas, coal or coke may be burnt to supplement this heat.

In 2010, there were three Noranda furnaces and seven Teniente furnaces operating
around the world (ICSG, 2010). Operating data for two Noranda and two Teniente
furnaces are given in Tables 7.2 and 7.4.

This chapter describes operation and control of (a) Noranda submerged-tuyere
smelting (Sections 7.1—7.4), (b) Teniente submerged-tuyere smelting (Sections
7.5—7.10), and (c) Vanyukov submerged-tuyere smelting (Section 7.11). It then discusses
submerged-tuyere smelting as a whole.

7.1. NORANDA PROCESS (PREVOST, LETOURNEAU, PEREZ,
LIND, & LAVOIE, 2007; ZAPATA, 2007)

The Noranda furnace is a 0.1 m thick horizontal molybdenum steel barrel lined inside
with about 0.5 m of magnesia—chrome refractory. Industrial furnaces are ~5 m diameter
and 21—26 m long (Table 7.1). They have 54—66 submerged tuyeres (5 or 6 cm diameter)
along the length of the furnace (Fig. 7.1).

Extractive Metallurgy of Copper. DOI: 10.1016/B978-0-08-096789-9.10007-1
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KTABLE 7.1 Teniente and Noranda Smelting Furnaces Around the World (ICSG, 2010)\

Smelting Annual Cu production,
furnace type Location Length x diameter, m kilotonnes per year
Teniente Chuquicamata, Chile 23 x5 ~300 from Teniente furnace

Potrerillos, Chile 22 x5 190

Paipote, Chile 14 x 4 090

Las Ventanas, Chile 15 x 4 130

Teniente, Chile 22 x5 400 from 2 Teniente furnaces

La Caridad, Mexico 21 x 4.5 ~140 from Teniente furnace
Noranda Noranda, Canada 21 x5 220

Altonorte, Chile 26 x 5 390

Daye, China 150 from Noranda furnace

N J

'Slinger’ o Offgas
belt feed Riding ring mouth
system E 5 |
(D Oé Bustle
o taprol
aphole
Tuyeres Matte
tapholes
Drive
mechanism

FIGURE 7.1 Noranda smelting furnace.

Noranda smelting entails:

(a) Continuously blowing oxygen-enriched air blast (40 vol.-% O,, 1.6 bar gauge)
through submerged tuyeres into the molten matte

(b) Continuously blowing dried concentrate and blast through five special submerged
tuyeres into the matte layer (Antofagasta, Chile) and/or continuously feeding moist
concentrate through an endwall onto the slag bath surface (Rouyn-Noranda, Canada)

(c) Continuously drawing offgas through a large mouth and hood at the top of the
furnace

(d) Intermittently tapping matte and slag through submerged tapholes.

Flux, reverts, scrap, and coal/coke are also thrown onto the top of the slag. Molten
converter slag is also occasionally recycled through the Noranda furnace mouth.

The blast tuyeres are periodically cleared by breaking blockages with a steel bar. This
ensures an even flow of blast. A Gaspé puncher is used (Heath and Sherwood, 2011;
Fig. 7.2).
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/TABI_E 7.2 Operating Details of Two Noranda Smelting Furnaces (Yves Prevost,

Personal Communication, 2010; Zapata, 2007)

~

Smelter Noranda, Canada Altonorte, Chile
Startup date 1973 2002
Furnace details
Length x diameter, m 21.3 x 5.1 26.4 x 5.3
Slag layer thickness, m 0.3-0.6 0.5
Matte layer thickness, m 0.9—-1.15 1.2
Active slag tapholes 1 1
Active matte tapholes 1 2
Auxiliary burners 0 2 (natural gas)
Campaign life, years 2.5 2.5
Tuyere details
Tuyeres (total) 54 61
Diameter, cm 5.4 6.4
Active air blast tuyeres 44 47
Concentrate injection tuyeres 0 5

Type of charge

100% to top of bath

95% thru tuyeres, 5%
to top of bath

Feed, t/day (dry basis)
New concentrate
Silica flux
Slag concentrate
Recycle dust
Reverts
Other

1900—2200 (~28% Cu)
200—300

80—260

50—75 + converter dust
140—440

0—64 liquid converter slag

3000 (37% Cu)
200

250 (37% Cu)

40 Noranda
120—140

Solid converter slag

Tuyere blast details
VO].‘O/O 02
Flowrate per tuyere,
Nm?/minute

38—42
18.4-27.3

37—40
20-22

Products, tonnes/day
Matte, tonnes/day

Slag, tonnes/day

Mass% SiO,/mass% Fe
Cu recovery, Noranda slag
Cu recovery, converter slag

Offgas, thousand Nm?>/hour

Vol.-% SO, leaving furnace

(wet)

Dust production, t/day

Matte/slag/offgas T, °C
Hydrocarbon consumption,
kg/tonne of charge

700—900 (71—=72% Cu;
3—5% Fe)

1300—1500 (3—4% Cu)
0.6—0.8
Solidification/flotation
Molten, to Noranda
converter or Noranda
smelting furnace
125—140 (before dilution)
15—20 (before dilution)

70—100
1210/1230/1300
1—2 coal if needed;
349 oxygen

1350 (74% Cu, 3.5% Fe)

1350 (6% Cu)

0.7
Solidification/flotation
Solid to Noranda furnace,
15—20% Cu

72
20—-25

40

1230/1220/1200

5—10 metallurgical coke
in solid charge

-

/
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drive pinion mesh to gear rack easily adjustible
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FIGURE 7.2 Sketch of automatic Gaspe” tuyere puncher for clearing Noranda and Teniente blast input
tuyeres (Heath and Sherwood, 2011). It automatically positions itself exactly in front of the tuyeres. It then
pushes the three punch-rods through tuyeres to clear frozen blockages.

The furnace is equipped with a rotation mechanism. It is used to correctly position the
tuyere tips in the molten matte layer and to roll the tuyeres above the liquids during
maintenance and repair. It also automatically rolls the tuyeres above the liquids in the
event of a power failure or other emergency.

7.2. REACTION MECHANISMS
The reaction mechanisms in the Noranda furnace are:

(a) Sulfide concentrate is blown into the matte layer or thrown by slinger belt onto the
slag surface

(b) The concentrate particles enter the matte layer where they melt and are oxidized by
tuyere O,

(c) Fe oxides from the oxidation react with SiO, flux to form slag, which rises to the top
of the bath

(d) SO, from the oxidation rises through the bath and leaves the furnace along with N,
from the tuyere blast and CO, and water vapor from hydrocarbon combustion.

Other parts of the charge, such as scrap, sludges, and recycle materials, melt and undergo
oxidation and slagging. Oxides rise to the slag layer while copper and precious metals
(mostly from scrap) descend and join the matte layer.

7.2.1. Separation of Matte and Slag

Matte and slag are intimately mixed in the tuyere region. They are allowed to separate
in a quiet tuyere-free zone at the taphole end of the furnace (Fig. 7.1). Matte falls,
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/TABLE 7.3 Impurity Distribution During Noranda Smelting (Harris, 1999) \
Element % to matte % to slag % to offgas
As 8 12 80
Bi 9 12 79
Ni 77 22 1
Pb 13 13 74
Sb 15 31 54
Zn 6 84 10

- /

SO,/N; gas rises, and slag forms a top layer dilute enough in Cu for tapping from the
furnace. It contains ~6% Cu, 30% dissolved and 70% as entrained matte. It is tapped
from the furnace, and sent for Cu recovery by solidification/comminution/flotation
(Chapter 11).

7.2.2. Choice of Matte Grade

The Noranda process was initially conceived as a direct-to-copper smelting process. The
furnace at Noranda produced molten copper from 1973 to 1975. It was switched to high-
grade matte production to (a) lower impurity levels in the smelter’s anode copper and (b)
increase smelting rate. Noranda furnaces now produce super-high (70—74% Cu), low-
sulfur (~20% S) matte. This maximizes SO, production in the continuous smelting
furnace and minimizes SO, production in discontinuous Peirce—Smith converters,
maximizing SO, capture as sulfuric acid.

7.2.3. Impurity Behavior

Table 7.3 describes impurity behavior during Noranda smelting. It shows that harmful
impurities report mainly to slag and offgas. Most As, Bi, Pb, and Sb can be removed
from the Cu circuit by not recycling offgas solids (recovered dust) to smelting or
converting.

7.2.4. Scrap and Residue Smelting

The feed to the Noranda furnace at Noranda, Quebec includes 10+% end-of-use scrap
(Coursol, Mackey, Prevost, & Zamalloa, 2007). The scrap includes precious metal and
copper-containing slags, ashes, residues (up to 14% moisture), precious metal catalysts,
wire cables, jewelry, telephone scrap, automobile parts, and precious metal computer and
electronic scrap. However, recycling of beryllium (a potential carcinogen) and radioac-
tive materials are strictly forbidden.

Tuyere-blast stirring in the Noranda furnace rapidly melts these materials and causes
their precious metals and Cu to be rapidly absorbed in matte. Also, the high temperature
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and intensity of smelting cause potentially harmful organic compounds to be oxidized
completely to CO, and H;O.

7.3. OPERATION AND CONTROL

Noranda smelting is started by heating the furnace with hydrocarbon burners. Molten
matte is then poured in through the furnace mouth (tuyeres elevated). Once a meter or so
of molten matte is in place, the tuyere blast is started and the tuyeres are rolled into the
molten matte to begin oxidation and heat generation. Concentrate and flux feeding is then
started and normal smelting is begun. About a week is taken to heat the furnace, provide
the molten matte, and attain full production.

The initial molten matte is prepared by melting matte pieces or high-Cu concentrate in
a converter or unused furnace in the smelter. Smelting is terminated by inserting
hydrocarbon burners into the furnace, stopping smelting, and pouring slag then matte out
the furnace mouth.

7.3.1. Control (Zapata, 2007)

Once steady operation has been reached, the furnace is controlled to:

(a) Smelt concentrates, scrap, and other metal-bearing solids at the company’s
prescribed rates

(b) Produce matte and slag of prescribed composition and temperature

(¢) Maintain prescribed depths of matte and slag in the furnace.

Matte composition is controlled by adjusting the ratio of oxygen input in the blast to the
rate of solid feed input. Increasing this ratio increases matte grade (by increasing Fe and
S oxidation) and vice versa. It is often altered by adjusting solid feed input rate at
a constant O;-in-blast injection rate. This gives constant-rate SO, delivery to the sulfuric
acid plant.

Matte/slag temperature (1200—1250 °C) is controlled by altering the ratio of
hydrocarbon combustion rate to solid feed input rate. The ratio is increased to raise
temperature and vice versa. It is altered by adjusting coal/coke feed rate and natural gas
combustion rate. Matte/slag temperature may also be controlled by adjusting the N»/O,
ratio of the blast.

Slag composition is controlled by adjusting the ratio of flux input rate to solid feed
input rate. The target SiO,/Fe ratio is ~0.7.

In addition, the mix of metal-bearing solid feed to the furnace is controlled to keep
impurity levels in the matte below pre-set values. This is done to avoid excessive impurity
levels in the anodes produced by the smelter.

Feed rates and O, input rate are monitored continuously. Matte samples are taken
every hour (analyses being returned 15 min later), and slag samples every two hours. Bath
temperature is monitored continuously with optical pyrometers (Fig. 7.3) sighted through
two tuyeres.

Matte and slag depths are monitored hourly with a 2.5 cm diameter vertical steel bar.
This is done to (a) ensure that there is enough matte above the tuyeres for efficient O,
utilization, and (b) produce an even blast flow by maintaining a constant static liquid
pressure at the tuyere tips. The depths are adjusted by altering matte and slag tapping
frequency.
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Matte bath
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blast

Tuyere punching path
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FIGURE 7.3 Schematic of in-tuyere optical pyrometer. Its main component is an optical fiber, which
transmits a color image of in-furnace matte to a distant computer for temperature interpretation. Its other key
component is a periscope optical fiber holder, which automatically lowers when the Gaspé puncher moves into
position to punch this tuyere. Industrially, ball valves (Heath and Sherwood, 2011) are used instead of simple
flap valves to prevent blowback.

7.4. PRODUCTION RATE ENHANCEMENT

The smelting rate of the furnace near Antofagasta, Chile has more than doubled since
2003. Most of the increase has been due to increased furnace blowing availability,
now over 90%. This in turn is the result of improved control over matte and slag
compositions and temperatures, and better taphole dependability, which improves control
over matte and slag depths (Zapata, 2007).

7.5. TENIENTE SMELTING

Teniente smelting shares many features with Noranda smelting (Carrasco, Bobadilla,
Duarte, Araneda, & Rubilar, 2007; Moyano, Rojas, Caballero, Font, Rosario, & Jara,
2010). It:

(a) Uses a cylindrical furnace with submerged tuyeres (Fig. 7.4)

(b) Blows oxygen-enriched air through the tuyeres into molten matte

(c) Feeds dry concentrate through dedicated tuyeres

(d) (Sometimes) charges moist concentrate onto its matte/slag surface

(e) Produces high-Cu, low Fe, low S matte, which it sends to Peirce—Smith converting
for coppermaking (i.e. Fe and S oxidation).

Table 7.4 gives operating details of two Teniente smelting furnaces.

7.5.1. Seed Matte

Teniente smelting evolved from smelting concentrates in Peirce—Smith converters
(Chapter 8). Early Teniente smelting always included molten matte from another
smelting furnace in the charge. This is now rare.
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FIGURE 7.4 Schematic of Teniente smelting furnace, ~20 m long.

Teniente furnaces have proven to be successful stand-alone smelting units, and molten
matte is no longer needed. This has permitted shutdown of the reverberatory furnaces that
formerly supplied Teniente furnaces with matte.

7.6. PROCESS DESCRIPTION

Teniente furnaces are 4—5 m diameter and 14—23 m long. The furnace barrels are steel,
~0.05 m thick, lined with about 0.5 m of magnesia—chrome refractory. The furnaces have
35—50 tuyeres (5 or 6 cm diameter) along 65% of their length. The remaining 35% of the
furnace length is a quiet settling zone.

All Teniente furnaces blow dry concentrate into the furnace through four or six
dedicated tuyeres (Moyano et al., 2010; Rosales, Font, Fuentes, Moyano, Rojas,
Caballero, & Mackay, 2010). Flux, recycle materials and (sometimes) moist
concentrate are charged onto the matte/slag surface. Reactions are similar to those in
the Noranda furnace. The principal products of the process are molten matte
(72—74% Cu, 3—7% Fe, ~21% S), molten Fe-silicate slag (6—10% Cu), and offgas
(~25 vol.-% SOy).

7.7. OPERATION (MOYANO ET AL., 2010)
Teniente smelting is begun by:

(a) Preheating the furnace with hydrocarbon burners

(b) Charging molten matte to the furnace (with tuyeres elevated)
(¢) Blowing oxygen-enriched air through the tuyeres

(d) Rotating the tuyeres into the molten matte

(e) Starting normal feeding of concentrate, flux, and recycles.

Feed rates are then gradually increased until full production is attained. Startup to full
production takes about one week.

The initial charge of matte comes from another furnace in the smelter — a reverber-
atory, flash, or electric slag cleaning furnace. In smelters without another furnace, the
initial molten matte is prepared by melting matte pieces or high-grade concentrate in
a converter or other unused furnace.
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/TABLE 7.4 Mechanical and Operating Details of Teniente Smelting Furnaces at \
Caletones, Chile and Chuquicamata, Chile (2010). Data Courtesy of Codelco

Codelco Codelco

Smelter Caletones, Chile Chuquicamata, Chile
Startup date 1989 2003
Furnace details, inside brick

Length x diameter, m 21.1 x 4.2 22 x5

Slag layer thickness, m 0.45—0.75 0.9-1.0

Matte layer thickness. m 0.9-1.2 1.0-1.2

Active slag tapholes 1 1

Active matte tapholes 2 1

Temperature measurement 0

Auxiliary burners 0 0

Time between tuyere line repairs %, year 1.5 years

Time between complete re-lines 1.5 years 1.5 years

Refractory consumption

13,500 kg/campaign

1.8 kg per tonne of Cu

Tuyere details

Tuyeres (total) 48 55
Diameter, cm 6.35 6.35
Active air blast tuyeres 43 (operating 34) 49
Concentrate injection tuyeres 5 6
Feed, tonnes/day (dry basis)
Dry concentrate through tuyeres 2100 2200-2500
%Cu in dry concentrate 26—28 30-33
Quartz flux 160—220 150—200
%SiO; in flux 94.5—-98.4 90
Other 264-300 solid reverts 400—600 solid reverts

0—75 molten slags

0—50 Teniente or flash
furnace dust

Tuyere blast details
Flowrate per tuyere
Vol.-% 02
Oxygen consumption per tonne
per tonne of concentrate

20—27 Nm® per minute
35—-38

310—330 kg industrial
oxygen, 95.5% O,

18—22 Nm? per minute
39—42
210 kg

Products, tonnes/day
Matte, tonnes/day
Slag, tonnes/day
Mass% SiO,/mass% Fe
Cu-from-slag recovery method
Cu recovery, converter slag
Vol.-% SO,, leaving furnace
Matte/slag/offgas temps, °C
Hydrocarbon fuel

801—909 (72—74% Cu)
1600—1900, 6—10% Cu
0.57

Slag cleaning furnace
Recycle to Teniente fce
25.5—-26.4
1220/1240/1250

0

990—1150 (72—74% Cu)
1550—1800 (6—10% Cu)
0.66—0.68

Electric slag cleaning fce
Electric slag cleaning fce
25

1220/1240/1250

0

/
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7.8. CONTROL (MORROW & GAJAREDO, 2009;
MOYANO ET AL., 2010)

Steady operation of a Teniente furnace consists of:

(a) Continuous injection of dried concentrate and air through four to six dedicated
submerged tuyeres

(b) Continuous blowing of oxygen-enriched air (~40 vol.-% O;) through submerged
tuyeres

(c) Continuous surface charging of flux and solid recycle materials onto the bath
surface

(d) Continuous withdrawal of offgas

(e) Intermittent tapping of matte and slag through submerged tapholes

(f) Occasional recycling of molten converter matte through the furnace mouth.

The operation is controlled to (a) produce matte and slag of specified compositions and
temperature and (b) protect the furnace refractories, while smelting solid feed at
a specified or maximum rate.

7.8.1. Temperature Control

Liquid temperature is measured by optical pyrometers through two of the tuyeres or onto
the slag tapping stream. Slag temperature (~1240 °C) is controlled by adjusting revert feed
rates and blast oxygen enrichment level. Reducing the enrichment means that more Nj is
input, which acts as a coolant. Temperature is typically controlled within about + 20 °C.

7.8.2. Slag and Matte Composition Control

Matte and slag compositions are measured by on-site X-ray analysis. Results are avail-
able 15—120 minutes after a sample is taken.

Slag composition is controlled by adjusting flux feed rate. It is controlled to an
SiO,/Fe ratio of 0.65. This, plus good temperature control gives a slag Fe;O,4 content of
15—20%, which maintains a protective (but not excessive) layer of solid magnetite on the
furnace refractory.

Matte grade is controlled by adjusting the ratio of total O, input to concentrate feed
rate. This ratio controls the degree of Fe and S oxidation, hence matte composition.

7.8.3. Matte and Slag Depth Control

Matte and slag depths are measured frequently by inserting a steel bar vertically from
above. Matte depth is controlled to give ~0.5 m of matte above the tuyeres. This ensures
efficient use of tuyere O;.

Heights of matte and slag above the tuyeres are also controlled to be as constant as
possible. This gives a constant static pressure of liquid above the tuyeres, hence a constant
flow of blast. The heights are kept constant by adjusting matte and slag tapping frequencies.

7.9. IMPURITY DISTRIBUTION

Table 7.5 shows impurity behavior during Teniente smelting. As with Noranda smelting,
As, Bi, Pb, Sb, and Zn are largely removed in slag and offgas. Se is removed less efficiently.
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/TABI_E 7.5 Impurity Distribution During Teniente Smelting (Harris, 1999) \
Element % to matte % to slag % to offgas
As 6 7 87
Bi 23 40 37
Ni 80 19 1
Pb 22 25 53
Sb 19 30 51
Se 58 39 1
Zn 11 85 4

N /

Teniente impurity removal appears to be slightly less effective than Noranda impurity
removal (Table 7.3). This may, however, be due to differences in furnace feeds and
measurement techniques.

7.10. DISCUSSION
7.10.1. Super-high Matte Grade and SO, Capture Efficiency

Noranda and Teniente smelting oxidize most of the Fe and S in their concentrate feed.
This is shown by the super high-Cu grade (72—74% Cu) of their product matte. Extensive
S oxidation is advantageous because continuous smelting furnaces capture SO, more
efficiently than discontinuous batch converters.

Teniente and Noranda smelting gain this SO, advantage from the violent stirring
created by submerged injection of blast. The stirring dissolves and suspends magnetite in
slag, preventing excessive deposition on the furnace refractories even under the highly
oxidizing conditions of super high-grade matte production.

7.10.2. Campaign Life and Hot Tuyere Repairing

The campaign lives of Teniente and Noranda furnaces are one to two years. Refractory
wear in the tuyere region is often the limiting factor.

Most Teniente furnaces mount their tuyeres in four detachable panels (Carrasco et al.,
2007; Guzman, Gomez, & Silva, 2007). These panels can be detached and replaced
without cooling the furnace. This significantly improves furnace availability.

7.10.3. Furnace Cooling

Chapters 6 and 9 show that flash and vertical lance furnaces need to be cooled by many
copper water-jackets and sprays. Teniente and Noranda furnaces use very little water
cooling due to their simple barrel design and submerged oxidation reactions. This cooling
simplicity is a significant advantage.
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7.10.4. Offgas Heat Recovery

Teniente and Noranda furnaces cool their offgases by water evaporation rather than by
heat recovery boilers.

Improved smelting control and increased waste heat boiler reliability may make heat
recovery boilers economic for future Teniente and Noranda furnace retrofits. The steam
will be especially valuable for steam drying of tuyere-injection concentrates and heap
leach lixiviants.

7.11. VANYUKOV SUBMERGED-TUYERE SMELTING

Vanyukov smelting is performed in stationary, submerged-tuyere furnaces (Fig. 7.5). It
was developed in the former Soviet Union. It is still used by one Kazakh smelter (Balkash)
and two Russian smelters (Norilsk Copper, Sredneuralsk), usually in a smelter complex
along with other types of furnaces, e.g. reverberatory, electric and blast furnaces (ICSG,
2010). Operating data for Vanyukov furnaces is provided in Table 7.6.

The process entails (Tarasov & Paretsky, 2003):

(a) Charging moist concentrate (up to 8% H;0), reverts, flux, and occasionally lump
coal through two roof ports (Fig. 7.5)

(b) Blowing oxygen-enriched air (50—95 vol.-% O,, 9 bar gauge) into the molten slag
layer through tuyeres on both sides of the furnace. The tuyeres are located ~0.5 m
below the slag surface.

Smelting is continuous. The furnace always contains layers of molten matte and slag. The
smelting reactions are similar to those in Noranda and Teniente smelting furnaces. Matte
and slag are tapped intermittently through tapholes at opposite ends of the furnace. Weirs
are provided to give quiet matte/slag separation near the slag taphole.

Matte grade is 45—74% Cu, and slag Cu content is 0.7—2%. The offgas strength is
25—40 vol.-% SO,, depending upon blast oxygen enrichment and hydrocarbon
combustion rate.

Unlike the rotatable Noranda and Teniente furnaces, the Vanyukov furnace is
stationary. The advantages of this are a directly connected gas collection system and no
moving parts. The disadvantage is that the Vanyukov furnace cannot lift its tuyeres above
the slag for maintenance and repair or in a blower emergency. This may be the reason that
the process is not more widespread.

Gas Uptake
—

Burner

Charge Charge

Water-
jacket

Tapping 1 Hol
Hole .

Matte

FIGURE 7.5 End view and side view of Vanyukov matte smelting furnace.
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/TABI_E 7.6 Operating Details of Vanyukov Furnaces at Norilsk, Siberia and \
Sredneuralsky, Urals, 2003 (Ramachandran et al., 2003; Tarasov & Paretsky, 2003)
Smelter Norilsk Copper Sredneuralsky
Number of Vanyukov furnaces 3 1
Copper production, tonnes per year 35,000

Furnace volume, inside brick, m> 36; 39; 6 35
Campaign life, years 5;5; 4 5
Feed details
Concentrate composition
%Cu 19-23 13-15
%Fe 36—40 26—30
%S 28—34 35—-39
Flux as % of concentrate 18/17/— 13
Fuel type Natural gas Natural gas
Blast details
Number of operating tuyeres ~16 ~16
Tuyere diameter, cm ~2 ~2
Vol.-% O; in blast 75;75; 94 65
Blast temperature Ambient Ambient
Production details
Operating temperature, °C 1320; 1320; 1250 1280
Matte composition
%Cu 65; 55; 74 45
Y%Fe 8;13;3 30
%S 24; 24; 22 25
% Cu recovery to matte 97.3 96.2
Slag composition
%Cu 1.2;0.9; 2.0 0.7
%Fe 48; 45; 25 30
%SiO, 29; 29; 35 32
%CaO 2;2;8 3
Offgas production, thousand Nm?/hour 75; 50; 6 35
Vol.-% SO, in offgas 40; 35; — 25
Temperature, °C 1300; 1300; 1300 1290
Dust production, % of solid charge 0.5; 0.7; 0.6 0.9
Fuel (gas) requirement 2—3% of total heat 1—2% of total heat
requirement requirement

\_

/

7.12. SUMMARY

Teniente and Noranda smelting are submerged-tuyere smelting processes. They oxidize
Fe and S by blowing oxygen-enriched air through submerged tuyeres into a matte-slag

bath. The principal product is super high-grade matte, 72—74% Cu.

Both use horizontal refractory-lined cylindrical furnaces with a horizontal line of
submerged tuyeres. The furnaces are rotatable so that their tuyeres can be rolled out of the

liquids when blowing must be interrupted.
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Concentrate feed is dried and blown into the matte-slag bath through dedicated
tuyeres or charged moist onto the bath surface. Tuyere injection is increasing due to its
even concentrate and heat distributions, high thermal efficiency and small dust evolution.

Submerged blowing of blast causes violent stirring of the matte/slag bath. This results
in rapid melting and oxidation of the furnace charge. It also prevents excessive deposition
of solid magnetite in the furnace even under highly oxidizing conditions. The violent
stirring also permits extensive smelting of scrap and reverts.

Teniente and Noranda smelting furnaces account for about 15% of world
copper smelting (Diaz, 2010). They are the dominant smelting method in Chile and are used
in several other countries. Installation rate has slowed appreciably during the last decade.

A third submerged tuyere copper smelting technology is Vanyukov smelting. It uses
stationary furnaces and is used in Russia and Kazakhstan.
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Converting of Copper Matte

Converting is oxidation of molten Cu—Fe—S matte to form molten blister copper (99%
Cu). It entails oxidizing Fe and S from the matte with oxygen-enriched air or air blast. It
is mostly done in the Peirce—Smith converter, which blows the blast into molten matte
through submerged tuyeres (Figs. 8.1 and 8.2). Several other processes are also used or
are under development,

The main raw material for converting is molten Cu—Fe—S matte from smelting. Other
raw materials include silica flux, air, and industrial oxygen. Several Cu-bearing materials
are recycled to the converter, such as solidified Cu-bearing reverts and copper scrap.

The products of converting (Table 8.4) are:

(a) Molten blister copper, which is sent to fire refining and electrorefining
(b) Molten iron silicate slag, which is sent to Cu recovery, then discard
(c) SO,-bearing offgas, which is sent to cooling, dust removal, and H,SO4 manufacture.

The heat for converting is supplied entirely by Fe and S oxidation, i.e. the process is
autothermal.

8.1. CHEMISTRY

The overall converting process may be described by the schematic reaction:

Cu—Fe—S + 0, + Si0, — Cu’(l)+ { 28e0-5i0; } +50, (8.1)
molten in air and in flux Fe304
matte oxygen molten slag with

some solid Fe;O4

Converting takes place in two stages. The first stage is the slag-forming stage when Fe
and S are oxidized to FeO, Fe3;0y4, and SO, by reactions like:

FeS + 1.50, — FeO + SO, (8.2)
3FeS + 50, — Fe304 + 35S0, (8.3)

The melting points of FeO and Fe3;O4 are 1377 °C and 1597 °C, so silica flux is added
to form a liquid slag with FeO and Fe3;O,. The slag-forming stage is finished when the Fe
in the matte has been lowered to about 1%. The principal product of the slag-forming
stage is impure molten Cu,S (white metal) at ~1200 °C (Table 8.4).

The second stage is coppermaking when the sulfur in Cu;S is oxidized to SO,. Copper
is not appreciably oxidized until it is almost devoid of S. Thus, the blister copper product
of converting is low in both S and O (0.001—0.03% S, 0.1—0.8% O). Nevertheless, if this

Extractive Metallurgy of Copper. DOI: 10.1016/B978-0-08-096789-9.10008-3
Copyright © 2011 Elsevier Ltd. All rights reserved. 127
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FIGURE 8.1 Peirce—Smith Converter. Note the blast supply, rotating seal, and bustle pipe connected to the
tuyeres. Flux and Cu-bearing reverts are added from bins above the offgas uptake or by air gun (Garr Gun)
through an end of the converter. The converter rotates around its long axis in order to lift its tuyeres out of the
liquids when it is not blowing and submerge them correctly in the matte during blowing, Fig. 8.2. (Converter
drawing courtesy Harbison—Walker Refractories, Pittsburgh, PA).

copper were cast, the S and O would form SO, bubbles or blisters, which give blister
copper its name.

Industrially, matte is charged to the converter in several steps with each step followed
by oxidation of FeS from the charge. Slag is poured from the converter after each
oxidation step and a new matte addition is made (Fig. 8.3). In this way, the amount of Cu
in the converter gradually increases until there is sufficient (100—250 tonnes Cu as
molten Cu,S) for a final coppermaking blow. At this point, the Fe in the matte is reduced
by oxidation to about 1%, a final slag is removed, and the resulting white metal is
oxidized to molten blister copper. The converting process is terminated when copper
oxide begins to appear in samples of the molten copper.

The molten copper is poured from the converter into ladles and transported by crane to
a fire-refining furnace for S and O removal and casting of anodes. A start-to-finish
converting cycle typically lasts 6—12 h (Tables 8.1 and 8.2).
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FIGURE 8.2 Details of Peirce—Smith converter tuyere (from Vogt, Mackey, & Balfour, 1979). The tuyeres
are nearly horizontal during blowing. ‘Blast’ pressure is typically 1.2 bar (gauge) at the tuyere entrance.
Reprinted by permission of TMS.

Copper
or Slag

Charging Blowing Skimming

FIGURE 8.3 Positions of a Peirce—Smith converter for charging, blowing, and skimming (Boldt & Queneau,
1967 courtesy Vale). SO, gas escapes the system unless the hooding is tight.

8.1.1. Coppermaking Reactions

Blowing air and oxygen into molten white metal creates a turbulent Cu,S—copper
mixture. The products of oxidation in this mixture are SO,, molten copper, and copper
oxide. The molten copper is dense and fluid. It quickly sinks below the tuyeres. The most
probable coppermaking reactions are:

CupS +1.50, — CuyO + SO, (8.4)
Cu,S +2Cu0 — 6Cu(l) + SO, (8.9)
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Operations

KTABI_E 8.1 Dimensions and Production Details of Three Peirce—Smith Converter \

Smelter

Hibi Kyodo Smelting
Co., Tamano, Japan

Sumitomo
Toyo, Japan

Pan Pacific Copper
Saganoseki, Japan

Number of converters

Total 3 4 3
Hot 1 3 2
Blowing at one time 1 2 2
Converter details
Diameter x length, 3.96 x 13.8 42 x11.9 4.2 x11.5
inside shell, m
Number of tuyeres
Total 60 58 (No. 1-3) 56
60 (No. 4)
Active 60 46
Tuyere diameter, mm 40 49.5
Usual blast rate per converter
Slag blow, Nm?*/minute 730 690 650
Copper blow, Nm*/minute 750 690 650
Usual vol.-% O,-in-blast
Slag blow 27.5 25-26 22.3
Copper blow 22.1 21 22.3
SO in offgas, vol.-% 7—10 10—15 7—10
Production details (per converter)
Inputs, tonnes/cycle
Molten matte 220 (64% Cu) 227 (64% Cu) (68% Cu)

Source Outotec flash Outotec flash  Outotec flash
furnace + ESCF furnace furnace + ESCF
Other inputs, tonnes
Slag blow 30 ladle skulls + 0
10 secondaries
Copper blow 80 62
Outputs, tonnes/cycle
Blister copper 200 204

\J
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ABLE 8.1 Dimensions and Production Details of Three Peirce—Smith Converter
Operations—cont’d
Hibi Kyodo Smelting ~ Sumitomo Pan Pacific Copper
Smelter Co., Tamano, Japan Toyo, Japan  Saganoseki, Japan
Slag 50 54
Slag average mass %Cu 8.7 4.8 5.9
Slag mass%SiO,/mass%Fe  0.47 0.42 0.47
Cycle time
Usual converter cycle time, 4.7 12.8 4.83
hours
Slag blow, hours 1.2 0.9
Copper blow, hours 35 3.4
Campaign details
Time between tuyere line 180 120 210
repairs, days
Copper produced between 90,000 63,000
tuyere line repairs, tonnes
Time between complete - -
converter re- lines, years
Refractory consumption, 0.97 1.1 1.7
kg/tonne Cu

N

though some copper may be made directly by:

CuS+0, — ZCU(Z) + SO,

(8.6)

In principle, there are three sequential steps in coppermaking, as indicated on the
Cu—S phase diagram (Fig. 8.4).

(a) The first blowing of air and oxygen into the Cu,S removes S as SO, to give

S-deficient white metal, but no metallic copper. The reaction for this step is:

CupS 4+ x0p — CupS;_x + xS0,

(8.7)

It takes place until the S is lowered to 19.6% (Fig. 8.4, point b, 1200 °C).

(b) Subsequent blowing of air and oxygen causes a second liquid phase, metallic copper
(1% S, point c), to appear. It appears because the average composition of the liquids
is now in the liquid-liquid immiscibility region. The molten copper phase is dense
and sinks to the bottom of the converter (Fig. 8.5). Further blowing oxidizes
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KTABI_E 8.2 Dimensions and Production Details of Three Peirce—Smith Converter \

Operations
Aurubis Boliden CODELCO
Hamburg, Ronnskar, Caletones,
Smelter Germany Sweden Chile
Number of converters
Total 3 3 4
Hot 2 2 3
Blowing at one time 2 1 -
Converter details
Diameter x length, 4.6 x 12.2 4.5 x13.4 Three 4.5 x 10.6
inside shell, m One 4.0 x 10.6
Number of tuyeres
Total 62 60 48
Active 60 54 46
Tuyere diameter, mm 60 50 63.5
Usual blast rate per converter
Slag blow, Nm*/minute 700 750 Only copper blow
Copper blow, Nm?*/minute 700—800 850 600
Usual volume% O,-in-blast
Slag blow 23 24 None
Copper blow 23 24 21
SO, in offgas, volume% 8—14 5—12 15

Production details (per converter)

Inputs, tonnes/cycle

Molten matte

300 (63% Cu)

350 (55% Cu)

200 (74.3% Cu)

Source

Outotec flash
furnace + ESCF

Flash- electric-
Kaldo furnace

Teniente and slag
cleaning furnaces

Other inputs, tonnes

Slag blow 15 ladle skulls + 20 ladle skulls +  None
10 secondaries 10 secondaries
Copper blow 75 Cu scrap 90—120 Cu scrap 35 reverts
Outputs, tonnes/cycle
Blister copper 260—280 290-310 145
Slag 70 150—160 30

2
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ABLE 8.2 Dimensions and Production Details of Three Peirce—Smith Converter
Operations—cont’d
Aurubis Boliden CODELCO
Hamburg, Ronnskair, Caletones,
Smelter Germany Sweden Chile
Slag average mass %Cu 4 5 25
Slag mass%SiO,/mass%Fe 0.55 0.6 -
Cycle time
Usual converter cycle time, 9.5 8 7-7.5
hours
Slag blow, hours 2 2 None
Copper blow, hours 5 4.5 5
Campaign details
Time between tuyere line 60 80 30 tuyere line (180
repairs, days tuyere line + body)
Copper produced between 55,000 51,000 11,200
tuyere line repairs, tonnes
Time between complete 1 0.7 2.0
converter re- lines, years
Refractory consumption, 1.9 4.7 4.5
kg/tonne Cu
1400
molten
blister > molten
copper molten ‘blister copper’ + molten ‘white metal’ ‘white metal’
1300
d converting temperature b
O 1200 S T H?
2
2
© o,
g 0.9% 1105°C nsre
g 1100 - molten blister copper + solid Cu,S 19.7% S
'_
0.89, S 1067°C
1000 solid copper + solid Cu,S
900 1 1 1
0 5 10 15 20
Mass % S

FIGURE 8.4 Cu—S equilibrium phase diagram showing coppermaking reaction path (a, b, ¢, d, 1200 °C)
(Sharma & Chang, 1980).
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FIGURE 8.5 Sketch of Peirce—Smith converter and its
two immiscible liquids during the coppermaking stage of
converting (after Peretti, 1948). In practice, the liquid ‘b’
region is a CuyS—Cu—Cu,0O—gas foam/emulsion from
which metallic copper ‘c’ descends and SO, and N,
ascend. The immiscibility of copper and Cu,S is due to
their different structures; copper is metallic while Cu,S is
a semiconductor.

o
[}

Liquidb  © - Air or oxygen

[} . .
enriched air

additional S from the Cu,S and the amount of molten copper increases at the expense
of the white metal, according to reaction (8.6). As long as the combined average
composition of the system is in the immiscibility range, the converter contains
both white metal (19.7% S) and molten copper (1% S). Only the proportions change.

(c) Eventually the white metal becomes so S-deficient that the sulfide phase disappears
and only molten copper (1% S) remains. Further blowing removes most of the
remaining S (point d). Great care is taken during this period to ensure that the copper
is not overoxidized to Cu,O. This care is necessary because Cu,S is no longer avail-
able to reduce Cu,O back to Cu by reaction (8.5).

Step (a) is very brief, because very little S oxidation is required. Step (c) is also brief.
Its beginning is marked by a change in the converter flame color from clear to green when
metallic copper begins to be oxidized in front of the tuyeres. This tells the converter
operator that the copper blow is nearly finished.

8.1.2. Elimination of Impurities During Converting

The principal elements removed from matte during converting are Fe and S. However,
many other impurities are partially removed as vapor or in slag. Table 8.3 shows some
distributions. The outstanding feature of the data is that impurity retention in the product
blister copper increases significantly with increasing matte grade (%Cu in matte). This is
because high-Cu mattes have less blast blown through them, and they form less slag.

The table also shows that significant amounts of impurities report to the offgas. They
are eventually collected during gas cleaning. They contain sufficient Cu to be recycled to
the smelting furnace. However, such recycle returns all impurities to the circuit as well.
For this reason, some smelters treat the dusts for impurity removal before they are
recycled (Larouche, 2001, pp. 118—119). Bismuth, in particular, is removed because it
causes brittleness in the final copper anodes and it can be a valuable byproduct.

8.2. INDUSTRIAL PEIRCE—SMITH CONVERTING OPERATIONS

Modern industrial Peirce—Smith converters are typically 4.5 m diameter by 12 m long.
They consist of a 5 cm steel shell lined with ~0.5 m of magnesite—chrome refractory
brick. Converters of these dimensions treat 600—1000 tonnes of matte per day to produce
500—900 tonnes of copper per day. A smelter has two to five converters depending on its
overall smelting capacity.
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/TABI_E 8.3 Distribution of Impurity Elements during Peirce—Smith Converting of \
Low and High-Grade Mattes (Mendoza & Luraschi, 1993; Vogt et al., 1979)

54% Cu matte feed 70% Cu matte feed
distribution % distribution %
To blister To converter To converter | To blister To converter To converter
Element copper  slag offgas copper  slag offgas
As 28 13 58 50 32 18
Bi 13 17 67 55 23 22
Pb 4 48 46 5 49 46
Sb 29 7 64 59 26 15
Se 72 6 21 70 5 25
Zn 11 86 3 8 79 13

N /

Oxygen-enriched air or air is blown into a converter at 600—850 Nm®/min and
1.2 bar gauge. It is blown through a single line of 50 mm diameter tuyeres, 40—60 per
converter. It enters the matte 0.5—1 m below its surface, nearly horizontal (Lehner et al.,
1993).

The flowrate per tuyere is about 14 Nm®/minute at a velocity of 100—130 m/s.
Blowing rates above about 17 Nm®/minute/tuyere cause slopping of matte and slag from
the converter (Johnson, Themelis, & Eltringham, 1979). High blowing rates without
slopping are favored by deep tuyere submergence in the matte (Richards, Legeard,
Bustos, Brimacombe, & Jorgensen, 1986).

About half of the operating Peirce—Smith converters enrich their air blast with
industrial oxygen, up to ~29 vol.-% O,-in-blast.

/TABLE 8.4 Representative Analyses of Converter Raw Materials and Products (Mass%). \
Industrial Surveys, Johnson et al. (1979), Pannell (1987), and Lehner et al. (1993)

Cu Fe S (0] As  Bi Pb Sb Zn Au Ag
Matte 45—75 3-30 20—-23 1-3 0-0.5 0-0.1 0-1 0-0.5 0—1 0-0.003 0-0.3
White 79 ~1 ~20 <1
metal
(Cu,S)

Blister ~99 0.001-0.3 0.001-0.3 0.1-0.8 0-0.2 0-0.03 0-0.5 0-0.1 0 0—0.004 0-0.5
copper

N J
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FIGURE 8.6 Photograph showing buildup of accretion at the interior end of a Peirce—Smith converter tuyere
(Bustos et al., 1984). Left, tuyere is nearly blocked; right, the accretion has dislodged spontaneously. Bustos
et al. (1988) report that accretion ‘tubes’ are formed in front of the tuyeres. They also indicate that tuyere
blockage is discouraged by high matte temperature and oxygen-enrichment of the blast. This is particularly
important near the end of the slag blow and the start of the copper blow. Clear tuyere conditions at the
beginning of the copper blow often give ‘free blowing’ conditions (without punching) during most or all of the
copper blow. (Photograph courtesy of Dr. Alejandro Bustos, Air Liquide).

8.2.1. Tuyeres and Offgas Collection

Peirce—Smith tuyeres are carbon steel or stainless steel pipes embedded in the converter
refractory (Fig. 8.2). They are joined to a distribution bustle pipe, which is affixed the
length of the converter and connected through a rotatable seal to a blast supply flue. The
blast air is pressurized by electric or steam driven blowers. Industrial oxygen is added to
the supply flue just before it connects to the converter.

Steady flow of blast requires periodic clearing (punching) of the tuyeres to
remove matte accretions, which buildup at their tips, especially during the slag blow
(Fig. 8.6; Bustos, Richards, Gray, & Brimacombe, 1984; Bustos, Brimacombe, &
Richards, 1988). Punching is done by ramming a steel bar completely through the
tuyere. It is usually done with a Gaspé mobile carriage puncher (Fig. 8.7), which
runs on rails behind the converter. The puncher is sometimes automatically posi-
tioned and operated (Marinigh, 2009). An alternative to the Gaspé puncher is the
Kennecott 4B-5 system, which consists of a pneumatic cylinder actuated punch rod
contained in a housing bolted to each tuyere body (Pasca, Ushakov, & Welker,
2005).

Peirce—Smith converter offgas is collected by a steel hood (usually water cooled),
which fits as snugly as possible over the converter mouth. This is shown as the
primary hood in Fig. 8.8 (Mori, Nagai, Morita, & Nakano, 2009). The gas then passes
through a recovery heat boiler or water-spray cooler, electrostatic precipitators and
a sulfuric acid plant. Peirce—Smith converter offgases contain ~8 vol.-% SO, (slag
blow) to ~10 vol.-% SO, (copper blow) after cooling and dust removal (Tables 8.1
and 8.2).

Also shown in Fig. 8.8 is the secondary hood and fugitive gas-collection system. This
system collects dilute SO, gas not captured by the primary hood. Primary and secondary
hood system designs vary considerably. All Peirce—Smith converters have a primary gas
capture system, but some do not have secondary gas capture systems.
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FIGURE 8.7 Gaspé mobile carriage punchers. Two versions are shown. The top one requires an operator who
sits on the puncher. A side mounted drill is shown (dark). This drill is used to create new tuyere holes in the
refractory after installation of new brick. It is not used during normal operations. The puncher shown at bottom
is an automatic type that uses non-contact infrared distance measuring for positioning. It does not require an
operator (Marinigh, 2009).

8.2.2. Temperature Control

All heat required for maintaining the converter liquids at their specified temperatures
results from Fe and S oxidation, i.e. from reactions like:

FeS +1.50, — FeO + SO, + heat 8.2)
CuzS + 0, — 2Cu(l) + SO; + heat (8.6)

Converter temperature can be raised by oxygen enrichment, which reduces the rate at
which N; coolant enters the converter, and can be lowered by increasing the amount of
revert and scrap copper coolant added.



138 Extractive Metallurgy of Copper

Secondary
hood

FIGURE 8.8 Offgas-collection systems for a Peirce—Smith converter at the Sumitomo Toyo smelter (Mori
et al., 2009).

8.2.3. Choice of Temperature

Representative liquid temperatures during converting are 1200 °C for the input matte and
blister copper, and 1220 °C for the skimmed slag. The high temperature during the
middle of the cycle is designed to give rapid slag formation and fluid slag with
a minimum of entrained matte. It also discourages tuyere blockage (Bustos, Brimacombe,
Richards, Vahed, & Pelletier, 1987). An upper limit of about 1250 °C is imposed to
prevent excessive refractory wear.

8.2.4. Temperature Measurement

Converter liquid temperature is measured by means of an optical pyrometer sighted
downwards through the converter mouth or a two-wavelength optical pyrometer peri-
scope sighted through a tuyere (Marinigh, 2009). The tuyere pyrometer (Fig. 8.9) is
preferred because it sights directly on the matte rather than through a dust-laden
atmosphere.

Fibre-optic Cable
Air Flow Temperature Sensor
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Radiant Bubble Tuyere Body Splitter jer
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FIGURE 8.9 Tuyere pyrometer schematic (Marinigh, 2009).
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8.2.5. Slag and Flux Control

The chief objective of creating a slag in the converter is to liquify newly formed solid FeO
and Fe30y, so they can be poured from the converter. SiO,-bearing flux (e.g. quartz,
quartzite, sand) is added for this purpose. A common indicator of slag composition is the
mass ratio of SiO; to total Fe. Enough SiO, flux is added to produce an SiO,/Fe ratio of
~0.5. Acceptable Fe3Oy4 levels are typically 12—18% (Eltringham, 1993). Some smelters
use Au- and Ag-bearing siliceous material as converter flux. The Au and Ag dissolve in
the matte and proceed with copper to the electrorefinery where they are profitably
recovered. These smelters tend to maximize flux input. Most smelters, however, use just
enough flux to obtain an appropriately fluid slag. This minimizes flux cost, slag handling,
and the expense of recovering Cu from the slag.

8.2.6. Slag Formation Rate

Flux is added through chutes above the converter mouth or via a high-pressure air gun
(Garr Gun) at one end of the converter. It is added at a rate that matches the rate of Fe
oxidation (usually after an initial several-minute delay while the converter heats up).
The flux is commonly crushed to 1—5 cm diameter. Sand (0.1 cm) is used in some
smelters. Rapid reaction between O;, matte, and flux to form liquid slag is
encouraged by:

(a) High operating temperature

(b) Steady input of small and evenly sized flux (Schonewille, O’Connell, & Toguri,
1993)

(¢) Deep tuyere placement in the matte (to avoid overoxidation of the slag)

(d) The vigorous mixing provided by the Peirce—Smith converter

(e) Reactive flux.

Casley, Middlin, and White (1976) and Schonewille et al. (1993) report that the most
reactive fluxes are those with a high percentage of quartz (rather than tridymite or
feldspar).

8.2.7. End Point Determinations

8.2.7.1. Slag Blow

The slag-forming stage is terminated and slag is poured from the converter when there is
about 1% Fe left in the matte. Further blowing causes excessive Cu and solid magnetite in
slag. The blowing is terminated when:

(a) Metallic copper begins to appear in matte samples or when X-ray fluorescence shows
76—79% Cu in matte (Mitarai, Akagi, & Masatoshi, 1993)

(b) The converter flame turns green from Cu vapor in the converter offgas

(c) PbS vapor (from Pb in the matte feed) concentration decreases and PbO vapor
concentration increases (Persson, Wendt, & J. Demetrio, 1999).

8.2.7.2. Copper Blow

The coppermaking stage is terminated the instant that copper oxide begins to appear in
copper samples. Copper oxide attacks converter refractory, so it is avoided as much as
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possible. The copper blow is ended and metallic copper is poured from the converter
when:

(a) Copper oxide begins to appear in the samples

(b) SO, concentration in the offgas falls because S is nearly gone from the matte (Shook,
Pasca, & Eltringham, 1999)

(c) PbO concentration in the offgas falls and CuOH concentration increases (H from
moisture in the air blast; Persson et al., 1999).

8.3. OXYGEN ENRICHMENT OF PEIRCE—SMITH CONVERTER BLAST

Most smelters enrich their converter blast during part or all of the converting cycle. The
advantages of O, enrichment are:

(a) Oxidation rate is increased for a given blast input rate

(b) SO, concentration in offgas is increased, making gas handling and acid making
cheaper

(¢) The amount of N, ‘coolant’ entering the converter per kg of O,-in-blast is
diminished.

The diminished amount of N; ‘coolant’ is important because it permits:

(a) Generation of high temperatures even with high-grade mattes, which have less FeS
“fuel’

(b) Rapid heating of the converter and its contents

(c) Increased melting of valuable coolants such as Cu-bearing reverts and copper scrap.

The only disadvantages of high-O, blast are the cost of the oxygen, and the high
reaction temperature that results at the tuyere tip. This leads to rapid refractory erosion in
the tuyere area. This erosion is discouraged by blowing at a high velocity, which
promotes tubular accretion formation and pushes the reaction zone away from the tuyere
tip (Bustos et al., 1988).

On balance, the advantages of O, enrichment outweigh the refractory erosion
disadvantages, especially in smelters, which wish to:

(a) Convert high-grade mattes
(b) Maximize converting rate, especially if converting is a production bottleneck
(¢) Maximize melting of solids, such as flux, reverts, and scrap.

The present upper practical limit of oxygen enrichment seems to be about 29 vol.-% O,.
Above this level, refractory erosion becomes excessive. This is because strong tubular
accretions do not form in front of the tuyeres above 29 vol.-% O,, causing the O,-matte
reactions to take place flush with the tuyere tip and refractory. Sonic high-pressure blowing
is expected to permit higher oxygen levels in the future (Hills, Warner, & Harris, 2007).

8.4. MAXIMIZING CONVERTER PRODUCTIVITY

The production rate of a converter is maximized by:

(a) Charging high-Cu grade (low FeS) matte to the converter (Fig. 8.10)

(b) Blowing the converter blast at its maximum rate (including avoidance of tuyere
blockages)

(¢) Enriching the blast to its maximum feasible O, level
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FIGURE 8.10 Theoretical air and oxygen-enriched air blast requirements for converting Cu,S—FeS mattes to
copper. Blast requirement decreases with increasing matte grade and % O;-in-blast. 100% O, efficiency is
assumed.

(d) Maximizing O, utilization efficiency (deep tuyere submergence)
(e) Minimizing idle time along with efficient crane scheduling for material transfers
(f) Maximizing campaign life (Section 8.4.3).

High-grade matte contains little FeS, so it requires little O, (and time) to convert
(Fig. 8.10). Rapid blowing of blast, a high % O;-in-blast, and high O, utilization effi-
ciency all lead to rapid oxidation. However, the blast rate should be maintained at a level
that prevents bath slopping, which leads to excessive wave motion on the surface and
uncontrolled splashing (Kapusta, 2010). This splashing results in rapid accretion growth
on the converter mouth, ultimately decreasing availability. Efficient scheduling, high
crane availability, and shortening the time for transferring matte, slag, and blister copper
through optimizing ladle size also increase converter productivity (Mori et al., 2009).

8.4.1. Maximizing Solids Melting

An important service of the Peirce—Smith converter is melting of valuable solids using
the heat from the converting reactions. Typical solids include Cu-bearing revert materials,
scrap copper, and Au- and Ag-bearing flux. Cu concentrate is also melted in several
smelters. Melting of solids is maximized by (a) maximizing blast O, enrichment and (b)
blowing the converter at a rapid rate with the tuyeres deep in the matte. This maximizes
reaction rate, and thus heat production rate (at an approximately constant heat loss rate
from the converter).

The solids are added steadily to avoid excessive cooling of the converter liquids. This
is easily done with flux and reverts, which can be crushed and added at controlled rates
from storage bins above the converter. Scrap copper, on the other hand, is often large and
uneven in shape. It is usually added in batches by crane with the converter in the charging
position. This has the disadvantages that blowing must be stopped and the large batch of
scrap may excessively cool the converter liquids.

Several converters have conveyor systems, which feed large pieces of copper (scrap
anodes and purchased blister copper) at a steady rate during blowing (Fukushima, Baba,
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Kurokawa, & Yamagiwa, 1988, Maruyama, Saito, & Kato, 1998). This avoids excessive
cooling and maximizes the converter’s scrap melting capability. Up to 30% of a con-
verter’s blister copper product comes from copper scrap (Fukushima et al., 1988; Pannell,
1987).

8.4.2. Smelting Concentrates in the Converter

Most smelters melt scrap copper and solid reverts in the Peirce—Smith converter. Several
smelters also smelt dried concentrates in their converters by injecting the concentrates
through the tuyeres (Godbehere, Cloutier, Carissimi, & Vos, 1993; Kawai, Nishiwaki, &
Hayashi, 2005; Mast, Arrian, & Benavides, 1999). The technology is well-proven and has
two advantages: (a) it can increase smelter capacity without major investment in a larger
smelting furnace, and (b) it can lengthen the converting blow and improve removal of
impurities, especially bismuth and antimony (Godbehere et al., 1993).

8.4.3. Maximizing Campaign Life

Converters produce 50 000—90 000 tonnes of blister copper before they must be taken out
of service for tuyere-refractory replacement. The replacement takes about two weeks and
it is done many times before the converter must be completely relined (shelled). Copper
production per tuyere-refractory replacement period (campaign life) has continued to
increase due to:

(a) Improved, higher quality refractories
(b) Higher-grade matte feeds (requiring less blowing per tonne of Cu)
(c) Better temperature measurement and control.

The most durable refractories in 2010 are burned or direct bonded chrome—magnesite
bricks. Industrial evidence suggests that oxygen enrichment up to 25% O, enhances
converter productivity without shortening campaign life. This is especially true if
converter-blowing rates are high (Verney, 1987). Enrichment above this level should be
tracked to determine the optimum from the points of view of converter productivity and
campaign life.

8.5. RECENT IMPROVEMENTS IN PEIRCE—SMITH CONVERTING
8.5.1. Shrouded Blast Injection

ALSI (Air Liquide Shrouded Injector) technology has been successfully demonstrated in
Peirce—Smith converters (Pagador, Wachgama, Khuankla, & Kapusta, 2009). The
objectives of the ALSI process are to:

(a) Oxidize matte using 30—60% O, blast, thereby increasing converter productivity and
its ability to melt solids

(b) Eliminate the need to punch the converter (Section 8.2.1)

(¢) Minimize refractory wear in the tuyere area.

The tuyere used to achieve these objectives consists of two concentric pipes: the inner
pipe for oxygen-enriched air blast (30—60% O,) and the annulus for nitrogen ‘coolant’.
The purpose of the nitrogen is (a) to cool the circumference of the tuyere tip and (b) to
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protect the refractory around the tuyere by building up an accretion of solidified matte
and slag.

The blast and nitrogen are blown in at high pressure, 4—8 bar gauge. This prevents the
accretion from bridging across the tuyere and eliminates the need for punching.

ALSI technology has been successfully applied to Peirce—Smith converters at
Hoboken, Belgium, Xstrata Nickel in Falconbridge, Canada, and Thai Copper in Rayong,
Thailand.

8.5.2. Scrap Injection

Pneumatic injection of electronic scrap (<12 mm) at 1 tonne per hour into a converter
through a tuyere has been successfully implemented on a commercial scale (Coleman &
Money, 2009). This avoids charging through the mouth, allowing particulate (soot) and
dioxins to be captured by the primary gas handling system.

8.5.3. Converter Shell Design

The design of the steel converter shell has been improved through the use of curved disk
heads integrated with the shell (Chen, Mansikkaviita, Rytkonen, & Kylmakorpi, 2009).
This design eliminates the gap between the head and the shell, minimizing the risk of
a molten metal leak.

8.6. ALTERNATIVES TO PEIRCE—SMITH CONVERTING

Peirce—Smith converting has been used for over 100 years, and accounts for over 90% of
Cu matte converting. Around 250 converters are in operation worldwide in the combined
copper, nickel, and platinum-group metals industries (Price, Harris, Hills, Boyd, &
Wraith, 2009). This is due to its simplicity and high chemical efficiency. Peirce—Smith
converting has problems, however:

(a) It leaks SO,-bearing gas into the workplace during charging and pouring

(b) It leaks air into its offgas between its mouth and gas-collection hood, producing
a relatively weak SO, gas

(c) It operates batchwise, giving uneven flow of SO, offgas into the sulfuric acid plant.

These deficiencies are addressed by several different alternative converters:

(a) The Hoboken or siphon converter, a Peirce—Smith converter with an improved gas-
collection system (four units operating, 2010)

(b) Flash converting, which oxidizes solidified crushed matte in a small Outotec flash
furnace (two units operating, 2010)

(¢) Noranda continuous converting, which uses submerged tuyeres to blow oxygen-
enriched air into matte in a Noranda-type furnace (one unit operating, 2010).

(d) The Mitsubishi top-blown converter, which blows oxygen-enriched blast onto the
molten matte surface via vertical lances (four units operating, 2010)

(e) Ausmelt TSL (top submerged lance) batch converting (two units operating for matte
converting, 2010)

(f) Isasmelt (top submerged lance) batch converting (one unit operating for matte con-
verting, 2010).
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Hoboken converting, flash converting, and Noranda converting are discussed next.
Mitsubishi, Ausmelt, and Isasmelt converting are discussed in Chapter 9.

8.6.1. Hoboken Converter

The Hoboken converter collects its offgas through an axial flue at one end of the converter
(Binegar & Tittes, 1993; Pasca et al., 2005). A gooseneck is provided to allow the offgas
(but not the liquids) to enter the flue. The offgas is collected efficiently. Considerable care
must be taken to prevent buildup of splash and dust in the gooseneck.

In 2010, four Hoboken converters were operating at the Freeport McMoRan smelter
in Miami, Arizona. Three Hoboken converters were commissioned in 2004 at the Thai
Copper Industries smelter in Thailand (Pagador et al., 2009), but the smelter has since
shut down for other reasons.

8.6.2. Flash Converting

Flash converting (Table 8.5) uses a small Outotec flash furnace to convert solidified/
crushed matte (50 pm) to molten metallic copper (Davenport, Jones, King, & Partelpoeg,
2001; Kojo, Lahtinen, & Miettinen, 2009). Flash converting entails (Fig. 8.11):

(a) Tapping molten 70% Cu matte from a smelting furnace

(b) Granulating the molten matte to ~0.5 mm granules in a water torrent

(¢) Crushing the matte granules to 50 um followed by drying

(d) Continuously feeding the dry crushed matte to the flash converter with 80 vol.-% O,
blast and CaO flux

(e) Continuously collecting offgas

(f) Periodically tapping molten blister copper and molten calcium ferrite slag.
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FIGURE 8.11 Sketch of Outotec flash smelting and flash converting process (Kojo et al., 2009).
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/TABI_E 8.5 Physical and Operating Details of Kennecott’s Flash Converter, 2010

~

Smelter

Rio Tinto Kennecott Utah
Copper, Magna, UT, USA

Flash converter startup date

1995

Size, inside brick, m

Hearth: w x | x h
Reaction shaft

Diameter

Height above settler roof
Gas uptake

Diameter

Height above settler roof
Slag layer thickness, m
Copper layer thickness, m
Active copper tapholes
Active slag tapholes
Particulate matte burners
Feed, tonnes/day

6.5 x 18.75 x 3

4.25
6.5

3

8.7

0.3

0.46

6 tapholes + 2 drain holes
3

1

Granulated/crushed matte (dry) 1265—1725
Cu in matte, mass% 67—72.5
CaO flux 24—41
Recycle flash converter dust 82-200
Blast
Blast temperature, °C Ambient
Volume% O, 82—88
Input rate, thousand Nm>/h 8—13
Oxygen input rate, tonnes/day 287—425
Products
Copper, tonnes/day 1100—1500
%S in copper 0.06—0.4
%O in copper 0.15—-0.45
Slag, tonnes/day 500
%Cu in slag 16.5-25.5
%CaO/%Fe 0.2—-0.38
Offgas, thousand Nm*/h 22—46
Vol.-% SO, in offgas 30—40
Copper/slag/offgas temperatures, °C 1200/1260/1290

Fuel inputs (natural gas)

Hydrocarbon fuel burnt in reaction shaft

Hydrocarbon fuel into settler burners

130—260 Nm>/h
180 Nm>/h

N

/

The first flash converting furnace was commissioned in 1995 at Rio Tinto Kennecott

Utah Copper in Magna, UT, USA. Kennecott helped Outotec develop the process known
as Kennecott—Outotec Flash Converting (Kojo et al., 2009). It is simply referred to as
flash converting in this text. In 2010, it was in use at Kennecott and at the Yanggu
Xiangguang Copper smelter in China.

The uniqueness of the process is its use of particulate solid matte feed. Preparing this feed
involves extra processing, but it is the only way that a flash furnace can be used for converting.
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A benefit of the solid matte feed is that it unlinks smelting and converting. A stockpile
of crushed matte can be built while the converting furnace is being repaired, and then
depleted while the smelting furnace is being repaired.

8.6.2.1. Chemistry
Flash converting is represented by the (unbalanced) reaction:

Cu—Fe—-S + (073 - Cu° (l) + Fe3 04 + SO, (8.8)
solidified matte in oxygen air blast in molten calcium ferrite slag

Exactly enough O; is supplied to make metallic copper rather than Cu,S or Cu,O.
The products of the process are:

(a) Molten copper (0.2% S, 0.3% O)

(b) Molten calcium ferrite slag (~16% CaO) containing ~20% Cu
(¢) Sulfated dust, ~0.1 tonnes per tonne of matte feed

(d) 30—40 vol-% SO, offgas.

The molten copper is periodically tapped and sent forward to pyro- and electro-
refining. The slag is periodically tapped, water-granulated, and sent back to the smelting
furnace. The offgas is collected continuously, cooled in a waste heat boiler, cleaned of its
dust, and sent to a sulfuric acid plant. The dust is recycled to the flash converter and flash
smelting furnace.

8.6.2.2. Choice of Calcium Ferrite Slag

The flash converter uses calcium ferrite slag. This slag is fluid and shows little tendency to
foam (Chapter 5). It also absorbs some impurities (As, Bi, Sb, but not Pb) better than SiO,
slag. It is, however, somewhat corrosive and poorly amenable to controlled deposition of
solid magnetite on the converter walls and floor.

8.6.2.3. No Matte Layer

There is no matte layer in the flash converter. This is shown by the 0.2% S content of its
blister copper — far below the 1% S that would be in equilibrium with Cu,S matte. The
layer is avoided by adjusting the ratio of O, input to matte feed rate to slightly favor CuyO
formation rather than Cu,S formation. The matte layer is avoided to minimize the
possibility of SO, formation (and slag foaming) by the reactions under the slag
(Davenport et al., 2001):

2Cu,0+ CuS — 6Cu + SO, (8.5)
in slag in matte
2CuO0 + CupS — 4Cu+ SO, (8.9)
in slag  in matte
2Fe304 + CupS — 2Cu + 6FeO + SO, (8.10)
in slag in matte

8.6.2.4. Productivity

Kennecott’s flash converter treats ~1700 tonnes of 70% Cu matte and produces
~1300 tonnes of blister copper per day. It is roughly equivalent to three large Peirce—
Smith converters.
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8.6.2.5. Flash Converting Summary

Flash converting is an extension of the successful Outotec flash smelting process. It was
first implemented at Kennecott Utah Copper in 1995. Campaign life has steadily
increased to around five years through improvements in the cooling systems and
improved process control (Janney, George-Kennedy, & Burton, 2007; McKenna et al.,
2010). A new Outotec flash converting furnace was commissioned in 2007 at the Yanggu
Xiangguang copper smelter in China.

The process has the disadvantages that (a) it requires granulated and crushed matte, which
requires extra energy, and (b) it is not well adapted to melting scrap copper. On the other hand,
it has a simple, efficient matte oxidation system, and efficiently collects offgas and dust.

8.6.3. Submerged-Tuyere Noranda Continuous Converting

Noranda continuous converting developed from Noranda submerged-tuyere smelting. It
uses a rotary furnace (Fig. 8.12) with:

(a) A large mouth for charging molten matte and large pieces of scrap

(b) An endwall slinger and hole for feeding flux, reverts, and coke

(¢) A second large mouth for drawing offgas into a hood and acid plant

(d) Tuyeres for injecting oxygen-enriched air into the molten matte (Fig. 8.2)

(e) Tapholes for separately tapping molten matte and slag

(f) A rolling mechanism for correctly positioning the tuyere tips in the molten matte.

The converter operates continuously and always contains molten copper, molten
matte (mainly Cu,S), and molten slag. It blows oxygen-enriched air continuously through
its tuyeres and continuously collects ~20% SO, offgas. It taps copper and slag inter-
mittently. It presently operates at the Xstrata Horne (formerly Noranda Horne) smelter in
Quebec (Table 8.6).

8.6.3.1. Chemical Reactions

Noranda converting controls matte and O, input rates to always have matte (mainly Cu;S)
in the furnace. It is this matte phase that is continuously oxidized by tuyere-injected O,.
The constant presence of this matte is confirmed by the high S content (~1.3%) in the
molten copper product.

Liquid feed Offgas
mouth mouth

Al Sl
e T taphole

Tuyeres Copper I
tapholes

FIGURE 8.12 Sketch of Noranda continuous submerged-tuyere converter. The furnace is 19.8 m long and
4.6 m diameter. It converts matte from a Noranda smelting furnace.
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Converting (Ramachandran et al., 2003)

KTABI_E 8.6 Physical and Operating Details of Noranda Continuous Submerged Tuyere\

Smelter

Xstrata Copper
Horne Smelter

Noranda converter startup date

1997

Noranda converter details

Shape Horizontal rotating cylinder
Diameter x length, inside, m 4.6 x 19.8
Tuyeres 42
Diameter, mm 63.5
Feeds, tonnes/day
Molten matte from Noranda smelting furnace 540
Silica flux 43
‘Coolants’, e.g. solid matte, smelting furnace 135
slag concentrate, internal and external reverts
Blast
Volume% O, 24-27
Total input rate, thousand Nm*/hour 30
Products
Copper, tonnes/day 330
% Cu/% S 98/1.3
Slag, tonnes/day 241
%Cu in slag 11
Mass% SiO,/mass% Fe 1.38

Cu-from-slag recovery method

Solidification/flotation

Offgas leaving furnace, thousand Nm*/hour

30

Volume% SO,

20

N

8.6.3.2. Reaction Mechanisms

Reactions in the Noranda continuous converter are as follows:

(a) A ladle of molten ~70% Cu matte (5—10% Fe, ~22% S) is poured into the furnace,
mixing with the molten matte layer between copper and slag.
(b) This matte is oxidized by O; in the tuyere blast by the reactions:

3FeS  + 50,

in molten matte  in tuyere blast

— Fe304 + 3S0O, (8.11)
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3Fe304 + FeS — 10FeO + SO, (8.12)
2FeO+ SiO, — 2FeO - SiO; (8.13)
flux molten slag

then (Prevost, Lapointe, Levac, & Beaudoin, 1999):

CuS + 0, — 2Cu°(l) + SO, (8.14)

in molten matte  in tuyere blast

(c) As the matte phase is continuously consumed, drops of molten slag rise and drops of
molten copper fall below the tuyeres to the molten copper layer.
(d) The matte layer is replenished with Cu, Fe, and S by the next ladle of matte feed.

Slag, matte, gas, and copper are intimately mixed in emulsion form in the converter’s
tuyere zone, so the above reaction scheme is an oversimplification. Nevertheless, the
concept of slag formation, copper formation, matte consumption, and intermittent matte
replenishment is probably correct.

8.6.3.3. Silicate Slag

Noranda continuous converting uses SiO, slag rather than the CaO slag used for Mit-
subishi and flash converting. This is because (a) the Cu,S layer in the Noranda converter
tends to reduce magnetite so that magnetite solubility in CaO-base slag is not
critical and (b) SiO slag is cheaper, less corrosive, and more easily controlled than CaO
slag.

8.6.3.4. Control

The critical control parameters in Noranda continuous converting are (a) matte temper-
ature and (b) matte layer position and thickness (to ensure that tuyere O, blows into the
matte rather than the slag or copper).

Matte temperature is measured continuously with a Noranda tuyere two-wave-
length optical pyrometer (Prevost et al., 1999). It is adjusted by increasing or
decreasing the rate at which solid coolants (solid matte, slag concentrate, reverts, etc.)
are charged to the converter. Natural gas combustion rate and coke addition rate are
also used to control temperature. Matte layer thickness is controlled by adjusting the
ratio of O, input to matte feed rate. A high ratio decreases matte mass (hence matte
layer thickness), a low ratio the opposite. Matte layer position is controlled by
adjusting the amount of copper below the matte. It is altered by adjusting the
frequency at which copper is tapped from the furnace. Blowing of O; into the slag is
avoided. It tends to overoxidize the slag, precipitate magnetite, and cause slag
foaming. It is avoided by controlling copper and matte layer thicknesses as described
above.

8.6.3.5. Noranda Converting Summary

The Noranda continuous converter is a compact, highly productive, submerged tuyere
converting process. It charges its matte via ladle through a large mouth, which is also used
for charging large pieces of scrap copper. It produces 1.3% S molten copper, which is sent
to a desulfurizing furnace prior to pyro- and electrorefining.
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8.6.4. Recent Developments in Peirce—Smith Converting
Alternatives

Three continuous converting processes are presently under development as an alternative
to batch Peirce—Smith converting. They are:

(a) Codelco—Chile Continuous Converting (CCC) process (Moyano, Caballero, & Font,
2007, Moyano, Caballero, Toro, Morales, & Font, 2009). A Teniente Converter
(Chapter 7) is used to convert liquid matte or white metal to blister copper. An
olivine-type slag (CaO—FeO4—Si0O,, Chapter 5) is used.

(b) Ausmelt Continuous Copper Converting (C3) technology (Wood, Matusewicz, &
Reuter, 2009). The top submerged lance (TSL) C3 process is based on the commer-
cial use of Ausmelt (Chapter 9) for batch converting of mattes at the Zhong Tiao
Shan (ZTS) Non-Ferrous Metals Corporation facility in Houma, China and the
Anglo Platinum Waterval smelter in Rustenburg, South Africa.

(¢) Isaconvert™ uses a TSL furnace to produce blister copper from solid matte
(Nikolic, Edwards, Burrows, & Alvear, 2009). It is an extension of the successful
Isasmelt process (Chapter 9) and is based on the commercial use of an Isasmelt
furnace that batch converts copper matte at Aurubis Precious Metals in Hoboken,
Belgium.

Ausmelt C3 and Codelco—Chile Continuous Converting have been validated on
a commercial scale. Isaconvert has performed successfully at a pilot scale.

8.7. SUMMARY

Converting is the second half of the smelting/converting sequence by which most Cu—Fe-
sulfide concentrates are made into metallic copper. The process oxidizes the Fe and S
from molten smelting furnace matte with oxygen-enriched air or air to produce molten
metallic copper. It is most often carried out in the cylindrical Peirce—Smith converter.
The products of the process are:

(a) Molten blister copper (99% Cu, 0.02% S and 0.6% O), which is sent forward to fire
refining for final S and O removal, then anode casting

(b) Molten Fe-silicate slag (4—8% Cu), which is sent to Cu recovery, then discard

(c) SO,-bearing offgas, which is treated for heat, dust, and SO, capture.

All of the heat for converting comes from Fe and S oxidation. Peirce—Smith con-
verting is a batch process. It produces SO, intermittently and captures it somewhat
inefficiently. Alternatives are:

(a) Hoboken batch converting

(b) Kennecott—Outotec continuous flash converting

(c) Noranda continuous submerged tuyere converting

(d) Mitsubishi continuous downward lance converting
(e) Ausmelt top submerged lance (TSL) batch converting
(f) Isasmelt top submerged lance (TSL) batch converting

Ausmelt converting, Isasmelt converting, and Mitsubishi continuous downward lance
converting are described in Chapter 9. Three other continuous converting technologies
presently under development include:
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(a) Codelco—Chile Continuous Converting (CCC)
(b) Ausmelt Continuous Copper Converting (C3)
(¢) Isaconvert
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Bath Matte Smelting: Ausmelt/
Isasmelt and Mitsubishi

Chapter 6 describes flash smelting, the predominant worldwide technology for producing
copper mattes. The advantages of flash smelting are well-known and the technology is
well established. However, flash smelting also has disadvantages. The biggest is its use of
fine, dry concentrate particles as feed. Fine particles react faster, which is desirable.
However, they also settle less quickly. As a result, flash furnaces generate considerable
quantities of dust. To reduce this dust generation, a large settling area is built into flash
furnaces. This increases the size of the vessel, and thus its cost.

In 1971, researchers at the Australian Commonwealth Scientific and Industrial
Research Organization (CSIRO) began investigating the use of top-lancing technology
for injecting coal into tin slags to improve reduction kinetics (Arthur, 2006; Collis, 2002,
pp. 447—450; Floyd, 2002). This research led to the development of technology suitable
for a variety of pyrometallurgical applications (Isasmelt, 2009; Outotec, 2010), including
smelting and converting of sulfide concentrates. This technology is known generically as
Top Submerged Lance (TSL) technology. It is now licensed by two separate organiza-
tions, Isasmelt and Ausmelt (the latter now owned by Outotec, Oy). The technology has
found commercial application worldwide. It has become a significant factor in copper
smelting, particularly in the last decade. The tonnage of new smelting capacity comprised
of TSL furnaces is now roughly equal to that of other smelting furnaces (Ausmelt, 2005;
see Fig. 9.1), and may likely be greater in the future.

Both Ausmelt and Isasmelt smelting are based on the technology developed at CSIRO
in the 1970s. Their furnaces (Fig. 9.2, Tables 9.1 and 9.2) and operating procedures are
similar. Because of this, they are described together throughout this chapter.

9.1. BASIC OPERATIONS

Ausmelt/Isasmelt copper smelting entails dropping moist solid feed into a tall cylindrical
furnace while blowing oxygen-enriched air through a vertical lance into the mixture of
molten matte and slag known as the bath (Matusewicz, Hughes, & Hoang, 2007). The
products of the process are a matte/slag mixture and strong SO, offgas. The matte/slag
mixture is tapped periodically (Isasmelt) or continuously (Ausmelt) into a fuel-fired
(Isasmelt only) or electric settling furnace for separation. The choice of separating
furnace is decided largely by the local cost of electricity. The settled matte (~60% Cu) is
sent to conventional converting. The slag (0.7% Cu) is discarded.

The offgas (~25% SO,) is drawn from the top of the smelting furnace through
a vertical flue. It is passed through a recovery heat boiler, gas cleaning and on to a sulfuric

Extractive Metallurgy of Copper. DOI: 10.1016/B978-0-08-096789-9.10009-5
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FIGURE 9.1 Percentage of new smelting capacity using TSL (Ausmelt/Isasmelt) and ‘Other’ (mostly flash
smelting) technology (Ausmelt, 2005).

Percentage of news projects

acid plant. A small amount of oxygen is added above the bath line to ensure that sulfur
leaves the furnace as SO, rather than S,. This prevents sulfur condensation in the gas
cleaning system. In Ausmelt furnaces, this is done using the outermost pipe in the lance
assembly, known as a shroud. Isasmelt furnaces accomplish this by injecting air in the
freeboard area of the furnace.

Most of the energy for smelting comes from oxidizing the concentrate charge.
Additional energy is provided by combusting (a) oil, gas, or coal fines blown through the
vertical lance and (b) coal fines in the solid charge. TSL furnaces are versatile, and can
use a variety of fuels, depending on cost.

9.2. FEED MATERIALS

Ausmelt/Isasmelt feed is moist concentrate, flux and recycle materials, sometimes
pelletized (Tables 9.1 and 9.2). Drying of the feed is not necessary because the smelting
reactions take place in the matte/slag bath rather than above it. Moist feed also decreases
dust evolution. About one percent of the feed is captured as dust.

Oxygen enrichment of the air-blown into an Ausmelt/Isasmelt furnace is standard
practice. The blast typically contains 50—65 vol.-% O,, a percentage that has been steadily
increasing in practice. Oxygen levels higher than this tend to cause excessive lance wear.

Because of (a) this upper limit on O; enrichment and (b) the presence of moisture in
the solid feed, autothermal operation is usually not achieved. Instead, hydrocarbon
fuel is added. Ausmelt/Isasmelt furnaces are designed to use natural gas, oil, or coal.
A cool lance tip is important for reducing lance wear. As a result, coal is often added
to the feed as a partial substitute for flammable fuel oil and natural gas (Arthur,
2006).

9.3. THE TSL FURNACE AND LANCES

Figure 9.2 shows a typical TSL furnace. It is a vertically aligned steel barrel, 3.5—5 m in
diameter and 12—16 m high. The largest of these process well over 5000 tonnes of
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FIGURE 9.2 Cutaway view of Isasmelt furnace, 2001. A furnace is typically ~3.5 m diameter and 12 m high.
It smelts up to 3000 tonnes of new concentrate per day. The outside of the furnace is often water-cooled with
copper cooling blocks. The main product of the furnace is a mixture of molten matte and slag, which is sent to
an electric or gas-fired matte/slag separation furnace.

concentrate per day. It is lined inside with chrome—magnesite refractory, sometimes
backed with copper water-cooling blocks in Ausmelt furnaces (Table 9.1 and 9.2). Its roof
consists of water-cooled copper slabs or steel panels (Binegar, 1995; Voltura, 2004).
Tapping is done through one or more water-cooled tapping blocks (Isasmelt) or a weir
system (Ausmelt; Reuter & Matusewicz, 2010). The weir system allows continuous
operation of the furnace, which improves operation of the subsequent settling furnace.



KTABLE 9.1 Operating Data for Isasmelt Smelting Furnaces Burrows, 2011

Ust-
Mount Isa, Kunming, Miami, llo, Sterlite, Mufulira, Kamenogorsk,
Plant Australia China USA Peru India Zambia Kazakhstan®
Capacity (t/a 1 000 000 800 000 750 000 1200 000 1200 000 650 000 290 000
concentrate)
Furnace details
Diameter, inside 3.75 4.4 3.75 4.4 4.4 4.4 3.6
brick (m)
Molten bath 1-2 1-2 1-2 1-2 1-2 1-2 1-2
depth (m)
Number of 2 2 2 2 2 1 1
tapholes
Furnace Lining Refractory Refractory Water-cooled Refractory Water-cooled Refractory Refractory
only only copper staves only copper staves only only
behind slag line behind slag line
refractory refractory
Lance details
Nominal bore 450 350 400 450 400 300 250
(mm)
Vol.- % O, in 60—65 45—50 45—50 60—67 80—90 60—70 50-55
lance air
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Hydrocarbon Natural gas Diesel Natural gas #2 Fuel Oil Furnace oil Diesel Diesel
fuel
Feed details
Solid fuel Coal or coke Coal Nil Coal Pet Coke Coal Coal
breeze w
=4
Feed mixing Pelletizer Multiple Paddle Paddle Conveyed Conveyed Shaft Mixer il
. . . : : <
Pelletizers mixer Mixer direct to direct to o
furnace furnace &
[92]
% Cu in 22-26 18—22 25-29 25-29 26—31 28—32 22-26 (31
concentrate =2
@
% H,O in concentrate 9 9 9 9 8 9 9 é>
E
Matte/slag product %
Destination RHF (2) EF EF RHF (2) RHF (2) EF EF é
3
Temperature (°C) 1190 1180 1185 1185 1185 11 1180 g
jo5)
Matte grade 60—63 52—-55 55—-60 60—65 60—65 60—65 55—60 2
(% Cu)? =
Slag SiO,:Fe? 0.85 0.85 0.65 0.75 0.75 0.85 0.8 Er
w
>
RHF = Rotary Holding Furnace, EF = Electric Furnace. -
After Settling.

Kb&‘artup in 2011. /




[TABLE 9.2 Operating Data for Ausmelt Smelting Furnaces (2010) \

Zhong Tiao  Tongling RCC JinjJian Huludao NCS Daye YTCL Xinjiang

Smelter Shan, China China Russia China China Namibia China China Wauxin China
Startup date 1999 2003 2006 2008 2010 2008 2010 2011 Under Design
Furnace details

Diameter, m 4.4 4.4 5 4 4.4 4.4 5 4.4 5

Height, m ~12 ~14 ~14 ~15 ~12 ~12 ~18 ~16 ~16

Bath depth, m ~1.2 ~1.5 ~1.5 ~1.5 ~1.5 ~1.5 ~1.5 ~1.5 ~1.5

Number of Weir Weir Weir Weir Weir Taphole Weir Weir Weir

tapholes

Standby burners  Yes Yes Yes Yes Yes Yes Yes Yes Yes

Furnace cooling  Partial Partial Partial Partial Partial Partial Partial Partial Partial

system
Lance details

Construction Mixed steel Mixed Mixed Mixed steel  Mixed steel ~ Mixed steel Mixed steel  Mixed steel  Mixed steel

material steel steel

Lance pipe ~300 ~400 ~500 ~300 ~400 ~300 ~500 ~400 ~400

diameter, mm

Construction Mixed steel Mixed Mixed Mixed steel ~ Mixed steel ~ Mixed steel Mixed steel  Mixed steel ~ Mixed steel

material steel steel

Tip penetration ~0.3 ~0.3 ~0.3 ~0.3 ~0.3 ~0.3 ~0.3 ~0.3 ~0.3

into bath, m

Overall length, m 16 21 22 19 20 15 25 23 23
Capacity (t/a 200 000 700 000 550 000 480 000 500 000 140 000 1 500 000 450 000 550 000
concentrate)
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Type of charge

Moist,
agglomerated

Moist, Moist, Moist,
agglomerated agglomerated agglomerated

Moist,
agglomerated

moist,

agglomerated

moist,

agglomerated

moist,

agglomerated

% H,0 in charge ~10 ~10 ~10 ~10 ~10 ~10 ~10 ~10
% Cu (dry basis) 17-22 25 14-23 26 22 25 20 22 19
Lance inputs
Vol.-% O, in blast 40 40 60 50 40 30 60 40 45
Hydrocarbon fuel ~ Coal Coal Natural gas ~ Coal Oil (LFO) Oil Coal Coal Coal
Products
Matte/slag Electric Electric Rotary Electric Electric Reverberatory Electric Electric Electric furnace
mixture furnace furnace furnace furnace furnace furnace furnace furnace
destination
Offgas destination Acid plant Acid plant Acid plant  Acid plant  Acid plant  Spray cooler Acid plant  Acid plant  Acid plant
Liquids/offgas (1200— 1180/1100 1180/1100 1180/1100 1180/1100 1180/1100 1180/1100 1180/1100 1180/1100
temperatures, °C ~ 1300)/1180
Liquid products after
settling
Matte, approx. t/d 250 1120 710 800 700 240 1750 540 600
Approx. Grade, 60 50 40 50 50 50 55 60 56
% Cu
%Cu, approx. 0.6 0.6 1 0.6 0.6 1 0.6 0.6 0.6
%SiO,/%Fe, 0.8 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
approx.
Destination Granulation/  Granulation/  Mill/ Granulation/ Granulation/ Granulation/  Granulation/ Granulation/ Granulation/
discard concentrator  concentrator discard discard concentrator  discard discard discard

/
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FIGURE 9.3 Sketch of Isasmelt lance tip. ™
Vanes for swirling blast down the lance tip are
shown. The swirling gives rapid heat transfer —
from lance to blast, causing a protective layer  giginless = Mild steel
of slag to freeze on the outside of the lance tip  gtaq| Jance fuel pipe
(Solnordal & Gray, 1996).
5[5 (5
3|52
oo
AE
2% |2
x|= X
(@] g o]
Double helix
swirl plate
-+ 03-05 =« ——
m
e ] e e T T
Molten
matte
& slag

Figure 9.3 shows a TSL lance. It consists of a stainless steel outer pipe (up to 0.5 m
diameter) for oxygen-enriched air and a carbon-steel inner pipe for oil or natural gas. The
outer pipe is normally immersed about 0.3 m into the furnace slag. The inner pipe ends
about 1 m above the slag surface. The lance pressure is low enough to allow use of
a single-stage blower, rather than a compressor (Alvear, Hunt, & Zhang, 2006; Bill et al.,
2002). The Ausmelt lance assembly includes an additional outer pipe for oxygen addi-
tion, which does not extend into the bath.

The lance tip is cooled by swirling the enriched air blast in the annulus between the
pipes (Bill et al., 2002). The swirled gas extracts heat from the outside pipe and causes
a protective slag layer to freeze on the pipe surfaces. Helical swirl vanes in the annulus
are used to create this effect.

Despite this, the immersed lance tip slowly erodes away. The lance is lowered to
compensate for this erosion. It is removed and replaced when ~1 m has eroded. Better
operational practice has extended lance replacement time from one week to as many as
four in some cases (Arthur, 2006; Bill et al., 2002; Reuter & Matusewicz, 2010; Walqui,
Noriega, Partington, & Alvear, 2006). The used lances are refurbished for re-use by
welding a new 1 m section of outside pipe to the bottom tip, a process that takes less than
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an hour. Lance wear is minimized by avoiding excessive immersion and limiting the
oxygen content of the blast.

9.4. SMELTING MECHANISMS

TSL smelting is different from flash smelting in that the smelting reactions take place
primarily in the bath rather than above the melt. As a result, the reaction sequence is
different. It is commonly believed that dissolved magnetite in the slag serves as a catalyst
of sorts for the overall process. Alvear et al. (2010) propose this reaction sequence:

6CuFeS; + 18Fe304 — 54FeO + 7SO, + 3Cu;S + 2FeS + 4FeO 9.1
54FeO +90; — 18Fe30q4 9.2)

As aresult, the presence of about 5% magnetite in the slag is important (Binegar, 1995).
This requires a low bath temperature (1150—1200 °C) and low silica/iron ratio (0.65—0.85
for Isasmelt, 0.6—0.7 for Ausmelt). The low bath temperature also reduces refractory wear.

9.4.1. Impurity Elimination

Bill et al. (2002) report impurity elimination into slag and offgas during Isasmelt
smelting as: 91% As, 85% Cd, 76% Bi, 68% Zn, 61% Sb, 60% T1, 44% Pb, and 29% Te.
Arsenic retention in the matte is less than half of that obtained using other smelting
technology (Alvear et al., 2006), making TSL smelting technology especially suitable for
high-arsenic concentrates. Elimination of As, Bi, Pb, and Sb is encouraged by decreasing
oxygen enrichment. Offgas solids are recycled to the smelting furnace for Cu recovery,
so they are not usually an escape route for impurities.

9.5. STARTUP AND SHUTDOWN
Smelting is started by:

(a) Preheating the furnace

(b) Slowly charging about 2 m of solid slag pieces

(¢) Melting the slag, using the lance as an oxy-fuel burner
(d) Immersing the smelting lance in the molten slag

(e) Beginning normal concentrate smelting.

At least one day is required. Smelting is terminated by stopping the solid feed,
draining the furnace, and turning off the lance. The furnace is then allowed to cool at its
natural rate.

Steady operation consists of continuous feeding of solid charge through the roof feed
port and continuous blowing of oxygen-enriched air into the molten bath. The furnace is
computer controlled to give a specified concentrate smelting rate while producing matte
and slag of desired composition and temperature. Matte/slag temperature is sensed by
thermocouples embedded in the furnace walls (MacLeod, Harlen, Cockerell, & Crisafulli,
1997). Itis controlled by adjusting the rate at which fossil fuel is supplied through the lance.

Matte and slag compositions are determined by X-ray fluorescence analysis of
samples from each matte/slag tap. The compositions are controlled by adjusting the O,/
concentrate and flux/concentrate ratios in the furnace input.
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9.6. CURRENT INSTALLATIONS

The number of TSL furnaces has expanded dramatically over the past decade. Figure 9.4
shows the location of TSL primary copper smelting furnaces in 2011. The figure does not
include:

e Secondary copper smelting furnaces using Ausmelt and Isasmelt technology (see
Chapter 19)

e Two Ausmelt converters in China (Yunnan and Houma)

e Numerous TSL furnaces smelting other nonferrous metals.

9.7. COPPER CONVERTING USING TSL TECHNOLOGY

TSL smelting is the outgrowth of technology originally designed for use in tin slag
reduction. Both Ausmelt and Isasmelt have been active since then in developing uses for
their furnace beyond sulfide matte smelting (Isasmelt, 2009; Outotec, 2010).

One of these is matte converting, which has been commercialized over the past decade
(Wood, Matusewicz, & Reuter, 2009). The Ausmelt furnace for converting is similar to
that used for smelting (Mounsey, Li, & Floyd, 1999). In fact, smelting and converting
were originally performed in the same furnace (Mounsey, Floyd, & Baldock, 1998).

Because the lance tip can be easily replaced, the upper limit for enrichment of
Peirce—Smith converters is no longer a concern. As a result, higher oxygen enrichment
levels (30—40%) are used (Reuter & Matusewicz, 2010). This allows autothermal
operation of the process, although some coal is added to reduce the copper oxide content
of the slag to about 15% Cu. A disadvantage of this process compared with Peirce—Smith
converting is that use of scrap and reverts is limited to smaller-size material (Rapkoch &
Cerna, 2006). However, converting in TSL furnaces has numerous advantages over
Peirce—Smith, especially in continuous operation (Outotec, 2010):

(a) Higher availability (no ‘dead time’ while the vessel is being filled or emptied)

(b) Lower fugitive emissions, since the vessel can be completely sealed

(¢) Higher SO, concentration in the offgas (~15%), which makes acid-plant operation
easier

(d) More stable operation, since conditions remain constant

FIGURE 9.4 Location of Ausmelt (circles) and Isasmelt (squares) primary smelting furnaces, 2011.



Bath Matte Smelting: Ausmelt/Isasmelt and Mitsubishi

TSL converting was originally developed as a batch process, but efforts have since
been made to link it to continuous smelting and settling (Matusewicz et al., 2007; Nikolic,
Edwards, Burrows, & Alvear, 2009; Wood et al., 2009). This results in what is effectively
the TSL equivalent of the Mitsubishi process. Continuous converting allows the system to
be sealed, eliminating fugitive vapors.

TSL technology is also useful for recovering copper from non-sulfide materials,
particularly slags and sludges (Hughes, 2000; see Chapter 19). Its ability to control air
and fuel inputs means that conditions can be changed from oxidizing to reducing without
transferring material to a second furnace. This is particularly effective for smelting Cu/Ni
hydrometallurgical residues.

9.8. THE MITSUBISHI PROCESS
9.8.1. Introduction

The most recent Ausmelt processing operations feature (a) a high-intensity smelting
furnace that produces a mixture of matte and slag, (b) a settling furnace (usually electric)
that separates matte from slag, and (c) a converting furnace — usually a Peirce—Smith but
increasingly an Ausmelt C3 converter. The smelting and settling furnace are designed to
operate on a semi-continuous basis, leading to the possibility of a continuous process that
inputs concentrate, flux, and fuel at one end and outputs blister copper, offgas, and slag
for disposal.

However, this has been done before. In a sense, the Ausmelt process is a high-intensity
version of a process first developed in the 1980s that continues to operate at four smelters
today. The Mitsubishi process operates continuously, using three connected furnaces to
smelt, settle, and convert copper concentrates. Although this process no longer appears to
be the future of pyrometallurgical copper processing, it is worth introducing as the
forerunner of bath smelting and converting technology.

Continuous copper concentrate smelting and converting has several advantages:

(a) Ability to smelt all concentrates, including CuFeS, concentrates

(b) Elimination of Peirce—Smith converting with its SO, collection and air infiltration
difficulties

(c) Continuous production of high SO,-strength offgas, albeit from two sources

(d) Relatively simple Cu-from-slag recovery

(e) Minimal materials handling.

9.8.2. The Mitsubishi Process

Figure 9.5 shows the three furnaces of the Mitsubishi process (Ajima et al., 1999;
Mitsubishi Materials Corporation, 2004). The S (smelting) furnace blows oxygen-
enriched air, dried concentrates, SiO; flux, and recycles into the furnace liquids via
vertical lances. It oxidizes the Fe and S of the concentrate to produce ~68% Cu matte and
Fe-silicate slag. Its matte and slag flow together into the electric slag-cleaning furnace.

The CL (slag-cleaning) furnace separates the smelting furnace’s matte and slag. Its
matte flows continuously to the converting furnace. Its slag (0.7—0.9% Cu) flows
continuously to water granulation and sale or stockpile.

The C (converting) furnace blows oxygen-enriched air, CaCO3 flux, and granulated
converter slag coolant into the matte via vertical lances. It oxidizes the Fe and S in the
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Air, oxygen, dry concentrates, flux,
converter slag 'granules' and reverts

Air, oxygen, CaCOs flux and
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FIGURE 9.5 Mitsubishi process flowsheet and vertical layout at Gresik, Indonesia (Ajima et al., 1999). Note
the continuous gravity flow of liquids between furnaces. The smelting furnace is about 15 m higher than the
Hazelett caster. The smelting and converting furnaces each have 9 or 10 rotating lances.

matte to produce molten copper. The copper continuously exits the furnace into one of
two holding furnaces for subsequent fire- and electrorefining. The slag (14% Cu) flows
continuously into a water-granulation system. The resulting slag granules are recycled to
the smelting furnace for Cu recovery and the converting furnace for temperature control.

A major advantage of the process is its effectiveness in capturing SO,. It produces two
continuous strong SO, streams, which are combined to make excellent feed gas for
sulfuric acid or liquid SO, manufacture. The absence of crane-and-ladle transport of
molten material also minimizes workplace emissions.

9.8.3. Smelting Furnace Details

Figure 9.6 shows details of the Mitsubishi smelting furnace. Solid particulate feed and
oxidizing gas are introduced through nine vertical lances in two rows across the top of
the furnace. Each lance consists of two concentric pipes inserted through the furnace
roof. The diameter of the inside pipe is 5 cm; the diameter of the outside pipe, 10 cm.
Dried feed is air-blown from bins through the central pipe; oxygen-enriched air
(55 vol.-% 0O5) is blown through the annulus between the pipes. The outside pipes are
continuously rotated (7—8 rpm) to prevent them from sticking to their water-cooled roof
collars.

The outside pipes extend downward to ~0.7 m above the molten bath, the inside pipes
to the furnace roof or just above. The outside pipes are high chromium steel (27% Cr);
they burn back ~0.4 m per day and are periodically slipped downward to maintain their
specified tip positions. New 3 m sections are welded to the top of the shortened pipes to
maintain continuous operation. The inside pipes are 304 stainless steel. They do not wear
back because their tips are high above the reaction zone.

Concentrate/flux/recycle feed meets oxidizing gas at the exit of the inside pipe. The
mixture jets onto the molten bath to form a matte—slag—gas foam/emulsion in which
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FIGURE 9.6 Details of Mitsubishi smelting and electric slag-cleaning furnaces (Goto & Hayashi, 1998).
Note particularly the siphon by which matte underflows the slag-cleaning furnace. Most of the refractories are
fused cast and direct-bonded magnesite chrome (MgO—Cr,03).

liquids, solids, and gas react with each other to form matte and slag. These continuously
overflow together through a taphole and down a sloped launder into the electric slag-
cleaning furnace.

The offgas (25—30 vol.-% SO,) from the oxidation reactions is drawn up a large
uptake. It passes through recovery heat boilers, electrostatic precipitators, and a wet gas
cleaning system before being pushed into a sulfuric acid or liquid SO, plant.

The velocities of solids and gas leaving Mitsubishi smelting furnace lances are
130—150 m/s (Goto & Hayashi, 1998). Times of flight of the particles across the 0.7 m
distance between lance tip and melt surface are, therefore, on the order of 1073—=10"2s.
The temperature rise of the gas/solid jet during this time is calculated to be ~50 °C. This
is not enough to cause ignition of the concentrate. Consequently, melting and oxidation of
concentrate particles occurs entirely after entry into the gas—slag—matte foam/emulsion
beneath the lances (Asaki, Taniguchi, & Hayashi, 2001).

Industrial evidence indicates that the smelting furnace contains mainly matte
(1.2—1.5 m deep) with a gas/slag/matte foam/emulsion beneath the lances (Shibasaki &
Hayashi, 1991). Away from the lances, SO,/N, gas disengages from the foam and the
matte and slag begin to separate. Newly formed slag (~0.05 m thick and containing some
entrained matte) flows toward the taphole where it overflows. Matte also continuously
overflows as new matte is made under the lances.

9.8.4. Electric Slag-Cleaning Furnace Details

The electric slag-cleaning furnace (3600 kW) is elliptical with three or six graphite
electrodes in one or two rows along the long axis. It accepts matte and slag from the
smelting furnace and separates them into two layers — a bottom layer of matte 0.5—0.8 m
thick, and a top layer of slag ~0.5 m thick. The residence times of the liquids are 1—2 h.
These times, plus electromagnetic stirring in the furnace, allow the slag and matte to
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approach equilibrium. Passage of electricity through the slag ensures that the slag is hot
and fluid. This, in turn, creates conditions for efficient settling of matte droplets from
the slag.

The slag is the main route of Cu loss from the smelter. It is important, therefore, that
the total amount of Cu-in-slag be minimized. This is done by:

(a) Maximizing slag residence time in the electric furnace (to maximize matte settling)

(b) Keeping the slag hot, fluid, and quiescent

(¢) Minimizing slag mass (per tonne of Cu) by smelting high-Cu grade concentrates and
minimizing fluxing

(d) Optimizing slag composition to minimize slag viscosity and density.

Matte continuously underflows from the bottom layer of the electric furnace to the
converting furnace. A siphon-and-launder system is used. Slag continuously overflows
through a taphole. It is granulated in flowing water and sold or stockpiled.

The purpose of the electrodes and electrical power is to keep the slag hot and fluid.
Heat is obtained by resistance to electric current flow between the graphite electrodes in
the slag, selectively heating the slag to 1250 °C.

Only a tiny amount of offgas is generated in the electric furnace. It is collected from
the slag taphole hood, drawn through an electrostatic precipitator, and vented to
atmosphere.

9.8.5. Converting Furnace Details

The converting furnace continuously receives matte from the electric slag-cleaning
furnace. It blows oxygen-enriched air blast (30—35 vol.-% O,), CaCOj3 flux and converter
slag granules onto the surface of the matte. It also receives considerable copper scrap,
including scrap anodes.

It produces molten copper (~0.7% S), (b) molten slag (14% Cu), and (c) SO,-bearing
offgas, 25—30 vol.-% SO,.

The molten copper continuously departs the furnace through a siphon and launder into
one of two anode furnaces. The slag continuously overflows into a water-granulation
system. The offgas is drawn through a large uptake, recovery heat boiler, electrostatic
precipitators, and a wet gas cleaning system before being pushed into a sulfuric acid or
liquid SO, plant. The smelting and converting offgases are combined prior to entering the
electrostatic precipitators.

The oxygen-enriched air and solids are introduced into the furnace through 10 lances
like the smelting furnace lances, at a speed of ~120 m/s. The tips of the outside pipes are
0.3—0.8 m above the bath; the inside pipe tips are above or just through the roof. The
outer pipes are continuously rotated to prevent them from sticking to their roof collars.
They are also slowly slipped downwards as they burn back.

9.8.5.1. Converting Furnace Slag

A unique feature of Mitsubishi converting is its CaO-based calcium ferrite slag (see
Chapter 5). Early in the development of the process, it was found that blowing strong O,
blast onto the surface of SiO,-based slag made a crust of solid magnetite. This made
further converting impossible. CaO, on the other hand, reacts with solid magnetite,
molten Cu and O, to form a liquid CaO—Cu,O—FeO, slag. The slag typically contains
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12—16% Cu (~60% as Cu,0, balance Cu), 40—55% Fe (~70% as Fe>", balance Fe*"),
and 15—20% CaO. Its viscosity is ~107! kg/m s (Wright, Zhang, Sun, & Jahanshahi,
2000).

9.8.5.2. Converting Furnace Copper

Mitsubishi-process blister copper contains more sulfur than Peirce—Smith converter
copper, ~0.7% vs. ~0.02%. This is the result of operating with excess O, addition to avoid
a permanent matte layer in the furnace. This prevents slag foaming. The only disad-
vantage of the higher S level is a longer oxidation period in the anode furnace. The S
content can be lowered in the Mitsubishi converter by supplying more O,, but this
increases the amount of Cu in slag.

9.8.6. Optimum Matte Grade

The Cu grade of the matte produced by the smelting furnace (and flowing into the
converting furnace) is a balance between:

(a) The amount of Cu lost in the discard slag from the electric furnace;

(b) The amount of granulated high-Cu slag which must be recycled back from the con-
verting furnace to the smelting furnace; and

(¢) The amount of coal, which must be added to the smelting furnace and the amount of
coolant, which must be added to the converting furnace.

The optimum matte grade for the Mitsubishi process is 68% Cu. With this matte
grade, the discard slag from the electric slag-cleaning furnace contains 0.7—0.9% Cu and
converter slag recycle is 0.1—0.3 tonnes per tonne of concentrate feed (Tables 9.3
and 9.4).

9.8.7. Process Control in Mitsubishi Smelting/Converting
(Goto & Hayashi, 1998)

Bath temperature is the most important control parameter in the Mitsubishi process.
Maintaining an optimum temperature ensures good slag and matte fluidity while at the
same time minimizing refractory erosion. Typical operating temperatures at the Naosh-
ima smelter are shown in Table 9.5.

Table 9.5 shows that the electric slag-cleaning furnace slag is operated hotter than the
smelting furnace matte/slag. This is done to avoid precipitation of solid Fe3O4 and/or
Si0,. Precipitation of Fe3O4 caused formation of a muddy layer between molten matte
and molten slag. This layer prevents good matte/slag separation, and results in high matte
entrainment in the discard slag, hence high Cu-in-slag losses. Precipitation of SiO,
produces SiO; rich floating solids. These solids (~10% Cu) do not settle into the matte
layer and also result in high Cu-in-slag losses.

Process control at Naoshima combines quantitative and qualitative process infor-
mation (Tables 9.6 and 9.7). The quantitative information is continuously inputted into an
expert type computer control system. The overall state of the process is best represented
by the following quantitative variables:

(a) Smelting furnace matte/slag outlet temperature
(b) Converting furnace slag temperature
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KTABI_E 9.3 Physical Details of Three Mitsubishi Coppermaking Systems, 2001 \

Mitsubishi PT Smelting LG Nikko
Materials Corp. Co., Gresik, Onsan,

Smelter Naoshima, Japan Indonesia Korea
Furnace commissioning date 1991 1998 1998
Copper production rate, 900—1000 ~750 800
tonnes/day
Smelting furnace

Shape Circular Circular Circular

Diameter x height 10 x 4 10.1 x 4 10 x 4

(inside brick), m

Number of lances 9 9 9

Outside pipe diameter, cm ID: 10 10 8 x 10 cm,
2 x9cm
Inside pipe diameter, cm ID: 5 5 5

Lance rotations per min 7.7 6.5 7.8

Slag layer thickness, m 0.1 0.1 0.1

Matte layer thickness, m 1.4 1.4 1.4

Liquids, offgas 1225—1240, 1240, 1240 1240, 1250

temperature, °C 1225—-1240
Electric slag-cleaning furnace

Power rating, kW 3600 2100(No.1); 3600

1500 (No.2)
Shape Elliptical Elliptical Elliptical

Width x length x height, m

6.0 x 12.5 x 2.0

59 x12.5x 2.0

6.0 x 12.5 x 2.0

Electrodes
Material Graphite Graphite Graphite
Number 6 6 6
Diameter, m 0.4 0.4 0.4
Immersion in slag, m 0.5 2-0.3 5-0.6
Voltage between 90—120 90—-120 80—100
electrodes, V
Current between 5-12.0 6.5(No.1); 5—7.0
electrodes, kA 5 (No.2)
Applied power, kW 2400 3000 1700
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/TABLE 9.3 Physical Details of Three Mitsubishi Coppermaking Systems, 2001—cont'd

Mitsubishi PT Smelting LG Nikko
Materials Corp. Co., Gresik, Onsan,
Smelter Naoshima, Japan Indonesia Korea
Slag layer thickness, m 0.6 0.45 0.60
Matte layer thickness, m 0.45 0.65 0.45
Matte, slag, offgas 1210, 1250, — 1230, 1270, — 1220, 1250,
temperatures, °C 1000
Estimated slag residence time, ~1 1-2 1-2
hours
Converting furnace

Shape Circular Circular Circular
Diameter x height, m 8.0 x 3.6 9.0 x 3.7 8.1 x3.6
Number of lances 10 10 10

Outside pipe diameter, cm ID: 10 10,9 8 x 10 cm,

2 x 8.2cm

Inside pipe diameter, cm ID: 5 5 5
Lance rotations per min 7.7 6.5 7.8
Slag layer thickness, m 0.12 0.15 0.13
Copper layer thickness, m 0.97 1.1 0.96
Copper, slag, offgas 1220, 1235, 1220, 1235, 1220, 1240,
temperature, °C 1235 1230 1250

\

/

(0

(d) %SiO, in electric slag-cleaning furnace slag
(e) %CaO in electric slag-cleaning furnace slag

Matte grade

(f) %Cu in converting furnace slag
(g) %CaO in converting furnace slag.

Table 9.6 shows how each parameter is controlled.
Control of the Mitsubishi process is a challenge for its operators. The difficulty lies in

the fact that (a) there are many process variables to control and (b) they all interact with
each other. When one variable goes out of control the rest of the process is affected. For
example, the solution to the problem of high viscosity slags, floating solids, and muddy
layers has typically been to increase furnace temperature. Unfortunately, this increases
refractory erosion, ultimately decreasing smelter availability.

However, recent development of sophisticated continuous melt-temperature devices

coupled with the use of an expert-type computer control system has helped minimize
process excursions. This has greatly increased Mitsubishi process availability.
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KTABLE 9.4 Operating Data for Three Mitsubishi Coppermaking Systems, 2001 \

Smelter Naoshima, Japan  Gresik, Indonesia Onsan, Korea

Smelting furnace

Inputs, tonnes/day

Concentrate 2300 (34% Cu) 2000—2300 (31.7% 2109 (33.2% Cu)
Cu)
Silica flux 340 300—400 386 (82% SiO2)
Limestone flux 42 35 52
Granulated converting 240 160—180 96
furnace slag
Smelting furnace dust 67 60 60
Converting furnace dust 61 60 60
Other 5 compressed 40 sludge from 14 reverts
copper scrap wastewater treatment
plant
Blast
Vol.-% O, 56 50-55 45—55
Input rate, Nm*/min 540 600—650 600
Oxygen, tonnes/day 500 450 (99% 0O2)
Hydrocarbon Fuel 63 90 140
(coal, tonnes/day)
Output offgas
Vol.-% SO, (entering boiler) 34 30 31
Flowrate, Nm?/min 560 600—650 570
Dust tonnes/day 67 60 60

Electric slag-cleaning furnace

Inputs Matte and slag from smelting furnace
Outputs
Matte, tonnes/day 1400 1270 1018
Matte %Cu 68 68 68.8
Slag, tonnes/day 1300 1450 1331
Slag %Cu 0.7 0.7 0.8
Slag %SiO,/%Fe 0.9 0.8 0.9
Offgas, Nm*/min (ppm SO,) 500 (<150 ppm)
kWh consumption/tonne of slag 42 55 30

2 )
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2001—cont’d

ABLE 9.4 Operating Data for Three Mitsubishi Coppermaking Systems,

\

Smelter Naoshima, Japan

Gresik, Indonesia

Onsan, Korea

Converting furnace (autothermal)

Inputs, tonnes/day

Matte from electric furnace 1400 1270 1018
Limestone flux 50 30 69
Granulated converting furnace 360 160—180 246
slag
Anode scrap copper 120 95—-100 78
Purchased scrap copper 34 0 44
Blast
Vol.-% O, 35 25-28 32-35
Input rate, Nm*/min 490 460—470 430
Oxygen, t/d 180 133 (99% O,)
Outputs
Copper, tonnes/day 900—1000 850—900 820
Copper, %Cu 98.4 98.5 98.5
Copper, %O 0.3 0.3 -
Copper, %S 0.7 0.7 0.9
Slag, t/d 600 160—180 360
Slag, %Cu 14 14 15
Slag, mass% CaO/mass% Fe 0.4 0.4 0.34
Offgas, Nm?*/min 480 450 410
Vol.-% SO, 31 25 24
Dust, t/d 61 60 60

\_

/

KTABLE 9.5 Maximum, Minimum, and Optimum Operating Temperatures in the \
Mitsubishi Smelter at Naoshima

Minimum (°C) Maximum (°C) Optimum (°C)
Smelting furnace — matte/slag outlet 1200 1240 1220
Electric slag-cleaning furnace — slag outlet 1220 1260 1240
Converting furnace — slag outlet 1210 1250 1230

N
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KTABLE 9.6 Quantitative Process Parameters in Mitsubishi Smelting/Converting \

Adjustable or
Information Result Comments

Smelting furnace

Melt temperature Result Continuous measurement by submerged K-type
thermocouple at smelting furnace melt outlet.

Feedrate Adjustable Continuous monitoring of blended concentrate,
silica, CaCO3, coal, converter slag granules,
Cu scrap, and dust input rates.

Blowing rate Adjustable Continuous monitoring of oxygen and air input rates.

Matte composition Result Hourly analysis by X-ray fluorescence analyzer (Cu
and Pb). Samples are taken at electric slag-cleaning
furnace outlet.

Slag composition Result Hourly analysis by X-ray fluorescence analyzer (Cu,
Fe, SiO,, CaO, and Al,O3). Samples are taken at
electric slag-cleaning furnace outlet.

Converting furnace

Slag temperature Result Hourly manual measurement by disposable K-type
thermocouples.

Copper temperature Result Automatic measurement by submerged glass fiber
optical pyrometer — every 15 min.

Feedrate Adjustable Continuous monitoring of CaCOs, recycled converter
slag granules and Cu scrap input rates.

Matte flowrate Result Continuous measurement by infrared scanner at
electric slag-cleaning furnace matte siphon.

Blowing rate Adjustable Continuous measurement of oxygen and air input
rates.
Slag composition Result Hourly sample and analysis (Cu, SiO,, CaO, S, and

Pb) by X-ray fluorescence analyzer.

\ /

9.9. THE MITSUBISHI PROCESS IN THE 2000s

Improvements in the Mitsubishi Process since 2000 have focused on two concerns:
refractory life and process control. Refractory life is a challenge in the S furnace (due to
the turbulence created by the injection lances), and in the C furnace (due to turbulence and
the more corrosive nature of the calcium ferrite slag). Increasing the S-furnace lance
diameter from 0.060 to 0.069 m reduced penetration depth and improved refractory life
(Cho, Lee, Chang, Seo, & Kim, 2006; Taniguchi, Matsutani, & Sato, 2006), as did
improved distribution control for the solid feed to create even penetration depth. C-furnace
refractory life has been extended by adjusting the refractory in front of the water-cooled
copper jacket at the bath line (Goto, Konda, Muto, Yamashiro, & Matsutano, 2002).
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/TABLE 9.7 Qualitative Process Parameters in Mitsubishi Smelting/Converting

Adjustable or
Information Result Comments

Smelting furnace

Melt flowrate and melt surface Result Visual inspection by remote camera
condition and at the furnace.

Converting furnace

Slag flowrate and slag surface Result Visual inspection by remote camera
condition and at the furnace.
Matte inflow rate Result Visual inspection by remote camera

and at the furnace.

- /

One of the challenges to successful operation of the C furnace is magnetite control.
Some magnetite is necessary to provide a protective coating for the refractories, but too
much causes accretions to build up in the furnace, eventually blocking the siphon through
which molten blister copper is recovered (Hasegawa & Sato, 2003; Taniguchi et al.,
2006). As a result, careful control of the slag chemistry is needed (Tanaka, lida, &
Takeda, 2003). Increasing the CaO content of the slag reduces accretions, but in turn
requires better heat removal through the water jacket at the slag line. Plant operations at
Naoshima now control the Fe/CaO ratio separately from the %Cu in the C-furnace slag;
maintaining 2.2 < Fe/CaO < 2.45 seems to work best.

The Mitsubishi Process currently operates at three copper smelting facilities: Birla in
India, Naoshima in Japan, Onsan in Korea, and Gresik in Indonesia. The Gresik facility is
the most recent of the three (1999), and there is no indication of new installations in the
near future.

9.10. SUMMARY

Ausmelt and Isasmelt smelting is done in vertically aligned cylindrical furnaces 3.5—5 m
diameter and 12—16 m high. The smelting entails:

(a) Dropping moist concentrate, flux, and recycle materials into a molten matte/slag bath
in a hot furnace
(b) Blowing oxygen-enriched air through a vertical lance into the matte/slag bath.

Most of the energy for smelting is obtained from oxidizing the Fe and S in the
concentrate.

The principal product of the furnace is a matte/slag mixture. It is tapped into
a hydrocarbon-fired or electric settling furnace. The products after settling are 60% Cu
matte and 0.7% Cu slag. The main advantages of the process are:

(a) Its small footprint, which makes it easy to retrofit into existing smelters
(b) Its ability to process a variety of feed materials, and
(¢) Its small evolution of dust.
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The Mitsubishi Process also performs smelting and converting in a molten bath. It
uses three interconnected furnaces to continuously smelt copper concentrates, settle, and
separate matte from discard slag, and convert the matte to blister copper. When per-
forming properly, continuous processing solves many of the problems created by more
traditional copper smelting technology, most notably the elimination of ladle transfer of
molten matte, the fugitive emissions associated with Peirce—Smith converting, and the
uneven SO, offgas content that results from batch processing of copper concentrates.
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Direct-To-Copper Flash Smelting

Previous chapters show that coppermaking from sulfide concentrates entails two major
steps: smelting and converting. They also show that smelting and converting are part of
the same chemical process: oxidation of Fe and S from a Cu—Fe—S phase. It has long
been the goal of metallurgical and chemical engineers to combine these two steps into
one continuous direct-to-copper smelting process. In 2011 this has been accomplished in
three smelters, all using flash furnaces:

e Olympic Dam, Australia (Ranasinghe, Russell, Muthuraman, & Dryga, 2010);
e Glogow II, Poland (Byszynski, Garycki, Gostynski, Stodulski, & Urbanowski, 2010);
e Chingola, Zambia (Taskinen & Kojo, 2009).

The Glogéw smelting complex is planning a second direct-to-copper flash furnace. It
will replace their existing blast furnaces, which are environmentally difficult.

Figure 10.1 shows the interior of the new Zambian direct-to-copper flash furnace.
Figure 10.2 shows a flowsheet for the Olympic Dam direct-to-copper flash furnace smelter.

10.1. ADVANTAGES AND DISADVANTAGES
The principal advantages of combining smelting and converting are:

(a) Isolation of SO, emission to a single, continuous, SO;-rich gas stream, ideal for
capturing sulfur in sulfuric acid;

(b) Minimization of energy consumption;

(c) Minimization of capital and operating costs.

This chapter describes direct-to-copper smelting. The above three advantages have
been achieved. Current disadvantages of the process are that (a) about 25% of the Cu
entering a direct-to-copper smelting furnace ends up dissolved in the slag (compared with
<10% in traditional Peirce—Smith converting; see Chapter 8) and (b) the cost of
recovering this Cu will probably restrict future expansion of direct-to-copper smelting to
low-Fe chalcocite and bornite concentrates rather than high-Fe chalcopyrite concentrates;
smelting of low-Fe concentrates generates less slag and therefore less copper loss.

Tables 10.1a-c describe the concentrates currently being smelted in direct-to-copper
furnaces.

10.2. THE IDEAL DIRECT-TO-COPPER PROCESS

Figure 10.3 is a sketch of the ideal direct-to-copper process. The principal inputs to the
process are concentrate, oxygen, air, flux, and recycles. The principal outputs are molten
copper, low-Cu slag, and high-SO; offgas.

Extractive Metallurgy of Copper. DOI: 10.1016/B978-0-08-096789-9.10010-1
Copyright © 2011 Elsevier Ltd. All rights reserved. 179
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FIGURE 10.1 New Chingola direct-to-copper flash furnace. The photo shows the top of the reaction shaft
and the bottom tip of the concentrate burner. The diameter of the reaction shaft is ~6 m. Photograph by W.G.

Davenport.

Concentrate, 44% Cu,
+ flux + oxygen + air
Electric Cu-from-slag
removal furnace

Direct-to-blister
flash furnace

] Slag, 25% Cu Discard slag, 4% Cu

(solidified & stored for
future Cu recovery)

Blister copper, 99% Cu Blister copper, 99% Cu
Refining (anode) Refining (anode)

furnace furnace

Fire-refined copper, 99.5% Cu

\ /Anode casting
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Anodes,
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to electrorefining

¢

FIGURE 10.2 Simplified Olympic Dam direct-to-copper smelter flowsheet (Ranasinghe et al., 2010). The
Outokumpu flash smelting furnace, electric Cu-from-molten slag recovery furnace, fire refining, and anode
casting systems are notable. The slag is molten until it is solidified for storage (right). The copper is molten

until it is cast as anodes (bottom).
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/TABI_E 10.1a Elements and Equivalent Minerals in Olympic Dam Direct-to-Copper\

Flash Furnace Concentrate Feed (Ranasinghe et al., 2010; Solnordal, Jorgensen, Koh, &

Hunt, 2006)

Element Cu Fe S SiO,

Mass % 44 20 25 5

Minerals Bornite Digenite Chalcopyrite Quartz Pyrite Hematite
Cu5FeS4 CU1'8S CuFe52 S|02 F852 FezO3

Mass % 28—45 25-35 11-=27 2—6 0.2—-2 8—12

\_ /

KrABI_lE 10.1b Elements and Equivalent Minerals in Glogéw Direct-to-Copper Flash\

Furnace Concentrate Feed (Czernecki et al., 2010; Dobrzanski & Kozminski, 2003)
Element Cu Fe S ‘Free’ Pb As Other
carbon
Mass % 17-31 2—7 8—11 5—-8 1.5-3 0.05—4 42-50
Minerals  In In bornite  Mainly in  Carbon In In arsenopyrite, 20% SiO,
chalcocite CusFeS, chalcocite galena, FeAsS,, 6% Al,O3
Cu,Sand and and PbS enargite, 6% CaO?
bornite hematite  bornite Cu3zAsS,, 4% MgO
CusFeS, Fe,Os tennantite K,O, Na,O
Qfao, MgO, KO, and Na,O are present as carbonates. /

/TABI_E 10.1c Elements and Equivalent Minerals in Chingola Direct-to-Copper Flash\

Furnace Concentrate Feed (Syamujulu)

Element Cu Fe S SiO, Other

Mass % 39 mainly in 8 mainly in 19 mainly in 18 mainly in 10% AlL,O3
chalcocite, bornite & chalcocite feldspar and clay (mainly in clay)
bornite & chalcopyrite bornite & 2% CaO
chalcopyrite  (minor in pyrite)  chalcopyrite 2% MgO

- /

The process is continuous and autothermal. With highly oxygen-enriched (low-N»)
blast, there is enough excess reaction heat to melt all the Cu-bearing recycle materials
from the smelter and adjacent refinery, including scrap anodes.

The remainder of this chapter indicates how close the process has come to this
ideality.
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Steam-dried Scrap copper
concentrates and reverts
Oxygen and aif ———>1 Flux
LT T T T T 7 1
LI T 1 L [ 171
| / Y Y H Single continuous
I { Furnace (autothermal) > stream of hot SO,-
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ready for refining Cu for direct discard

FIGURE 10.3 Ideal single-furnace coppermaking process. Ideally the copper is low in impurities, the slag is
discardable without Cu-recovery treatment, and the offgas is strong enough in SO, for sulfuric acid manu-
facture. Little or no fossil fuel is required.

/TABI_E 10.2 Compositions of Slags from Direct-to-Copper Flash Smelting \
Smelter
Cu Fe SiO, CaO MgO AlLO; K,O NaO
Element/compound Mass %
Olympic Dam, Australia  23—28 33 18 0 0 3.5
Glogéw, Poland 12—15 6 31 14 6 9 Yes Yes
Chingola, Zambia 17-20 17—29 28-32 5 3—7 5-7

\ %

10.3. INDUSTRIAL SINGLE FURNACE DIRECT-TO-COPPER SMELTING

In 2011, single furnace direct-to-copper smelting is done by only one process: Outotec
(formerly Outokumpu) flash smelting (Fig. 10.1). For several years the Noranda
submerged-tuyere process (Chapter 7) also produced copper directly. This plant now
produces high-grade (72—74% Cu) matte. The change was made to avoid slag foaming
(Section 10.7.1) and to increase impurity elimination.

The products of direct-to-copper flash smelting (Tables 10.2 and 10.3) are impure
molten copper (99% Cu, 1300 °C), molten slag (12—28% Cu, ~1310 °C), and offgas
(16—41 vol.-% SO,, 1250—1400 °C). As with conventional matte flash smelting, the
temperature in the smelting furnace is controlled by adjusting (a) the degree of oxygen
enrichment of the blast (which changes the amount of N; coolant entering the furnace)
and (b) the rate at which fossil fuel is burnt in the furnace.

The O; content of industrial direct-to-copper flash furnace blast is 65—95 vol.-% O,
depending on the concentrate composition. Considerable fossil fuel is burnt in the
reaction shaft and in settler burners (Table 10.3).
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Furnaces (2010)

/TABI_E 10.3 Details of Chingola and Glogéw Direct-to-Copper Outokumpu Flash \

Konkola Copper Mines,

KGHM Polska Miedz

Smelter Chingola, Zambia Glogéw, Poland
Startup date 2008 1978 modernized 2010
Size, inside brick, m
Hearth: w x | x h 74 x24 x24 8.9 x 25.6 x 3.8
Reaction shaft
Diameter ~6 7.55
Height, above settler roof 6 9.1
Gas uptake
Diameter 4 6.7
Height above settler roof 8 12.3
Slag layer thickness, m 0.7-1.35 0.5
Copper layer thickness, m 0-0.7 0.7
Active slag tapholes 3 5
Active copper tapholes 8 13
Concentrate burners 1 1
Settler burners 10 Normally none

Feed details, tonnes/day

New concentrate (dry)

1440—-2600, 31—38% Cu

2000 (27% Cu)

Oxygen 400—700
Silica flux Self-fluxing
Recycle flash furnace dust 0-300 250

Other 80—130 CaO in flux 115 desulfurizing dust
Blast details

Blast temperature, °C Ambient Ambient

Vol.-% O, 95 65

Flowrate, thousand Nm?>/hour 22 32
Production details

Copper production, tonnes/day ~1000 420

N

_/

(Continued)
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Furnaces (2010)—cont’d

ﬁABLE 10.3 Details of Chingola and Glogéw Direct-to-Copper Outokumpu Flash w

Smelter

Konkola Copper Mines,

Chingola, Zambia

KGHM Polska Miedz
Glogéw, Poland

Composition

99.2% Cu, 0.5% O;
0.3% S

98.7% Cu; 0.01% Fe,
0.48% O; 0.31% Pb,

0.05% S
Temperature, °C 1280—1300 1300 maximum
Slag production, tonnes/day 900—1400 1060
Mass% Cu 17-20 14
Mass% SiO,/mass%Fe 0.9 3.95
Temperature, °C 1300—1320 1310 maximum

Cu-from-slag recovery method

Electric furnace

Electric furnace

Offgas, thousand Nm*/hour 26—46 47
Volume% SO, leaving furnace 32—41 16
Temperature, °C 1400 1250

Dust production, tonnes/day Boiler 150, ESP 80 250

Hydrocarbon fuel inputs, kg/hour

Burnt in reaction shaft Qil, 150—650 Oil, 80
Burnt in settler burners Qil, 3000 0

N

10.4. CHEMISTRY

Direct-to-copper smelting takes place by the schematic (unbalanced) reaction:

Cu;S, CusFeS4(s) +

in concentrate

Cu® (1)

impure molten copper

02(g) + SiOs(s)

in oxygen-enriched blast

+ FeO,Fe304, SiOz (1) + SO2(g)

in offgas

slag

~1300 °C
_

(10.1)

Just enough O, is supplied to produce metallic copper rather than Cu;S or Cu,O.
In practice, the flash furnace reaction shaft product is a mixture of over-oxidized (oxide)

and under-oxidized (sulfide) materials. Individual particles may be over-oxidized on the
outside and under-oxidized on the inside. The over- and under-oxidized components react
to give metallic copper, as shown in the reactions below:

2Cu,0(s) +  CupS(s) 1300 °

over-oxidized Cu  under-oxidized Cu sulfide

6Cu° (1)

impure molten copper

+ SOs(g)  (10.2)

in offgas
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and
~1300 °C °
2Fe;04(s) + CuwpS(s) ~——— 2Cu°(l) + 6FeO(l) +SOs(g) (10.3)
over-oxidized FeO  under-oxidized impure molten  in silicate slag  in offgas
Cu sulfide copper

Industrially, the overall extent of Reaction (10.1) is controlled by (a) monitoring the
Cu content of the product slag and the S content of the product copper and (b) adjusting
the ratio of oxygen in the blast to concentrate fed to the furnace, based on these measured
Cu-in-slag and S-in-copper values. An increasing Cu content in the slag is reversed by
decreasing the O,/concentrate ratio and vice versa. The copper slag content is kept
between 12 and 28%.

10.5. EFFECT OF SLAG COMPOSITION ON % Cu-IN-SLAG

Table 10.2 gives the compositions of direct-to-copper flash furnace slags. The most
notable feature is that the concentration of Cu in Glogdw slag is half that of Olympic Dam
slag. This is fortunate because Glogéw produces about 2.5 tonnes of slag per tonne of
copper (Table 10.3), while Olympic Dam produces about 1.4 t slag per tonne of copper.
The net result is that both smelters send about 25% of the copper in the feed to slag.

The process at Glogéw produces a lower copper slag because its composition is
essentially a Ca—Al—Mg—K—Na silicate slag (Table 10.3), which has a relatively low
solubility for Cu oxide (Taskinen & Kojo, 2009).

Conventional smelting/converting smelters produce ~2.5 t slag per tonne of copper
production, about the same as Glogéw. However, the slags contain much less Cu (1—2%
for smelting; 4—8% for converting, some it entrained rather than dissolved). Cu removal
from these slags is quicker and cheaper than from the direct-to-copper smelting slags.

10.6. INDUSTRIAL DETAILS

Operating details of two direct-to-copper flash furnaces are given in Table 10.3. The
furnaces are similar to conventional flash furnaces. Differences are:

(a) The hearths are deeply bowl-shaped to prevent molten copper from contacting the
furnace sidewalls

(b) The hearths are more radically arched and compressed to prevent their refractory
from being floated by the dense (7.8 t/m®) molten copper layer (Brillo & Egry,
2003; Hunt, 1999)

(¢) The furnace walls are extensively water-cooled and the hearth extensively air-cooled
to prevent metallic copper from seeping too far into the refractories

(d) The bottom refractories are monolithic to prevent molten copper from seeping under
the bricks, solidifying, and lifting them

(e) The copper tapholes are designed to prevent the out-flowing molten copper from
enlarging the taphole to the point where molten copper contacts cooling water

At Olympic Dam, molten copper passes through magnesite—chrome brick (inside) and
a silicon carbide insert and graphite insert (outside) (Hunt, Day, Shaw, Montgomerie, &
West, 1999). The graphite insert is replaced after ~1200 t tapped copper and the silicon
carbide insert is replaced after ~2400 t. Excessive copper flow (the result of an excessive
taphole diameter) initiates earlier replacement.
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10.7. CONTROL

The compositions of the industrial furnace products are controlled by adjusting the ratios
of oxygen in the blast to concentrate feed rate and flux/concentrate feed rate. The
temperatures of the products are controlled by adjusting the oxygen-enrichment level of
the blast (as represented by the N»/O, ratio) and the rate at which fossil fuel is burnt in the
furnace.

10.7.1. Target: No Matte Layer to Avoid Foaming

Industrial direct-to-copper furnaces are operated with O,/concentrate ratios that are
high enough to avoid forming a Cu,S layer. This is done to avoid the possibility of
foaming slag out the top of the furnace (Hunt et al., 1999). A molten Cu,S layer, once
built up between the molten copper and molten slag layers, has the potential to react
with slag by reactions such as (10.2) and (10.3), which can produce SO, beneath the
slag layer.

Foaming is particularly favored if the input Oj/concentrate ratio is subsequently
increased to shrink or remove an existing Cu,S layer. This results in a highly oxidized
slag, full of dissolved Fe;O4 and Cu,0O, which has great potential for producing SO,
beneath the slag layer.

The foaming problem is avoided by ensuring that the O,/concentrate ratio is always at
or above its set point, never below. This may lead to high Cu-in-slag levels but it avoids
the potentially serious operational problems caused by foaming (Hunt et al., 1999). S-in-
copper below ~1% S ensures that a Cu,S layer does not form.

10.7.2. High % Cu-in-Slag from No-Matte-Layer Strategy

An unfortunate side-effect of the above no-matte-layer strategy is a high Cu content in the
slag, mainly as dissolved Cu,O. It arises because there is no permanent layer of Cu,S in
the furnace to reduce Cu;0 to metallic copper, Reaction (10.2).

Simply stated, direct-to-copper smelting is operated in a slightly over-oxidizing mode
to prevent the foaming described in Section 10.7.1. The downside of operating this way is
that 12—28% Cu reports to the slag (Table 10.2).

10.8. ELECTRIC FURNACE Cu-FROM-SLAG RECOVERY

All direct-to-copper smelters recover Cu from their slag in an electric slag-cleaning
furnace. The slag flows from the direct-to-blister furnace directly into an electric furnace
where it is settled for about 10 h under a 0.25 m blanket of metallurgical coke (Czernecki
et al., 1999). The coke reduces the oxidized Cu from the slag by reactions such as:

Cu0(l) + C B0 acw() 4+ CO(g)  (10.4)

dissolved in slag  in metallurgical coke impure molten copper offgas

Magnetite (molten and solid) is also reduced:

Fes04(1,s)  + C PO°E T 3Re0(l) + CO(g)  (10.5)

dissolved in slag and solid  in metallurgical coke dissolved in slag offgas
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and some FeO is inadvertently reduced to Fe by the reaction:

FeO(l) + C POTE Ry +CO(g) (10.6)

dissolved in slag  in metallurgical coke dissolved in copper offgas

The resulting Fe joins the newly reduced copper.

10.8.1. Glogow

The Cu content of the Glogdw direct-to-copper slag is lowered from ~14% Cu to ~0.6%
Cu in an 25 000 kVA electric furnace. The molten product analyzes 70—80% Cu, 5% Fe,
and 15—25% Pb, from Pb in the concentrate (Czernecki, Smieszek, Miczkowski,
Krawiec, & Gizicki, 2010).

The Pb and Fe are oxidized in a Hoboken converter (Chapter 8), upgrading the
metal to >98% Cu, 0.3% Pb. This product is sent to anode-making and electro-
refining. The PbO-rich slag is sent to a lead smelter (along with lead- and zinc-rich
dusts).

10.8.2. Olympic Dam

Olympic Dam lowers its direct-to-copper slag from 24% to ~4% Cu in its 15000 kVA
electric furnace (Hunt et al., 1999). This Cu content could be lowered further by using
more coke and a longer residence time, but the copper product would then contain
excessive radioactive 2'°Pb and *'°Po, from the original concentrate (Ranasinghe et al.,
2010). Instead, the slag is solidified and stored for future Cu recovery using solidification,
comminution, and flotation (Fig. 10.2).

10.9. Cu-IN-SLAG LIMITATION OF DIRECT-TO-COPPER SMELTING

The principal advantage of direct-to-copper smelting is isolation of SO, evolution to one
furnace. The principal disadvantage of the process is its large amount of Cu-in-slag.
Balancing these factors, it appears that direct-to-copper smelting is best suited to
concentrates containing covellite (Cu,S) and bornite (CusFeSy). Processing these
concentrates produces little slag, so Cu recovery from slag is not too costly.

Direct-to-copper smelting will probably not be suitable for most chalcopyrite
concentrates. These concentrates produce about 2.5 t slag per tonne of Cu, and the energy
requirement and cost of recovering Cu from their slag are considerable. Only about 60%
of new Cu in the concentrate would report directly to copper; the other 40% would wind
up in the slag.

Davenport, Jones, King, and Partelpoeg (2010) affirm this view. However, Outotec
remains dedicated to direct-to-blister flash smelting for normal chalcopyrite concentrates,
as well as for high-grade chalcocite and bornite concentrates (Tuominen & Kojo, 2005).

10.10. DIRECT-TO-COPPER IMPURITIES

The compositions of the anode copper produced by the direct-to-copper smelters are
given in Table 10.4. The impurity levels of the copper are within the normal range of
electrorefining anodes (Chapter 14). The impurity levels could be reduced further by
avoiding recycle of the flash furnace dust.
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AABI_E 10.4 Anode Compositions from Direct-to-Copper Smelters \
Olympic Dam (2010) Glogéw 11 (2010)
Impurity ppm in copper ppm in copper
Ag 188 1800—3300
As 597 500—1900
Au 24 ~2
Bi 182 2-94
Fe 11 23-263
Ni 81 680—1620
Pb 241 500—3800
S 12 5—19
Sb 36 20—290
Se 263 118
Te 75 NA

N )

Impurities do not seem, therefore, to be a problem in the three existing direct-to-copper
smelters. However, metallic copper is always present in the direct-to-copper furnace,
ready to absorb impurities. For this reason, concentrates destined for direct-to-copper
smelting should always be carefully tested in a pilot furnace before being accepted by the
smelter.

10.11. SUMMARY

Direct-to-copper smelting is the smelting of concentrate directly to molten copper in one
furnace. In 2011, it is practiced in three smelters: Olympic Dam (Australia), Glogow II
(Poland), and Chingola (Zambia). All of these plants use an Outotec flash furnace.

The main advantage of the process is its restriction of SO, evolution to a single,
continuous source of high SO,-strength gas. In principal, the energy, operating, and
capital costs of producing metallic copper are also minimized by the single-furnace
process.

Metallic copper is obtained in a flash furnace by setting the ratio of oxygen input in
the blast to concentrate feed rate to the point where all the Fe and S in the input
concentrate are oxidized. The ratio must be precisely controlled to avoid the production
of Cu,S or Cuy0. Avoiding formation of a molten Cu,S layer in the furnace is critical.
Reactions between Cu,S layers and oxidizing slag may cause rapid SO, evolution and
slag foaming.

Direct-to-copper flash smelting has proven effective for SO, capture. However, about
25% of the Cu in the input concentrate is oxidized, ending up as copper oxide dissolved in
slag. This copper oxide must be reduced back to metallic copper, usually with coke. The
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expense of recovering Cu from slag will probably restrict future direct-to-copper smelting
to concentrates that produce little slag. Chalcopyrite concentrates will probably continue
to be treated by multi-furnace processes, either by conventional smelting and converting
or by continuous multi-furnace processing (Chapter 9).
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Copper Loss in Slag

Pyrometallurgical production of molten copper generates two slags, from smelting and
converting. Smelting furnace slag typically contains 1—2% Cu (Table 5.2). The
percentage increases as matte grade increases. Converter slag contains 4—8% Cu
(Table 8.2). Its percentage increases as converting proceeds, and the grade of the
remaining matte increases.

Multiplying these percentages by the mass of each slag shows that a significant
fraction of the Cu in the original concentrate is present in these slags. This fraction is
increased by the production of higher-grade mattes in the smelting furnace. Because of
this, the value of the copper in these slags is usually too high to justify the old practice of
simply discarding them.

This chapter discusses the nature of copper in smelting and converting slags. It also
describes strategies for minimizing the amount of copper lost from their disposal. The
main strategies include:

(a) Minimizing the mass of slag generated
(b) Minimizing the percentage of Cu in the slags
(c) Processing the slags to recover as much Cu as possible.

Slag processing can be divided into two types. The first is pyrometallurgical reduction
and settling, performed in an electric or fuel-fired slag-cleaning furnace. The second is
minerals processing of solidified slag, including crushing, grinding, and froth flotation, to
recover Cu from the slag.

11.1. COPPER IN SLAGS

The Cu in smelting and converting slags is present either as (a) dissolved Cu, present
mostly as Cu ions, or as (b) entrained droplets of matte. The dissolved Cu is associated
either with O~ jons (i.e., Cu,0), or with $>~ ions (Cu,S). Cu,0 becomes the dominant
form of dissolved Cu at matte grades above 70% Cu (Acuna & Sherrington, 2005;
Barnett, 1979; Takeda, 2003), due to the increased activity of Cu,S in the matte. Higher
Cu,S activity pushes the reaction,

Cu,S(matte) + FeO(slag) — CuyO(slag) + FeS(matte) (11.1)

to the right. The solubility of sulfur in slags is also lower in contact with higher-grade
mattes (Roghani, Takeda, & Itagaki, 2000). As a result, dissolved Cu in converter slags is
present mostly as Cu,O (Takeda, 2003). Conversely, the dissolved Cu in smelting slags is
present mostly as Cu,S. This is due to the lower matte grades and oxygen potentials in the
smelting furnace.

Extractive Metallurgy of Copper. DOI: 10.1016/B978-0-08-096789-9.10011-3
Copyright © 2011 Elsevier Ltd. All rights reserved. 191
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(TABLE 11.1 Matte Settling Rates (mm/h) for pmatte — Pslag = 1 g/cm? (Ip & Toguri, 2000)\

Matte particle diameter
Slag viscosity (Pa-s) 2 um 20 um 40 um
0.05 0.157 15.690 62.578
0.08 0.098 9.806 39.224
0.1 0.078 7.845 31.379
0.12 0.065 6.537 26.149

. )

There are several sources of entrained matte in slags. The most obvious are
droplets of matte that have failed to settle completely through the slag layer during
smelting. The Hadamard—Rybczynski formula predicts the rate at which matte
droplets will settle through molten slag (Warczok, Riveros, Degel, Kunze, &
Oterdoom, 2007a):

V = (pm — ps)gr’/3ns (11.2)

In this expression V is the settling rate of the matte droplets (m/s), g the gravitational
constant (9.8 m/s%), pm the matte density (3900—5200 kg/m3), ps the slag density
(3300—3700 kg/m3), ns the slag kinematic viscosity, and r the radius (m) of the settling
matte droplet.

The expression is most accurate for systems with Reynolds numbers below 10
(droplet sizes below ~1 mm). Larger matte droplets settle at slower rates than predicted
by Eq. (11.2). However, it is the settling rates of the smallest droplets that are of greatest
concern.

Table 11.1 (Ip & Toguri, 2000) shows just how long matte droplets can take to settle.
Besides droplet size, the biggest influences on settling rate are temperature and slag silica
content. Higher temperatures and lower silica levels decrease slag viscosities, increasing
settling rate. A more reducing environment also encourages settling, by decreasing the
Fe304(s) content of the slag.

In addition, matte grade has an impact on settling rates. Low-grade mattes have lower
densities than high-grade mattes and therefore settle at slower rates (Fagerlund &
Jalkanen, 1999).

Matte droplets can become suspended in smelter slags by several other mechanisms.
Some are carried upwards from the molten matte layer by gas bubbles generated by the
reaction (Poggi, Minto, & Davenport, 1969):

3Fe304(slag) + FeS(matte) — 10FeO(slag) + SO, (11.3)

Still others appear by precipitation from the slag in colder areas of the smelting
furnace (Barnett, 1979). Converter slag returned to a smelting furnace also contains
suspended matte droplets, which may not have time to completely settle. As a result,
entrained matte can represent from 50% to 90% of the copper contained in smelter slag
(Acuna & Sherrington, 2005; ImriS et al., 2000). Figure 11.1 shows the solubility of
oxidic and sulfidic copper in smelter slag, calculated using thermodynamic modeling
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FIGURE 11.1 Thermodynamically predicted and actual loss of copper in smelter slag (Furuta et al., 2006).
The difference is mechanically entrained matte (suspension loss).

(Furuta, Tanaka, Hamamoto, & Inada, 2006) and compared with actual plant data. The
difference between the two is entrained matte.

11.2. DECREASING COPPER IN SLAG I: MINIMIZING
SLAG GENERATION

It seems logical to suggest that decreasing the amount of Cu lost in smelting and con-
verting slags could be accomplished by decreasing slag production. However, methods to
decrease slag mass may do more harm than good. Possibilities include the following:

(a) Maximizing concentrate grades. The less gangue in the concentrate, the less silica
required to flux it, and the less overall slag generated. However, increasing concen-
trate grades may come at the expense of decreasing Cu recoveries in the concentrator.

(b) Adding less flux. Adding less flux would decrease slag mass (desirable) and decrease
its viscosity, making settling easier (also desirable). However, it would also increase
the activity of FeO in the slag, leading to more dissolved Cu,O by Reaction (11.1)
(undesirable) and more magnetite (also undesirable; Mariscal & Herrera, 2009).
The precipitation of solid magnetite raises slag viscosities and leads to higher slag
copper contents as a result (Imris, 2003; Kunze, Degel, & Warczok, 2003).

11.3. DECREASING COPPER IN SLAG I1I: MINIMIZING
COPPER CONCENTRATION IN SLAG

The concentration of copper in smelting slag is minimized by:

(a) Maximizing slag fluidity, principally by avoiding excessive Fe3Oy4 (s) in the slag and
by keeping the slag hot

(b) Providing enough SiO; to form distinct matte and slag phases

(¢) Providing a large quiet zone in the smelting furnace
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(d) Avoiding an excessively thick layer of slag
(e) Avoiding tapping of matte with slag.

Metallurgical coke or coal may also be added to the smelting furnace to reduce Fe3Oy4 (s)
to FeO () (Furuta et al., 2006).

11.4. DECREASING COPPER IN SLAG 1lI: PYROMETALLURGICAL
SLAG SETTLING/REDUCTION

Conditions that encourage suspended matte droplets to settle to a matte layer are low
viscosity slag, low turbulence, a long residence time, and a thin slag layer. These
conditions are often difficult to obtain in a smelting vessel, particularly the necessary
residence time. As desired matte grades increase, the problem gets worse, because the
increase in concentrate feed rate decreases settling time further (Furuta et al., 2006). As
a result, Cu producers have since the 1960s constructed separate furnaces specifically for
cleaning smelting and converting slags. These furnaces have two purposes: (a) allowing
suspended matte droplets to finish settling to the molten matte layer, and (b) facilitating
the reduction of dissolved Cu oxide to suspended Cu sulfide drops.

Inputs to these furnaces vary considerably. Slag-cleaning furnaces associated with
bath-smelting units like the Ausmelt/Isasmelt or Mitsubishi smelting furnace accept an
unseparated mixture of slag and matte and are required to do all the settling. Others accept
converter slag and plant reverts in addition to smelter slag, requiring more emphasis on
reduction (Moreno, Sanchez, Worczok, & Riveros, 2003). Most commonly, these furnaces
are fed only smelting furnace slag and are used primarily as a final settling furnace.

Figure 11.2 illustrates a typical electric slag-cleaning furnace (Barnett, 1979; Higashi,
Suenaga, & Akagi, 1993; Kucharski, 1987). Heat is generated by passing electric current
through the slag layer. AC power is used, supplied through three carbon electrodes. This
method of supplying heat generates the least amount of turbulence, which improves
settling rates. Most furnaces use self-baking Sgderberg electrodes (Kunze et al., 2003),
but a few use pre-baked electrodes to avoid the need for baking control (Furuta et al.,
2006).

The furnace sidewalls are typically cooled by external water jackets to minimize
refractory erosion. However, embedded cooling elements are more effective, especially
for slag-cleaning furnaces processing high-copper slags (Kunze et al., 2003; Tuominen,
Anjala, & Bjorklund, 2007).

Table 11.2 compares the operating characteristics of seven electric furnaces. The
choice of operating temperature represents a balance between the enhanced reaction
kinetics of higher temperatures and the reduced refractory wear and lower copper losses
of lower temperatures. Required capacities are set by the size of the smelting operation
and the choice of input slags. Settling times are usually on the order of one to five hours.
Typical energy use is 15—70 kWh per tonne of slag, depending upon furnace inputs,
target % Cu, temperature, and residence time. Energy use is higher when the charge
contains significant levels of reverts (Kunze et al., 2003). In addition to providing
a reducing atmosphere, adding coke helps reduce electrode loss.

While some electric slag-cleaning furnaces process only smelting furnace slag, others
are fed a variety of materials. Several furnace operators input converter slag or solid
reverts in addition to smelting slag. When this is done, a reducing agent is often required
to reduce Cu oxide in the slag to Cu metal or Cu sulfide. Coal or coke is often added for
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FIGURE 11.2 Electric slag-cleaning furnace. A furnace of this size cleans 1000—1500 tonnes of slag per day.

this reduction (Bergh, Yianatos, & Chacana, 2000). Pyrite may also be added if additional
sulfur is needed to form matte (Ponce & Sanchez, 1999):

C + CuyO(slag) — CO + 2Cu(l) (11.4)
C + Cuy0 + FeS; — Cu,S + FeS + CO (11.5)

Carbon additions also reduce solid magnetite in the slag to liquid FeO (Mackay,
Cordero, Esteban, & Alvear, 2000):

C + Fe304(s) — CO + 3FeO(slag) (11.6)

This decreases slag viscosity and improves settling rates (Furuta et al., 2006).

Ferrosilicon is occasionally used as a reducing agent (Shimpo & Toguri, 2000),
especially in the Mitsubishi slag-cleaning furnace. Recent initiatives in slag-cleaning
furnace practice have involved lance injection of solid reductants or gaseous reducing
agents such as methane, to improve reduction kinetics (An, Li, & Grimsey, 1998;
Sallee & Ushakov, 1999).



/TABLE 11.2 Details of Electric Slag-cleaning Furnaces

~

Norddeutsche Konkola Mexicana de Mexicana de
Caraiba Metais  Affinerie KGHM Polska Copper Codelco Las Cobre Cobre
Dias d’Avila, Hamburg, Miedz, Nchanga, Ventanas Mexico Mexico
Smelter Brazil Germany Poland Zambia Chile Furnace 1 Furnace 2
Slag details, tonnes/day
Smelting 880 OK flash 1600 OK flash 1100, flash 1600, flash 1000 Teniente 900 OK flash 740 Teniente
furnace slag furnace furnace furnace furnace furnace furnace furnace
% Cu 1.7 1-1.5 13.86 17 8—12 1.5-2.5 5
Converter slag 0 52 120 113 184
% Cu 18.76 30 8 8
Products
Slag, % Cu 0.7 0.6—0.8 0.64 3 1.3 1.26 1.3
Matte, % Cu 65—70 65—70 Cu—Pb—Fe alloy, 99.28 70.5 70.3 70.5
77% Cu
Furnace details
Shape Circular Circular Circular Circular Circular Circular Circular
Diameter, m 11 10.2 14.5 13.5 10 10 10
Power rating, MW 2—4 2-3 25 20 4.5 1.5—4.5 1.5—4.5
Electrodes 3 3 3 5 3 3 3
Material Self-baking Self-baking Self-baking Self-baking Self-baking Self-baking Self-baking
Diameter, m 1 1 1.32 1.1 0.86 0.9 0.9
Operating details
Slag residence 2-3 5 8 4 1.5-2.5 0.25—-1 0.25—1
time, hours
Energy use, 70 40—-50 384 150 140 57 69
kWh/tonne of slag
Reductant, kg/ Coke, 8.3 Coke, 4—5 Coke, 46 Coke, 21 Coke, 13 7.17 Coke 7.32 Coke
tonne of slag
Slag layer 0.97—-1.4 1.5—-1.8 <1 1-2 0.8—1.4 0.8—1.5 0.8—1.5
thickness, m
Matte layer 0—0.45 0-0.4 0.4—1.0 (alloy) 1.2 0.1-0.5 0—-0.2 0—-0.2
thickness, m

961
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Table 11.2 includes data for the electric slag-cleaning furnace used by the direct-
to-blister smelter at Glogéw. This furnace is unusual in several regards, including the
production of an alloy rather than matte, due to the lack of sulfide in the charged slag
(Czernecki et al., 2006). This operation is discussed in detail in Chapter 10.

Recent research at the University of Chile has highlighted a number of potential
improvements to the design and operation of electric furnaces for slag cleaning
(Montenegro et al., 2003; Warczok et al., 2007a, Warczok, Riveros, Degel, Kunze, &
Oterdoom, 2007b, Warczok, Riveros, & Parada, 2007c). These include:

(a) The use of rectangular rather than circular furnace shape, particularly advantageous
for continuous operation

(b) Replacing AC furnace power supply with DC, coupled with a magnetic field to
enhance stirring and reduction kinetics

(c) Replacing coke with calcium carbide as a reductant, which improves kinetics and
requires less furnace energy

Fuel-fired slag cleaning furnaces are used at a few smelters (Table 11.3). The foremost
is the Teniente slag-cleaning furnace, which is similar in design to a rotary fire-refining
furnace (Chapter 13; Demetrio et al., 2000; Mackay et al., 2000). It features injection of
powdered coke and air into molten slag. In 2000, it began operating on a semi-continuous
basis, generating slag with 0.75—0.85% Cu. Semi-continuous operation improved
productivity by over 20%, while reducing coke consumption by half. The slag-cleaning
furnaces used by bath smelters are usually electric, but fuel-fired furnaces can be used for
this purpose as well (Mariscal & Herrera, 2009)

11.5. DECREASING COPPER IN SLAG 1V: SLAG MINERALS PROCESSING

Several options are available for recovering Cu from converter slags. Pyrometallurgical
cleaning in electric furnaces is quite common. Molten converter slag is also recycled to
reverberatory smelting furnaces and Inco flash furnaces. Outotec and Teniente smelting
furnaces occasionally accept some molten converter slag (Warczok, Riveros, Mackay,
Cordero, & Alvera, 2001).

Cu is also removed from converter slags by slow solidification, crushing/grinding, and
froth flotation. It relies on the fact that, as converter slags cool, much of their dissolved Cu
exsolves from solution by the reaction (Jalkanen, Poijirvi, & Pajari, 2002):

Cuy0 4 3FeO0 — 2Cu(l) + Fe304 (11.7)

Reaction (11.7) is increasingly favored at low temperatures and can decrease the
dissolved Cu content of converter slag to well below 0.5% (Bérubé, Choquette, &
Godbehere, 1987; Imris et al., 2000). After the slag has solidified, the exsolved copper
and suspended matte particles respond well to froth flotation. As a result, converter slags
have long been crushed, ground and concentrated in the same manner as sulfide ores
(Demetrio et al., 2000). The key to successful minerals processing of converter slags is
ensuring that the precipitated grains of matte and metallic Cu are large enough to be
liberated by crushing and grinding. This is accomplished by cooling the slag slowly to
less than 1000 °C, then naturally to ambient temperature. Once this is done, the same
minerals processing equipment and reagents that are used to recover Cu from ore can be
used to recover Cu from slag (Table 11.4). Some smelting slags are also treated this way
(Sarrafi, Rahmati, Hassani, & Shirazi, 2004). The processing of ‘historic’ slags from old
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/TABLE 11.3 Details of Teniente Rotary Hydrocarbon-fired Slag Settling Furnace at \

Caletones, Chile

Smelter Caletones, Chile
Slag details
Smelting furnace slag, tonnes/day 3000
% Cu 6—8
Converting furnace slag, tonnes/day 0
% Cu
Products
Slag, % Cu 1
Matte, % Cu 72

Matte destination

Peirce—Smith converters
Teniente smelting furnace

% Cu recovery 85%
Furnace details
Number of slag-cleaning furnaces 4

Shape

Horizontal cylinder

Diameter inside refractory, m

4.6

Length inside refractory, m

3x10.7;1 x12.7

Number of reducing tuyeres 4

Tuyere diameter, cm 6.35
Operating details

Slag residence time, hours 2

Reductant Coal, oil, or natural gas
kg per tonne of slag 6

Slag layer thickness, m 1.4

Matte layer thickness, m 0.4

Fuel

Bunker C fuel oil

kg per tonne of slag

8.8




KTABLE 11.4 Details of Four Slag Flotation Plants

Smelter

Noranda, Québec

Saganoseki, Japan

Toyo, Japan PASAR, Philippines

Slag inputs, tonnes/day

Smelting furnace slag 1700 0 0 0
% Cu 6 (average)
Converter slag 300 450 450 370
% Cu 8.33 6.5 10—157
Products
Slag concentrate, % Cu 42 21.8 28 29-33
Slag tailings, % Cu 0.65 0.4 0.5—0.6
Cu recovery, % 90—95 95 95 97—-98

Operating details

Solidification method

Ladle cooling with or
without water sprays

~150 kg ingots on
moving slag conveyor

~150 kg ingots on
moving slag conveyor

Cooling description

Cooled on slag conveyor

1 h in air then
immersion in H,O

Crushing/grinding

Equipment

80% semi autogenous

grinding, 20% crushing &

ball milling

jaw crusher; cone
crusher (twice); ball
mill (twice)

jaw crusher; cone crusher;
ball mills (primary and
regrind)

gyratory crusher;
cone crusher (twice);
ball mill

N

_/

(Continued)
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/TABLE 11.4 Details of Four Slag Flotation Plants—cont’d

Smelter

Noranda, Québec

Saganoseki, Japan

Toyo, Japan

PASAR, Philippines

Particle size after
grinding

78%—44 pm

40—50%—44 um

90%—44 pm

65—75%—45 pm

Flotation

Machinery

Mechanically agitated
cells

Mechanically agitated
cells

Mechanically agitated
cells

Mechanical agitator Agitair 48,
Jameson cell (Fig. 3.12)P

Flotation residence time

60 min

30 min (rougher + scavenger)

Flotation reagents

Promoter NH4 & Na dibutyl
dithiophosphate
Collector Thionocarbamate, SIPX Na isopropy! xanthate, Thionocarbamate, PAX a) Danafloat 245, Penfloat TM3
UZ200 b) K amyl xanthate
Frother Propylene glycol Pine oil, MF550 Pine oil Pine oil NF 183
CaO+ No No Yes
pH 8—9 7—8 7—8 8.5—9.5
Energy use kWh/tonne slag 32.5 58.4 64 40

kaWitching to all Jameson cell.

“Non-magnetic ‘white metal’ (Cu,S) pieces are isolated magnetically after crushing, leaving 5—6.5% Cu in the ball mill feed slag.
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smelting operations by comminution and flotation is occasionally a source of additional
copper for current producers (Aydogan, Canbazoglu, Akdemire, & Giirkan, 2000).

Slag flotation is becoming less popular for processing smelter slags, for two reasons
(Acuna & Sherrington, 2005). The first is the trend toward production of higher-grade
mattes. A higher fraction of the copper in these mattes is present as dissolved copper,
rather than entrained matte. This copper is not recovered by flotation, but must be
recovered in a settling furnace. The second is the increased throughput at many mills.
This means that comminution and flotation equipment are less likely to be available for
processing slags.

11.6. SUMMARY

Cu smelters produce two slags: smelting furnace slag with 1—2% Cu and converter slag
with 4—8% Cu. Discard of these slags would waste considerable Cu, so they are almost
always treated for Cu recovery.

Cu is present in molten slags as (a) entrained droplets of matte or metal and
(b) dissolved Cu". The entrained droplets are recovered by settling in a slag-cleaning
furnace, usually electric. The dissolved Cu™ is recovered by hydrocarbon reduction and
settling of matte.

A second method of recovering Cu from slag is slow-cooling/solidification, crushing/
grinding, and froth flotation. Slowly-cooled/solidified slag contains the originally
entrained matte, Cu droplets plus matte, and Cu, which precipitate during cooling/
solidification. These Cu-bearing materials are efficiently recovered from the solidified
slag by fine grinding and froth flotation.

Electric furnace settling has the advantage that it can be used for recovering Cu from
reverts and miscellaneous materials around the smelter. Slag flotation has the advantages
of more efficient Cu recovery and the possibility of using existing crushing/grinding/
flotation equipment.
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Chapter 12

Capture and Fixation of Sulfur

About 85% of the world’s primary copper originates in sulfide minerals. Sulfur is,
therefore, evolved by most copper extraction processes. The most common form of
evolved sulfur is sulfur dioxide (SO;) gas from smelting and converting.

SO; is harmful to fauna and flora and is detrimental to the human respiratory system.
It must be prevented from reaching the environment. Regulations for ground level SO,
concentrations around copper smelters are presented in Table 12.1. Other regulations
such as maximum total SO, emission (tonnes per year), percent SO, capture, and SO,-in-
gas concentration at point-of-emission, also apply in certain locations.

/TABLE 12.1 Standards for Maximum SO, Concentration at Ground Level Outside the\

Perimeters of Copper Smelters
Maximum SO, + SOj3 (SO,)

Country Time period concentration (ppm)
Australia Yearly average 0.02
(Australian government, 2010)+

Daily average 0.08

1-h average 0.2
Canada (Health Canada, 2010) Annual average 0.023
(maximum acceptable level) -

Daily average 0.115

1-h average 0.334
Chile (D.S.No 113/02, 2010) Yearly average 0.031

Daily average 0.096
European Union Yearly average 0.008
(Council directive 1999/30/EC, 2010) -

Daily average 0.05

1-h average 0.13
Japan (MOE Japan, 2010) Daily average 0.04

Hourly average 0.1
U.S.A. (USEPA, 2010) 1-h standard 0.075

- /
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In the past, SO, from smelting and converting was vented directly to the atmo-
sphere. This practice is now prohibited in most of the world, so most smelters capture
a large fraction of their SO,. It is almost always made into sulfuric acid, occasionally
into liquid SO, or gypsum. Copper smelters typically produce 2.5—4.0 tonnes of
sulfuric acid per tonne of product copper depending on the S/Cu ratio of their feed
materials.

This chapter describes:

(a) Offgases from smelting and converting
(b) Manufacture of sulfuric acid from smelter gases
(c) Recent and future developments in sulfur capture.

12.1. OFFGASES FROM SMELTING AND CONVERTING PROCESSES

Table 12.2 characterizes the offgases from smelting and converting processes. SO,
strengths in smelting furnace gases vary from about 70 vol.-% in Inco flash furnace
gases to 1 vol.-% in reverberatory furnace gases. The SO; strengths in converter gases
vary from about 40% in flash converter gases to 8—12 % in Peirce—Smith converter
gases.

Offgases from most smelting and converting furnaces are treated for SO, removal in
sulfuric acid plants. The exception is offgas from reverberatory furnaces. It is too dilute in

KTABI_E 12.2 Characteristics of Offgases from Smelting and Converting Processes. The\

Data are for Offgases as they Enter the Gas-Handling System

SO,

concentration Temperature  Dust loading
Furnace vol.-% °C kg/Nm? Destination
Inco flash 50—75 1270—1300 0.2—0.25 H»SO, occasionally
furnace liquid SO, plant
Outotec flash 25—60 1270—-1350 0.1-0.25 H,SO4 plant,
furnace occasionally liquid

SO, plant

Outotec flash 35—40 1290 0.2 H,SO4 plant
converter
Outotec direct-to- 43 1320—1400 0.2 H,SO4 plant
copper
Mitsubishi smelting ~ 30—35 1240—1250 0.07 H,SO4, occasionally
furnace liquid SO, plant
Mitsubishi converting 25—30 1230—1250 0.1 H,S0,, occasionally
furnace liquid SO, plant
Noranda process 15—25 1200—1240 0.015-0.02 H,SO;4 plant
Teniente furnace 12—-25 1220—1250 0.015—0.02 H,SO4 plant

N /
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FABLE 12.2 Characteristics of Offgases from Smelting and Converting Processes. \
The Data are for Offgases as they Enter the Gas-Handling System—cont’d

SO,
concentration Temperature  Dust loading

Furnace vol.-% °C kg/Nm? Destination

Isasmelt or 20-25 1150—1220 ~0.01 H,SO4 plant

Ausmelt furnace

Electric furnace 2—5 400—800 H,S0, or liquid SO,
plant or vented to
atmosphere

Reverberatory furnace 1 1250 ~0.03 Vented to atmosphere
(made into gypsum in
one plant)

Peirce—Smith 8—15 1200 0.05—-0.1 H,SO, plant or

converter vented to atmosphere

Hoboken converter 12 1200 H,SO, plant

Electric slag cleaning 0.1 800 Vented to atmosphere

furnaces (occasionally
scrubbed with basic
solution)

Anode furnaces <0.1 1000 Vented to atmosphere
(occasionally

scrubbed with basic
solution or used as
dryer dilution

gas)
Gas collection hoods <0.1 50 Vented to atmosphere
around the smelter (occasionally
scrubbed with basic
solution)

\_ /

SO, for economic sulfuric acid manufacture. This is the main reason that reverberatory
furnaces continue to be shut down.

The offgases from electric slag cleaning furnaces, anode furnaces, and secondary gas
collection hoods around the smelter are dilute in SO,, <0.1%. These gases are usually
vented to atmosphere. In densely populated areas, they may be scrubbed with basic
solutions before being vented (Inami, Baba, & Ojima, 1990; Shibata & Oda, 1990;
Tomita, Suenaga, Okura, & Yasuda, 1990).

12.1.1. Sulfur Capture Efficiencies

Table 12.3 shows the typical sulfur capture efficiency of a modern smelter with an
Outotec flash furnace and Peirce—Smith converters. Gaseous emissions of sulfur
compounds are <1% of the sulfur entering the smelter.
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(TABLE 12.3 Typical Copper Smelter Sulfur Distribution \

Percent of incoming S in:

Sulfuric acid 96—97
Gypsum (scrubbing) 1-3
Slag 1-2
Dust (to treatment) 0.2—-2
Neutralized liquid effluent 0.3-2
Gaseous emissions (dryer, anode furnace 0.2—1
and ventilation stacks, and/or acid plant tail gas)

\ J

12.2. SULFURIC ACID MANUFACTURE

Sulfuric acid is manufactured from smelter offgas by one of three methods:

(a) Conventional contact type acid plant (most common)

(b) Haldor Topsge WSA (Wet gas Sulfuric Acid) plant, one unit treating smelter off-gas,
>80 reference installations worldwide

(c) Sulfacid, one unit treating electric furnace offgas, ~20 installations worldwide

The traditional contact type acid plant is described below. WSA and Sulfacid are
described in Section 12.7.

Figure 12.1 outlines the steps for producing sulfuric acid from SO,-bearing smelter
offgas. The steps are:

(a) Cooling and cleaning the gas
(b) Drying the gas with 93% sulfuric acid

(c) Catalytically oxidizing SO, to SO3
(d) Absorbing this SO3 into 98.5% H,SOy sulfuric acid.

The strengthened acid from step (d) is then blended with diluted acid from step (b) and
sent to market or used for leach operations.

The acid plant tail gas is cleaned of its acid mist and discharged to the atmosphere. Tail
gases typically contain less than 0.5% of the sulfur entering the gas treatment system.
Several smelters scrub the remaining SO,, SO3, and H,SO4 mist with Ca/Na carbonate
hydroxide solutions before releasing the gas to atmosphere (Hay, Porretta, & Wiggins, 2003;
Kubo, Isshiki, Satou, & Kurokawa, 2007; Shibata & Oda, 1990; Tomita et al. 1990). Basic
aluminum sulfate solution is also used (Oshima, Igarashi, Nishikawa, & Kawasaki, 1997).

The following sections describe the principal sulfuric acid production steps and their
purposes.

12.3. SMELTER OFFGAS TREATMENT

The key to high acid plant availability in any smelter is to efficiently operate and maintain
properly designed gas cooling and cleaning systems as described in the next few sections.
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Cool gases to 350 °C for entry
into electrostatic precipitators.
Recover heat in heat recovery
boilers. Drop out dust.

Clean gas, recover dust.

Absorb HCI, HF and SOs;.
Remove dust. Precipitate and
absorb vapors, e.g. As;Os3.
Condense water vapor.

Remove acid mist and final
traces of dust.

Remove moisture to avoid
H,SO, condensation and
corrosion in downstream
equipment.

Catalytic oxidation completed
in 3 - 5 beds of vanadium
pentoxide catalyst

Prepare for SO; absorption

Create H,SO, by absorbing
SO; into 98.5% H,S04-1.5% H.0
solution

Smelting and
converting

] 1250 °C, 5-18% SQ,

Gas cooling and
dust removal

 / 350°C

Electrostatic
precipitation of dust

L / 300 - 350°C

Gas scrubbing and
cooling with water

35-40°C
Y

Electrostatic mist
precipitation

35-40°C

5-7% HO
Air for SO, oxidation
(if necessary)

o |e—— 93% H804- 7%H,0
Gas drying with Diluted 93% H,SO, t
93% H,SO. futed 957 Fasta o
TP — 9 blending with 98+%
H.S04

0,/S0; ratio - 1:1, 0% H,O
¥ 420 °C (after heat exchange)

Catalytic oxidation

of SO, to SO5 —— Export steam (optional)

¥ ~200 °C (after heat exchange)

0, - 0,
Absorption of SO; & 98.5% HzS04-1.5%H;0

into 98.5% H,SO, 98+% H,S0, to dilution
and market

Tail gas (~80°C) to stack or
scrubbing with basic solution

FIGURE 12.1 Flowsheet for producing sulfuric acid from smelting and converting gases.
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12.3.1. Gas Cooling and Heat Recovery

The first step in smelter offgas treatment is cooling the gas in preparation for electrostatic
precipitation of its dust. Electrostatic precipitators operate at about 350 °C. Above this
temperature their steel structures begin to weaken. Below this temperature there is
a danger of corrosion by condensation of sulfuric acid from SO3 and water vapor in the
offgas.

Gas cooling is usually done in heat recovery boilers (Fig. 12.2), which not only cool the
gas but also recover the heat in a useful form as steam (Kdster, 2010; Peippo, Holopainen, &
Nokelainen, 1999). The boilers consist of:

(a) A radiation section in which the heat in the gas is transferred to pressurized water
flowing through 4 cm diameter tubes in the roof and walls of a large (e.g. 25 m
long x 15 m high x 5 m wide) rectangular chamber

(b) A convection section (typically 20 m long x 10 m high x 3 m wide) in which heat is
transferred to pressurized water flowing through 4 cm diameter steel tubes suspended
in the path of the gas.

The product of the boiler is a water/steam mixture. The water is separated by gravity
and re-circulated to the boiler. The steam is often superheated above its dew point and
used for generating electricity. It is also used without superheating for concentrate drying
and for various heating duties around the smelter and refinery.

Dust falls out of heat recovery boiler gases due to its low velocity in the large boiler
chambers. It is collected and usually recycled to the smelting furnace for Cu recovery. It

e —

Cooled
offgas

i ==
lHli Tli
ofl;';etls_> S i i
(@) , © [
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dHVFmd !

FIGURE 12.2 Heat recovery boiler for the Ronnskér flash furnace (Peippo et al., 1999). Note, left to right, (a)
flash furnace gas offtake, (b) radiation section with tubes in the walls, (c) suspended tube baffles in the
radiation section to evenly distribute gas flow, (d) convection section with hanging tubes. Note also water tank
above radiation section and dust collection conveyors below the radiation and convection sections.
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is occasionally treated hydrometallurgically (Larouche, 2001, pp. 118—119). This avoids
impurity recycle to the smelting furnace and allows the furnace to smelt more concentrate
(Davenport, Jones, King, & Partelpoeg, 2001).

An alternative method of cooling smelter gas is to pass it through sprays of water.
Spray cooling (evaporative cooling) lowers the gas temperature to 300—350 °C and avoids
the investment in heat recovery equipment, but it wastes the heat in the gases. Dry dust is
recovered, since the gases are not completely saturated. It is used primarily for Ausmelt,
Isasmelt, Teniente, Noranda, and sometimes Peirce—Smith gases.

Water quenching (Section 12.3.3) can also be used to cool the gases leaving the
furnace. All of the Cu-bearing dust ends up in a weak acid solution and must be recovered
hydrometallurgically. Water quenching is used primarily for Inco (Humphris, Liu, &
Javor, 1997; Liu, Baird, Kenny, Macnamara, & Vahed, 2006) and Peirce—Smith
converter offgases (Daum, 2000).

12.3.2. Electrostatic Precipitation of Dust

After cooling, the furnace gases are passed through electrostatic precipitators (Conde,
Taylor, & Sarma, 1999; Parker, 1997; Ryan, Smith, Corsi, & Whiteus, 1999) for more
dust removal. The dust particles are caught by:

(a) Charging them in the corona of a high voltage electric field
(b) Catching them on a charged plate or wire
(¢) Collecting them by neutralizing the charge and shaking the wires or plates.

The precipitators remove 99+4% of the dust from their incoming gas (Conde et al.,
1999). The dust is usually re-smelted to recover its Cu. About 70% of the dust is
recovered in the cooling system and 30% in the electrostatic precipitators.

12.3.3. Water Quenching, Scrubbing, and Cooling

After electrostatic precipitation, the gas is quenched with water and scrubbed to further
remove dust and impurities. This quenching (a) removes most of the remaining dust from
the gas to avoid fouling of downstream acid plant catalyst and (b) absorbs HCI, HF, SO3,
and vapor impurities such as AsyO3. The gas is then further cooled to 35—40 °C by direct
contact with cool water in a packed tower or by indirect contact with cool water in a heat
exchanger.

The gas leaves the cooling section through electrostatic mist precipitators to eliminate
fine droplets of liquid remaining in the gas after quenching and cooling. Mist precipitators
operate similarly to the electrostatic precipitators described in Section 12.3.2. They must,
however, be (a) constructed of acid-resistant materials such as fiber-reinforced plastic,
alloy steels, or lead, and (b) periodically turned off and flushed with fresh water to remove
collected solids.

12.3.4. Mercury Removal

Smelters treating high-mercury concentrates often use the Boliden Norzink process to
remove mercury from the gas leaving the electrostatic mist precipitators (Hasselwander,
2009, pp. 36—43; Hultbom, 2003). In the Boliden Norzink process, the gas passes
through a water-based solution of dissolved mercuric chloride (HgCl,) circulating over
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a packed tower to absorb gaseous elemental mercury and form solid Hg,Cl, (calomel) by
the following reaction:

HgCl,(aq) + Hg®(g) — Hg,Cla(s) (12.1)

About half of the scrubbing solution is withdrawn and regenerated with chlorine gas
by the following reaction:

Hg,Cly(s) + Cla(g) — 2HgCly(ag) (12.2)
The overall reaction is:
2Hg(g) + Cla(g) — HgyCla(s) (12.3)

Mercury can be bled from the system as Hg,Cl, (calomel) by solid/liquid separation
or as elemental mercury by electrowinning:

HgCl,(aq) +2e~ — Hg°(l) + Cla(g) (12.4)

The Boliden Norzink process is efficient, typically removing more than 99.95% of the
inlet mercury. This results in a product acid mercury concentration of 0.3—0.5 ppm. This
acid will meet most quality specifications. However, if further mercury removal is
required, then the gas can be passed through an additional filter that contains either PbS-
coated pumice (Dowa process) or Se (Hasselwander, 2009, pp. 36—43; Lossin &
Windhager, 1999). Mercury reacts with the Se to form HgSe and with PbS to form
HgS. Product acid mercury concentrations below 0.1 mg/L can be achieved with this
additional step.

12.3.5. The Quenching Liquid, Acid Plant Blowdown

The water from quenching and direct-contact cooling is passed through water-cooled heat
exchangers and used again for quenching/cooling. It becomes acidic (from SOj3
absorption) and impure (from dust and vapor absorption). A bleed stream of this impure
solution (acid plant blowdown) is continuously withdrawn and replaced with fresh water.
The amount of bleed and water replacement is controlled to keep the corrosive H,SOy4
content of the cooling water below about 10%. The quantity of bleed depends on the
amount of SO3 in the offgas as it enters the water-quench system.

The acid plant blowdown stream is neutralized and either stored or treated for metal
recovery (Ante, 2010; Evans, Lawler, Lyne, & Drexler, 1998). Figure 12.3 shows the
Atlantic Copper weak acid treatment system.

12.4. GAS DRYING
12.4.1. Drying Tower

The next step in offgas treatment is gas dehydration (drying). It is done to prevent
unintentional H,SO,4 formation and corrosion in downstream ducts, heat exchangers, and
catalyst beds. The H,O(g) is removed by contacting it with 93% (occasionally 96%)
acid. H»O reacts strongly with H,SO4 to form hydrated acid molecules. The contacting is
done in a counter-current packed tower filled with 5—10 cm ceramic saddles (Fig. 12.4).
The sulfuric acid flows down over the saddles. The gas is drawn up by the main acid plant
blower(s).
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Pure gypsum production Residuals precipitation
1 Microfiltration: Separation of colored solids for the production of white gypsum
2 Precipitation stage 0: Pure gypsum precipitation takes place by partial neutralization of

the weak acid down to a pH smaller than 1

3 Vacuum belt filter (VBF): The gypsum slurry from precipitation stage 0 is dewatered and washed to
a residual moisture content below 35%

4 Pure gypsum store

5 Filtrate: Filtrate accumulating from dewatering of the gypsum slurry is routed to
precipitation stage 1

6 Precipitation stage 1: Gypsum precipitation, coarse As precipitation and heavy metal
precipitation with milk of lime

7 Precipitation stage 2: Final As and heavy metal precipitation as hydroxides
8 Clarifier 1 and 2

9 Sludge holding tank

10 Belt filter press (BFP): Dewatering of dirty gypsum

11 Filter cake store

12 Discharge

FIGURE 12.3 Acid plant blowdown treatment system at Atlantic Copper (Ante, 2010). Two solids streams
are produced — a nearly pure gypsum stream and a heavy metals (residuals) precipitation stream. Clarified
effluent is also discharged.

The liquid product of gas drying is slightly diluted 93% H;SOy. It is strengthened with
the 98+% acid produced by subsequent SOj3 absorption (Section 12.5.2). Most of the
strengthened acid is recycled to the absorption tower. A portion is sent to storage and then
to market.

12.4.1.1. Optimum Absorbing and Composition

The gas product of the drying tower contains typically 50—100 mg H,O/Nm® of offgas. It
also contains small droplets of acid mist, which it picked up during its passage up the
drying tower. This mist is removed by passing the dry gas through stainless steel or fiber
mist eliminator pads or candles.

12.4.2. Main Acid Plant Blowers

The dried gas is drawn into the main acid plant blowers, which push it on to SO, — SO3
conversion and acidmaking. Two centrifugal blowers, typically 3000—4000 kW each, are
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FIGURE 12.4 Drying tower and associ- Gas outlet
ated acid circulation and cooling equipment.

Acid is pumped around the tubes of the ﬁ
acid—water heat exchanger to the top of the

Mist eliminator

tower, where it is distributed over the
packing. It then flows by gravity downward Cool acid to
through the packing and returns to the pump tower (45 °C)
tank. The mist eliminator in the top of the Iy
tower is a mesh pad. In most SO5 absorption
towers this pad is usually replaced with
multiple candle-type mist eliminators.

Acid distributor

Ceramic saddles

Firgr Ceramic packing
2655555 5 support

1 ﬁ ﬁ ﬁ yGasinlet
L /

Warm acid from tower

(60°C)
Slightly diluted 93% H,SO,
to strong acid circuit and/or
\ market

Acid pump tank

used. They move 100 000—380 000 Nm® of gas per hour (Liidtke & Miiller, 2003). The
gas handling system is under a slight vacuum before the blowers (typically <0.07 bar
gauge at the smelting furnace) and under pressure (0.3—0.5 bar gauge) after.

12.5. ACID PLANT CHEMICAL REACTIONS
12.5.1. Oxidation of SO, to SO;

The SO, in the offgas is oxidized to SOj3 in preparation for absorption in the water
component of 98.5% H,SO,4. The oxidation reaction is:

SOa(g) +0.502(3) — SOs() (12.5)

This reaction is often referred to as SO, conversion. It is very slow without a catalyst,
so the gas is always passed through V,05—K,SO;4 catalyst beds. The volumetric O,/SO,
ratio entering the catalyst beds is set at ~1 or above (by adding air, if necessary) to ensure
near complete conversion of SO; to SOs.

12.5.1.1. Catalyst Reactions

Typical V,05—K,SO4 based catalyst contains 5—10% V;,0s, 10—20% K;SO4, 1—5%
Na;SOy4, and 55—70% SiO,. It may also contain 5—15% cesium sulfate (CsySOy)
substituted for K»,SO,4. The active components of the catalyst are V05, K2SO4, NaySOy,
and Cs;SOy (if present). The inactive material is SiO;, which acts as a support for the
active components (Jensen-Holm, 1986).
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V,05—K5S0Oy4 catalyst is a supported liquid-phase catalyst (Livbjerg, Jensen, &
Villadsen, 1978). At the catalyst operation temperature, ~400 °C, the active catalyst
components (V,0s5, K»SOy, NaySO4, CsySOy) exist as a film of molten salt solution on
the solid inactive SiO; support. Oxidation of SO, to SO3 in the presence of oxygen takes
place by homogeneous reactions in this liquid film. Pores on the surface of the silica
substrate provide the large surface area necessary for rapid SO, oxidation. The rate of
catalytic SO, oxidation depends largely upon the rate of mass and heat transfer at the
catalyst gas—liquid interface.

One of the most widely cited SO, conversion reaction mechanisms is that proposed by
Mars and Maessen (1964, 1968). It is based on the experimental observation that during
SO; conversion, the oxidation state of the vanadium ions in the catalyst changes between
the V*™ and V>, This observation suggests that the reaction involves:

(a) Absorption of SO, reduction of vanadium ions from V3t to V4+, and formation of
SO3 from SO, and 0>~ ions, i.e.:

SO, +2VT + 0%~ — SO3 +2V*F (12.6)
and:

(b) Absorption of oxygen, re-oxidation of the vanadium ions, and formation of 0>~ ions:
0.50; +2V* — 2Vt + 0% (12.7)

12.5.1.2. Industrial V,05—K;SOy4 Catalysts

Catalyst is manufactured by mixing together the active components and substrate to form
a paste, which is extruded and baked at ~530 °C into solid cylindrical pellets or rings.
Ring-shaped (or star ring) catalyst is the most commonly used shape because (a) it gives
a small pressure drop in a catalyst bed and (b) its catalytic activity is only slowly affected
by dust in the acid plant feed gas. A typical catalyst ring is 10 mm in diameter by 10 mm
in length (Fig. 12.5).

12.5.1.3. Catalyst Ignition and Degradation Temperatures

The ignition temperature at which the SO, conversion reaction begins with V,05—K»SOy4
catalyst is ~360 °C. The reaction rate is relatively slow at this ignition temperature.
Therefore, the gases entering the catalyst beds are heated to temperatures in the range of
400—440 °C to ensure rapid SO, conversion.

Above 650 °C thermal deactivation of the catalyst begins. Several mechanisms for
high temperature thermal deactivation have been proposed.

FIGURE 12.5 Photograph of catalyst pieces. The outside diameter of the largest piece (far left) is 20 mm.
Pellets are shown far right, rings in the middle, and ‘daisy’ shapes (modern) left and right of the rings.
(Courtesy Haldor Topsoe A/S.)
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(a) Silica in the substrate partly dissolves in the catalytic melt. This causes the thickness
of the melt film to increase, which in turn blocks the pore structure, preventing gas
access to the liquid phase inside the pores.

(b) Sintering of the silica substrate closes pores, restricting gas access to liquid phase
inside the pores.

Thermal deactivation proceeds slowly. V,Os—K;SOy catalyst can usually be subjected
to temperatures of 700—800 °C for short periods without causing significant deactivation.
However, long times at these temperatures reduce catalyst activity and decrease SO,
conversion rate.

12.5.1.4. Cs-promoted Catalyst

Substituting Cs,SO4 for K;SOy in the active liquid component of the catalyst lowers the
melting point of the liquid, providing higher reaction rates at lower temperatures. The
lower melting point of cesium sulfate allows the V** species to remain in solution at
a lower temperature, increasing its low temperature catalytic activity. Cs-promoted
catalyst has an ignition temperature of ~320 °C. Its typical operating temperature range is
370—500 °C. Cs-promoted catalyst costs 2—2.5 times that of non Cs-promoted catalyst.
Therefore, its use is typically optimized by installing it only in the top half of the first and/
or last catalyst beds.

12.5.1.5. Dust Accumulation in Catalyst Beds

Over time, dust, which inadvertently passes through the gas cleaning section, begins to
build up in the catalyst beds. It blocks gas flow through the catalyst and increases the
pressure that must be applied to achieve the acid plant’s required gas flowrate.

When the pressure drop in the catalyst beds becomes excessive, the acid plant must be
shut down and the catalyst screened to remove the accumulated dust. Keeping offgas
cleaning apparatus in optimum operating condition is critical to maintaining acid plant
availability.

12.5.1.6. SO, — SOj3 Conversion Equilibrium Curve

Oxidation of SO, to SO3 proceeds further toward completion at lower temperatures.
Figure 12.6 shows the equilibrium curve for a gas containing 12% SO,, 12% O,
balance N, at a total pressure of 1.2 bar. The equilibrium curve on the graph
represents the maximum attainable conversion of SO, to SO3 at a given tempera-
ture. This curve is also shown in Fig. 12.9 with reaction heat-up paths for each
catalyst bed.

12.5.1.7. Absorption of SO3 into H,SO,—H,O Solution

The SOj3; formed by the above-described catalytic oxidation of SO, is absorbed into
98.5% H,S0O4. The process occurs in a packed tower of similar design to a drying tower
(Fig. 12.4). In absorption, SO3 laden gas and sulfuric acid flow counter currently. The
overall absorption reaction is:

SO3(g) + H,0(l) — H,S04(l) (12.8)

It is not possible to manufacture sulfuric acid by absorbing sulfur trioxide directly into
water. Sulfur trioxide reacts with water vapor to form H,SO,4 vapor. This sulfuric acid
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FIGURE 12.6 Equilibrium curve for SO, conversion for an initial gas composition of 12 vol.-% SO,, 12%
0O,, and 76% N, at a total pressure of 1.2 bar. The curve shows that higher SO, conversions are possible at
lower temperatures.

vapor condenses as a mist of fine, sub-micron, droplets, which are practically impossible
to coalesce. However, the theoretical vapor pressure of water over 98.5% H;SOy is low
(<2 x 107 bar at 80 °C), avoiding this water vapor problem. The most likely absorption
reactions are:

SO3(g) + H2S04(l) — H28:07(0) 12.9)
followed by:
H0(1) + H2S,07(1) — 2H,S04(1) (12.10)

Some SO3 is undoubtedly absorbed directly by water according to Eq. (12.8). Because
of the preponderance of H,SO4 molecules in the absorbent, however, absorption by Egs.
(12.9) and (12.10) probably predominates. SO3 absorption is exothermic, so that the
strengthened acid must be cooled before it is (a) recycled for further absorption or (b) sent
to storage.

12.5.1.8. Optimum Absorbing Acid Composition

The optimum absorbing acid composition is 98—99% H,SO,. This is the composition at
which the sum of the equilibrium partial pressures of H,O, SO3, and H,SO4 over sulfuric
acid is at its minimum.

Below this optimum, H,O vapor pressure increases and sulfuric acid mist may form
by the reaction of HyO(g) and SOs3. This mist is difficult to coalesce, so it tends to escape
from the acid plant into the environment. Above this optimum, SO3 and H,SO4 partial
pressures increase. This also increases the release of sulfur compounds into the
environment.

Acid plant flowrates and compositions are controlled to keep the absorbing acid in the
98—99% range before and after SO3 absorption.
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12.6. INDUSTRIAL SULFURIC ACID MANUFACTURE
(TABLES 12.4, 12.5, AND 12.6)

Figure 12.7 shows a typical flowsheet for SO, conversion and SO3 absorption. The acid
plant is a 3:1 double absorption plant; this means that the gases pass through three catalyst

Manufacturing Plants

KTABLE 12.4 Operating Details of Three Double Absorption Sulfuric Acid \

Aurubis Hamburg, Germany

flash + Peirce—
Smith converters

Line 1 Line 2 Line 3
Start-up date 1972 1972 1991
Manufacturer Lurgi Lurgi Lurgi
Gas source Outotec Outotec Outotec

flash + Peirce—
Smith converters

flash + Peirce—
Smith converters

Single or double absorption Double Double Double
Number of catalyst beds 4 4 5
Intermediate absorption 2 2 3
after bed?
Converter design
Materials of construction Stainless steel Stainless steel Brick lined
First pass diameter, m 8 8 8.5
Others, diameter, m 8 8 8.5
Catalyst bed loading
Bed 1, liters 75 000 70 000 42 300
Bed 2, liters 58 000 58 000 46 200
Bed 3, liters 64 000 64 000 48 200
Bed 4, liters 64 000 64 000 46 200
Bed 5, liters - — 54 200
Catalyst type
Bed 1 BASFring+0.19m Haldor Topsge BASF ring +
Cs catalyst ring + 0.22 m 0.19 m Cs catalyst
Cs catalyst
Bed 2 Haldor Topsge Haldor Topsee BASF ring catalyst
ring catalyst ring catalyst
Bed 3 BASF ring Haldor Topsge BASF ring catalyst
catalyst ring catalyst

/)
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FABLE 12.4 Operating Details of Three Double Absorption Sulfuric Acid \
Manufacturing Plants—cont’d
Aurubis Hamburg, Germany
Line 1 Line 2 Line 3
Bed 4 BASF Cs ring Haldor Topsee ring  BASF ring catalyst
catalyst catalyst
Bed 5 - - BASF ring catalyst
Gas into converter
Flowrate, Nm*/min 1830 1830 1830
SO,, vol.-% 11 11 11
O3, vol.-% >12.1 >12.1 >12.1
CO,, vol.-% 1830 1830 1830
Design SO, conversion 99.7—-99.8 99.7-99.8 99.8
H2SO4 production rate
Design, tonnes/day 1265 1265 1265
Actual, tonnes/day Approximately
3000 total
Products, %H,SO4 94, 96, 98 94, 96, 98 94, 96, 98
Other (oleum, liquid SO, etc.) 20% oleum
fTABI.E 12.5 Operating Details of Three Double Absorption Sulfuric Acid \
Manufacturing Plants with Heat Recovery Equipment
Sumitomo Sumitomo Rio Tinto
Kennecott Utah
Toyo, Japan Toyo, Japan Copper
Line 1 Line 2 Magna, UT, USA
Start-up date 1971 2003 1995
Manufacturer Sumitomo Chemical Sumitomo Chemical MECS
Engineering Engineering
Gas source Outotec Outotec Outotec flash

flash + Peirce—Smith
converters

flash + Peirce—Smith
converters

smelting +
Kennecott-Outotec
flash converting

N

_J

(Continued)
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KTABLE 12.5 Operating Details of Three Double Absorption Sulfuric Acid
Manufacturing Plants with Heat Recovery Equipment—contd

~

absorption after
bed?

Sumitomo Sumitomo Rio Tinto
Kennecott Utah
Toyo, Japan Toyo, Japan Copper
Line 1 Line 2 Magna, UT, USA
Single or double Double Double Double
absorption
Number of 5 5 4
catalyst beds
Intermediate 4 4 3

Converter design

Materials of
construction

Stainless steel + carbon
steel

Stainless steel

304H stainless steel

First pass 12.5 12.3 141
diameter, m
Others, 12.5 12.3 14.1
diameter, m
Catalyst bed loading
Bed 1, liters 40 000 45 000 38 500/77 000
Bed 2, liters 50 000 60 000 154 000
Bed 3, liters 65 000 70 000 40 000/152 000
Bed 4, liters 104 000 75 000 288800
Bed 5, liters 105 000 110 000
Catalyst type
Bed 1 Topsge VK38 Topsee VK38, Sud Haldor Topsge VK59
Chemie SulfoMax- Haldor Topsge VK38
RR
Bed 2 Nihonshokubai 7s Monsanto LP110 Haldor Topsge VK38
Monsanto
T-516
Topsee VK38
Bed 3 Nihonshokubai R10 Monsanto LP110 Haldor Topsge VK59
Monsanto Haldor Topsge VK48
T-516
Topsoe VK38
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FABLE 12.5 Operating Details of Three Double Absorption Sulfuric Acid
Manufacturing Plants with Heat Recovery Equipment—cont'd

~

BASF
O4-111

BASF O4-111

Sumitomo Sumitomo Rio Tinto
Kennecott Utah
Toyo, Japan Toyo, Japan Copper
Line 1 Line 2 Magna, UT, USA
Bed 4 Topsge VK48, Monsanto LP1150 Haldor Topsge VK69
Nihonshokubai R10
Bed 5 Nihonshokubai 7s, R10 Monsanto LP1150, —

Gas into converter

liquid SO, etc.)

Flowrate, 2917 (maximum) 2833 (maximum) 3965
Nm?/min
SO,, vol.-% 12—-13 12—-13 14
0O,, vol.-% 12—-14 12—-14 13.8 (0.8 COy)
Heat recovery
Boiler After Bed 1, 21.2 t/h After Bed 1, 21.2 t/h After Bed 3
steam steam
Superheater None None After Bed 1
Economizer After Bed 4 After Bed 4 None
Acid heat None None HRS
recovery
Steam 0.23 0.23 0.69
produced (t/t
H,SOy)
Design SO, 99.6 99.6 >99.5
conversion (%)
H,SO, production rate
Design, tonnes/ 2254 2254 3500
day
Actual, tones/ 1775 1675 —
day
Products, % 98, 95 98 94, 98
H,S04
Other (oleum, Sodium bisulfite Oleum —
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Manufacturing Plants, 2010

KTABI_E 12.6 Physical and Operating of Two Single Absorption Sulfuric Acid

~

Incitec Pivot,
Mt. Isa, Queensland,

Xstrata Copper,
Horne Smelter, Rouyn-

Smelter Australia Noranda, Canada

Start-up date 1999 1989

Manufacturer Lurgi Chemetics

Gas source Isasmelt, 4 Peirce—Smith Noranda continuous process

converters and sulfur burner

reactor and Noranda converter
or Peirce—Smith converters

Single or double absorption

Single

Single

Number of catalyst beds

3

3

Converter design

Materials of construction

304H SS (1 internal Hot heat
exchanger)

304H SS (1 internal Hot heat
exchanger)

First pass diameter, m 15 14.2

Others, diameter, m Same 14.2
Catalyst bed loading

Bed 1, liters 162 300 83 000

Bed 2, liters 183 500 178 000

Bed 3, liters 211 366 216 000
Catalyst type

Bed 1 K-V,05 Topsoe

Bed 2 K-V,05 Topsoe

Bed 3 Cs-K-V,05 + K-V,05 Topsae
Gas into converter

Flowrate, Nm?/min 6333 3583

SO,, vol.-% 2 maximum 6—10.5

6 normal operating
0O,, vol.-% Not measured 11.0 3.0 COy)

Heat recovery

Boiler 1 after sulfur burner None
1 between beds 2 and 3

Superheater 2 bundles after bed 3 None

Economizer 2 bundles after bed 3 None

Acid heat recovery None None

\
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(TABLE 12.6 Physical and Operating of Two Single Absorption Sulfuric Acid \
Manufacturing Plants, 2010—contd
Incitec Pivot, Xstrata Copper,
Mt. Isa, Queensland, Horne Smelter, Rouyn-
Smelter Australia Noranda, Canada
Steam produced (t/t HySO4) 0.8 N/A
Design SO, conversion (%) >98 96 (actual 97.5)
H,SO, production rate
Design, tonnes/day 3645 2400
Actual, tones/day 3636 2000
Products, %H,SO,4 98.5 93.5
Other (oleum, liquid SO, etc.) None None

N /

beds before intermediate absorption and then one catalyst bed before final absorption.
Figures 12.9 and 12.10 describe the process thermodynamically. The steps are:

(a) Heating of the incoming gas to the minimum continuous catalyst operating temper-
ature (~410 °C) by heat exchange with the hot gases from SO, oxidation

(b) Passing the hot gas through a first bed of catalyst, where partial SO, conversion takes
place, and where the gases are heated by the heat of the SO, reaction

'
E Hot heat

1 exchanger Hot reheat

'

' ] ] ] = heat exchanger
'

- < B Ll Al Ll
.
| A <
E Cold heat Cold reheat !
! exchanger heat exchanger !
E g g B g E g R g R g E > !
1
Gasfrom ________ > B S, 4 l<
i L] L L L e L e L " '
drying tower -_.-_.._.l._.._-._-u._. :
4| Gas cooler ¢ 1
heat exchanger 1
Catalytic '
converter Hot air <€---- !
————— > Hot air |
Gas cooler o !
heat exchanger <~~~ D Ar | T > gases being heated Air !
— > gases being cooled ¢ !
Final Intermediate
Stack «——  absorbing |:> sulfuric acid sulfuric acid <: absorbing
system system

FIGURE 12.7 Flowsheet for a typical 3:1 metallurgical sulfuric acid plant. Catalyst beds with gas cooling
between (to avoid overheating the catalyst) are notable. A hydrocarbon fuel-fired heat exchanger (not shown) is
used to heat the feed gas during acid plant startup.
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(¢) Cooling the gas down by heat exchange with cool incoming gas

(d) Passing the cooled gas through a second bed of catalyst, where more SO, conversion
takes place, and where the gases again become hot

(e) Repeating steps (c) and (d) with a third catalyst bed.

The gas from the third catalyst bed is cooled and its SO3 absorbed into 98.5% H,SOy4.
The exit gas from this absorption is then passed through a second set of heat exchangers,
a fourth catalyst bed, and a second absorption tower. In some plants, initial absorption
takes place after the gas passes through two catalyst beds and final absorption after the
remaining two catalyst beds.

The above description is for a double absorption plant which converts and absorbs
>99.7% of the SO, entering the acid plant. Single absorption acid plants convert SO, to
SOj3 in three or four catalyst beds followed by single absorption of SOz (Table 12.6).
Their conversion of SO, to SOj is less complete with consequentially lower sulfur
capture efficiencies (96—98%).

12.6.1. Catalytic Converter

A catalytic converter typically houses three to five catalyst beds. It is usually made of
304H stainless steel. Figure 12.8 shows the cross-section of a typical catalyst bed.

12.6.2. SO, — SO3 Conversion Reaction Paths

Figures 12.9 and 12.10 show the schematic steady-state %SO, conversion/temperature
reaction path for a 12% SO», 12% O, gas flowing through a double absorption 3:1 sulfuric
acid plant. The gas enters the first catalyst bed of the converter at about 410 °C. SO, is
oxidized to SOj3 in the bed, heating the gas to about 630 °C. About 64% of the input SO, is
converted to SOj.

The gas from bed 1 is then cooled to 430 °C in a heat exchanger (Fig. 12.9) and is
passed through the second catalyst bed. There, a further 26% of the SO, is converted to
SOj3 (to a total of 90%) and the gas is heated to about 520 °C by the oxidation reaction.
This gas is then cooled to 435 °C in a heat exchanger and is passed through the third
catalyst bed. A further 6% of the initial SO, is oxidized to SO3 (to 96% conversion) while
the temperature increases to about 456 °C.

At this point, the gas is cooled to ~180 °C and sent to the intermediate absorption
tower, where virtually all (99.99%) of its SOj3 is absorbed into 98.5% H,SO4.

25 mm silica Gas flow
rock or 20 mm
catalyst \

10 mm catalyst ——— >}

25 mm silica rock

Cast iron or stainless/ @ 1.5-4cm
steel support grid

FIGURE 12.8 Catalyst bed showing steel support, catalyst, and silica rock. The bed is typically 8—14 m in
diameter. The silica rock on the top of the bed distributes the gas into the catalyst, preventing localized
channeling and short-circuiting through the bed.




Capture and Fixation of Sulfur @

100

= 3 catalyst bed
Hot reheat HX

90

80
2" catalyst bed

70

60 Hot HX
To intermediate

absorption Equilibrium
40

50

30 1% catalyst bed

20

Percent conversion of SO, to SO3

10F

0 A A A A
400 450 500 550 600 650 700
Temperature (°C)

FIGURE 12.9 Equilibrium curve and first through third catalyst bed reaction heat-up paths. The horizontal
lines represent cooling between the catalyst beds in the heat exchangers. The feed gas contains 12 vol.-% SO,
12% 0O,, balance N, (1.2 bar gauge overall pressure).
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FIGURE 12.10 Equilibrium curve and fourth catalyst bed reaction heat-up path. Almost all of the SOj3 in the
gas leaving the third catalyst bed has been absorbed into sulfuric acid in the intermediate absorption tower.

After this absorption, the gas contains about 0.5% SO,. It is heated to 415 °C and
passed through the last catalyst bed in the converter (Fig. 12.10). Here about 90% of its
SO, is converted to SO3, leaving only about 0.025% SO; in the gas. This gas is again
cooled to ~180 °C and sent to the final SO3 absorption tower. Overall conversion of SO, is
approximately 99.8%.

12.6.3. Reaction Path Characteristics

Figures 12.9 and 12.10 show some important aspects of SO, conversion.
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1. Conversion to SO3 is maximized by a low conversion temperature, consistent with
meeting the minimum continuous operating temperature requirement of the
catalyst.

2. The maximum catalyst temperature is reached in the first catalyst bed, where most
of the SO, conversion takes place. This is where a low ignition temperature Cs
catalyst can be useful. Catalyst bed temperature increases with increasing SO,
concentration in the gas because SO, conversion energy release has to heat less
Nj. Cs catalyst is expensive, so it is only used when low temperature catalysis is
clearly advantageous.

3. Conversion of SO, to SOj3 after intermediate absorption is very efficient (Fig. 12.10).
This is because (a) the gas entering the catalyst contains no SO3 (driving Reaction
(12.4) to the right) and because (b) the temperature of the gas rises only slightly
due to the small amount of SO, being oxidized to SO3.

4. Maximum cooling of the gases is required for the gases being sent to SO3 absorption
towers (~440 °C to 180 °C), hence the inclusion of air coolers in Fig. 12.7.

5. Maximum heating of the gases is required for initial heating and for heating after
intermediate absorption, hence the passage through several heat exchangers in
Fig. 12.7.

12.6.4. Absorption Towers

Double absorption sulfuric acid plants absorb SO3 twice: after partial SO, oxidation
and after final oxidation. The absorption is done counter-currently in towers packed
with 5—10 cm ceramic saddles, which present a continuous descending film of
98.5% H;SO4 into which rising SO3 absorbs. Typical sulfuric acid irrigation rates,
densities, and operating temperatures for absorption towers are shown in Table 12.7.

The strengthened acid is cooled in water-cooled shell-and-tube type heat exchangers.
A portion of it is sent for blending with 93% H;SO,4 from the gas drying tower to produce
the grades of acid being sent to market. The remainder is diluted with blended acid and
recycled to the absorption towers. These cross-flows of 98+ and 93% H;SO4 allow a wide
range of acid products to be marketed.

GABI_E 12.7 Typical Sulfuric Acid Design Irrigation Rates and Irrigation Densities fom

Drying and Absorption Towers (Guenkel & Cameron, 2000)
Sulfuric acid irrigation Sulfuric acid irrigation Sulfuric acid
rate (m*/tonne of 100%  density (m*/min per m*>  temperature
Tower H,SO4 produced) of tower cross-section) (°C) inlet/outlet
Drying tower 0.005 0.2—-0.4 45/60
Intermediate 0.01 0.6—0.8 80/110
absorption tower
Final absorption 0.005 0.4 80/95
tower

N J
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12.6.5. Gas to Gas Heat Exchangers and Acid Coolers

Large gas-to-gas heat exchangers are used to transfer heat to and from gases entering and
exiting a catalytic converter. The latest heat exchanger designs are radial shell and tube.
Older designs were single or double segmental type. Acid plant gas-to-gas heat
exchangers typically transfer heat at 10 000—80 000 MJ/h. They must be sized to ensure
that a range of gas flowrates and SO, concentrations can be processed. This is especially
significant for smelters treating offgases generated by batch type Peirce—Smith
converters.

The hot acid from SOj3 absorption and gas drying is typically cooled in indirect shell
and tube heat exchangers. The water flows through the tubes of the heat exchanger and
the acid through the shell. The warm water leaving the heat exchanger is usually cooled in
an atmospheric cooling tower before being recycled for further acid cooling.

Anodic protection of the coolers is required to minimize corrosion by the hot
sulfuric acid. A non-anodically protected acid cooler has a lifetime on the order of
several months whereas anodically protected coolers have lifetimes on the order of
20—30 years.

12.6.6. Grades of Product Acid

Sulfuric acid is sold in grades of 93—98% H,SO, according to market demand. The
principal product in cold climates is 93% H,SO4 because of its low freezing point, —30 °C
(Davenport & King, 2006).

Oleum, H,SO, into which SOj is absorbed, is also sold by several smelters. It is
produced by diverting a stream of SO3-bearing gas and contacting it with 98 + H>SO4 in
a small absorption tower.

12.7. ALTERNATIVE SULFURIC ACID MANUFACTURING METHODS
12.7.1. Haldor Topsge WSA

The WSA (Wet gas Sulfuric Acid) process, developed and commercialized in the early
1980s by Haldor Topsge, has over 100 installations worldwide and is used to treat wet,
low concentration gases (0.2—6.5% SO,). Sulfur dioxide gas is first cooled and cleaned in
a gas cleaning plant. Dust and impurity removal specifications are the same as those used
in conventional contact-type acid plants. However, a key difference is the saturated gas
temperature, which is typically higher in WSA plants than conventional acid plants. This
is because not all of the water entering a WSA plant is absorbed into sulfuric acid. Some
of it leaves in the tail gas (Fig. 12.11).

The saturated gas leaves the gas cleaning plant and is preheated in gas-to-gas heat
exchangers to the catalyst operating temperature (~410 °C). The SO, oxidation step is
nearly identical to that in a conventional acid plant (Eq. (11.5)), but the reaction takes
place in a wet gas using a specially formulated catalyst. SO, oxidation is performed in
either two or three beds. Interbed cooling, using an indirect molten salt circulation
system, removes surplus heat and produces saturated steam.

When cooled to 290 °C, a substantial amount of the SOz undergoes hydration to form
sulfuric acid gas by the following reaction:

SO3(g) + Hy0(g) — HaS04(g) (12.11)
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FIGURE 12.11 Haldor Topsge WSA Process flow schematic. A molten salt mixture is used to transfer heat
from the catalyst beds to the cold feed gas entering the plant. Excess heat removed from the catalyst beds is
turned into useful steam in a small heat recovery boiler. A direct fired hydrocarbon fuel burner can be used to
supply additional heat to the catalyst beds.

The sulfuric acid gas leaves the catalytic converter and passes through a glass tube
condenser, where it is indirectly cooled with air. Warm air flows around the tubes, which
cools the gas. Concentrated sulfuric acid (~98% H;SO,4) condenses in the tubes and
drains into the bottom of the condenser:

H2$O4(g) - HZSO4(Z) (12.12)

It is subsequently cooled with recycle product sulfuric acid and pumped through a plate
heat exchanger for further cooling prior to storage. Clean process gas leaves the WSA
condenser at approximately 100 °C and flows through an acid mist eliminator (candle
filters or electrostatic mist precipitators) before being exhausted to the atmosphere.

WSA plants are able to achieve greater than 99% SO, conversion while producing
concentrated (98%) acid (Rosenberg, 2006). WSA plants can treat up to 1 200 000 N m’/h
of feed gas and produce 1140 t/d of acid. In 2010, a WSA plant is used to treat
SO, bearing gases generated by an Ausmelt furnace at the Karabashmed smelter in
Russia.

12.7.2. Sulfacid®

Sulfacid is presently marketed by Carbon Process and Plant Engineering GmbH. About
20 installations worldwide produce weak sulfuric acid (10—20% H;SO,) from very low
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GABLE 12.8 Comparison of Conventional, WSA, and Sulfacid Acid Plant \

Technologies (King & Forzatti, 2009)

Parameter Conventional WSA Sulfacid

Minimum SO, concentration Single Absorption: 4.57 0.6¢ 0.5
Double Absorption: 6

Maximum SO, concentration Single Absorption: 10 6.5 1.0
Double Absorption: 14°

Product acid, %H,SO,4 93—-98.5 98 10—-20

SO, removal efficiency (%) Single Absorption: 98—99 98—-99 65—90

Double Absorption: 99.7—99.95

?Outotec reports single absorption plants capable of 2 vol.-%.
bWithout internal gas recycle, for example, Outotec’s LUREC™ process (with internal recycle) can treat 18 vol.-%
S0, gas.

Qutothermal at 3 vol.-% SO,. /

concentration gases (<1.0% SO,). The saturated gas is cleaned (<30 mg solids/dry Nm?)
before entering an activated carbon catalytic reactor where SO, reacts with O, and H,O at
30—80 °C (Kruger, 2004) to produce H,SO4 by the following reaction:

SO,(g) + 0.50,(g) + nH20(l) — HSO04(g) + (n — 1) HxO(]) (12.13)

The acid is intermittently washed from the catalyst, which produces weak sulfuric
acid. The cleaned gas is discharged to the atmosphere. Sulfacid plants are most
economical when their dilute sulfuric acid product can be consumed in nearby operations,
such as titanium dioxide manufacture or fertilizer production. Table 12.8 shows
a comparison of conventional, WSA, and Sulfacid-type acid plants.

12.8. RECENT AND FUTURE DEVELOPMENTS IN SULFURIC
ACID MANUFACTURE

12.8.1. Maximizing Feed Gas SO, Concentrations

Since the 1980s, smelting technology has shifted from reverberatory and electric furnace
smelting to flash furnace and other intensive smelting processes. Oxygen enrichment of
furnace blasts also increased significantly. An important (and desired) effect of these
changes has been increased SO, strength in the gases that enter smelter sulfuric acid
plants (Newman, Collins, & Weddick, 1999).

SO, offgases entering the drying tower now average 6—18% SO,. The low concen-
trations come from smelters using Peirce—Smith converters. The high concentrations
come from direct-to-copper smelting and continuous smelting/converting smelters
(Ritschel, Fell, Fries, & Bhambri, 1998).

High SO, concentration gases contain little N,. They heat up more than conventional
smelter gas during passage through catalyst beds. This can lead to overheating and
degradation of the V,05—K,SOy catalyst (650 °C) and to weakening of the steel catalyst
bed support structure (630 °C). These two items limit the maximum strength of sulfuric
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acid plant feed gas to ~13% SO, (with conventional flow schemes) which means that the
feed gas entering the acid plant must be diluted with air resulting in a larger gas volume to
be treated and higher operating costs associated with the power required for the
blower(s). Three approaches have been used to raise permissible SO, strength entering
a sulfuric acid plant.

(a) Installation of Cs-promoted catalyst in the first-pass catalyst bed. This allows the bed
inlet temperature to be operated at ~370 °C, i.e. about 40 °C cooler than conventional
catalysts. This allows a larger temperature rise (and more SO, conversion) in the first
bed without exceeding the bed outlet temperature limit.

(b) Installation of a pre-converter to lower the SO, concentration entering the first cata-
lyst bed of the main converter. This approach allowed Olympic Dam to process 18%
SO, feed gas (Ritschel et al., 1998). Olympic Dam has since constructed a new acid
plant designed for a more conventional feed gas SO, concentration in the range of
11-12%.

(¢) Recycle of SO3-laden gas from the outlet of the third catalyst bed to the first catalyst
bed. This is the LUREC™ process. It was developed by Outotec and installed in
2007 at the Yanggu Xiangguang Copper smelter acid plant in China (Storch,
2009). The use of LUREC allows treatment of 18% SO, feed gas at the inlet to
the first catalyst bed.

Two other developing technologies are BAYQIK and WSA-DC. They are briefly
described below.

12.8.1.1. BAYQIK®

A quasi-isothermal reactor forms the basis of the BAYQIK (Quasi-Isotherme-Katalyse)
process developed by Bayer Technology Services (Hands & Connock, 2010, pp. 28—38).
The reactor is designed so that the heat of reaction generated by SO, conversion to SO3
can be removed as soon as it is produced. Feed gas SO, concentrations up to 50% are
proposed. A BAYQIK reactor has been operating at the lead smelter Berzelius Stolberg
GmbH since 2009. The reactor acts as a pre-converter ahead of the first catalyst bed,
allowing the acid plant to treat 18% SO, feed gas.

12.8.1.2. WSA-DC

WSA-DC (Wet gas Sulfuric Acid-Double Condensation) is a modified version of the
WSA plant with two stages of acid condensation (Rosenberg, 2009). This allows the wet
feed gas SO, concentration to be increased to 13—15% SO, from the present limit of
6.5%. SO, conversion is expected to be greater than 99.95% with a 3:1 catalyst bed
configuration. WSA-DC is also expected to be more energy efficient than a conventional
contact type acid plant because the heat of SO, conversion, SO3 hydration and acid
condensation is recovered and utilized. Less gas pressure drop is also expected which
decreases power consumption. Given the success of the WSA process, WSA-DC will
likely be implemented on a commercial scale in the near future.

12.8.2. Maximizing Heat Recovery

Heat is generated during SO, conversion. In almost all sulfur-burning acid plants
and in some metallurgical acid plants this heat is usually recovered into a useful
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form — steam. The hot gases exiting the catalyst beds are passed through boiler feed
water economizers, steam superheaters, and heat recovery boilers (Hashiuchi, Chida, &
Nakata, 2007; Kubo et al., 2007). Several metallurgical acid plants capture SO,
conversion and SO3 absorption heat, but most remove their excess heat in air coolers
(Davenport & King, 2006; Puricelli, Grendel, & Fries, 1998). Some of the warm air
produced by the air coolers has been used as concentrate dryer (rotary kiln type)
dilution air (Hoshi, Toda, Motomura, Takahashi, & Hirai, 2010). This lowers kiln
hydrocarbon fuel consumption.

SOj3 absorption heat can be captured and turned into steam in HRS (Heat Recovery
System, MECS) or HEROS (Heat RecOvery System, Outotec) type systems (Jung,
Byun, & Shin, 2010; Puricelli et al., 1998). HRS is the most common with ~50
installations worldwide. Low-pressure steam (5—10 bar gauge, ~0.4 t steam/t H,SOy) is
produced in a kettle tube boiler with hot (~210 °C), concentrated (99.6%) sulfuric acid
on the shell side and a steam/water mixture flowing through the tubes. Acid concen-
tration and temperature control are critical in ensuring low corrosion rates are achieved
in the HRS system. Thus, HRS is most suited for acid plants that treat feed gas
with a steady flow and SO, concentration, like those from a flash furnace and flash
converter.

12.9. ALTERNATIVE SULFUR PRODUCTS

The SO, in Cu smelter gases is almost always captured as sulfuric acid. Other SO,-
capture products have been:

(a) Liquid SO,

(b) Gypsum

(c) Elemental sulfur (Okura, Ueda, & Yamaguchi, 2006; Platonov, 2006). The processes
for making these products are described by King and Forzatti (2009).

12.10. FUTURE IMPROVEMENTS IN SULFUR CAPTURE

Modern smelting processes collect most of their SO; at sufficient strength for economic
sulfuric acid manufacture. Most reverberatory smelting furnaces have been replaced.
Peirce—Smith converting remains a problem for SO, collection, especially during
charging and skimming when gas leaks into the workplace and at ground level around the
smelter. Adoption of continuous converting processes such as Mitsubishi and Kennecott-
Outotec flash converting will alleviate this problem.

12.11. SUMMARY

This chapter has shown that most copper is extracted from sulfide minerals so that sulfur,
in some form, is a byproduct of most copper extraction processes. The usual byproduct is
sulfuric acid, made from the SO, produced during smelting and converting. Conventional
sulfuric acid production entails:

(a) Cleaning and drying the furnace gases
(b) Catalytically oxidizing their SO, to SO3 (with O, in the gas itself or in added air)
(¢) Absorbing the resulting SO3 into a 98.5% H,SO4—H,O sulfuric acid solution.
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The process is autothermal when the input gases contain about 4 or more vol.-% SO,.
The double absorption acid plants being installed in the 2000s recover >99.7% of the
input SO,. SO, recovery can be increased even further by scrubbing the acid plant tail gas
with basic solutions or by adding more catalyst beds with Cs-promoted catalyst.

Some modern smelting processes produce extra-strong SO, gases, 13+% SO,. These
strong gases tend to overheat during SO, oxidation, causing catalyst degradation and
inefficient SO, conversion. This problem is leading to the development of catalysts,
which have low ignition temperatures and high degradation temperatures. Installation of
pre-converters or the recently introduced LUREC process are also used to handle high
SO; strength feed gas. Two other alternatives are also under development: BAYQIK and
WSA-DC.

The Peirce—Smith converter is the major environmental problem remaining in the Cu
smelter. It tends to spill SO,-bearing gas into the workplace and it produces gas
discontinuously for the acid plant. Adoption of replacement converting processes began
in the 1980s (Mitsubishi converter) and is continuing in the 2000s (Kennecott-Outotec
flash converter, Ausmelt/Isasmelt converter, Noranda converter). Replacement has been
slow because of the excellent chemical and operating efficiencies of the Peirce-Smith
converter.
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Fire Refining (S and O Removal)
and Anode Casting

Virtually all the molten copper produced by smelting/converting is subsequently elec-
trorefined. It must, therefore, be suitable for casting into thin, strong, smooth anodes for
interleaving with cathodes in electrorefining cells (Fig. 14.3). This requires that the
copper be fire refined to remove most of its sulfur and oxygen.

The molten blister copper from Peirce—Smith converting contains ~0.02% S and
~0.3% O. The copper from single-step smelting and continuous converting contains up
to 1% S and 0.2—0.4% O. At these levels, the dissolved sulfur and oxygen would combine
during solidification to form bubbles (blisters) of SO, in newly cast anodes, making them
weak and bumpy. In stoichiometric terms, 0.01% dissolved sulfur and 0.01% dissolved
oxygen would combine to produce about 2 cm® of SO, (1083 °C) per cm® of copper.

Fire refining removes sulfur and oxygen from liquid blister copper by (a) air-
oxidation removal of sulfur as SO»(g) down to ~0.003% S, and (b) hydrocarbon-
reduction removal of oxygen as CO(g) and H,O(g) down to ~0.16% O. Sulfur and
oxygen contents at the various stages of fire refining are summarized in Table 13.1.

13.1. INDUSTRIAL METHODS OF FIRE REFINING

Fire refining is mostly carried out in rotary refining furnaces resembling Peirce—Smith
converters (Fig. 13.1a) or, less often, in hearth furnaces. It is carried out at about 1200 °C,
which provides enough superheat for subsequent casting of anodes. The furnaces are
heated by combusting hydrocarbon fuel throughout the process. About 2000—3000 MJ of
fuel are consumed per tonne of copper.

KTABI_E 13.1 Sulfur and Oxygen Contents at Various Stages of Fire Refining \
Stage of process Mass% S Mass% O
Blister copper? 0.01—0.05 (Ramachandran et al., 2003) 0.1-0.8
After oxidation 0.002—0.005 0.3—1
After reduction (poling)  0.001—0.004 0.05-0.2
Cast anodes 0.003 % 0.002 (Moats et al., 2007) 0.16 £ 0.04 (Moats et al., 2007)
?From Peirce—Smith and Hoboken converters. The blister copper from direct-to-copper smelting and continuous

kconverting contains 0.2—1% S and 0.2—0.4% O. /

Extractive Metallurgy of Copper. DOI: 10.1016/B978-0-08-096789-9.10013-7
Copyright © 2011 Elsevier Ltd. All rights reserved. 237
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FIGURE 13.1 a. Rotary refining (anode) furnace, end and front views (after McKerrow & Pannell, 1972).
The furnaces are typically 3—5 m diameter and 9—14 m long, inside the steel shell. b. Detail of anode furnace
tuyere (after McKerrow & Pannell, 1972). Note the two concentric pipes separated by castable refractory,
which permit easy replacement of the inside pipe as it wears back. The inside pipe protrudes into the molten
copper to prevent seepage of gas back through the refractory wall of the furnace.

13.1.1. Rotary Furnace Refining

Fig. 13.1a shows a rotary refining furnace. Air and hydrocarbon flowrates into refining
furnaces are slow, to provide precise control of copper composition. Only ~ 2 tuyeres are
used (Fig. 13.1b, Table 13.2). Gas flowrates are 10—50 Nm*/min per tuyere at 2—5 bar
pressure.

Refining a 250 tonne charge of blister copper (0.03% S) takes up to 3 h: ~ 1 h for air
injection (S removal) and ~2 h for hydrocarbon injection (O removal). High-sulfur
copper from direct-to-copper smelting and continuous converting takes up to 5 h
(Ramachandran et al., 2003).

A typical sequence in rotary furnace refining is:

(a) Molten copper is delivered by crane and ladle from converters to the anode furnace
until 200 or 300 tonnes are accumulated



Fire Refining (S and O Removal) and Anode Casting

239

/TABI_E 13.2 Details of Two Rotary Anode Furnaces — One Mold-on-Wheel Anode \

Casting Plant and One Contilanod Anode Casting Plant

Norddeutsche Affinerie,

PT Smelting Co.

Smelter Hamburg, Germany Gresik, Indonesia
Anode production tonnes/year 450000 300000
Number of anode furnaces

Total 2 3

Active 2 3
Furnace dimensions, m

Diameter x length 4.25 x 10 3.12 x 12.5 (ID)
Tuyeres

Diameter, cm 0.8,1,1.2

Number per furnace 2 2

Used during oxidation 2 2

Used during reduction 2 2

Reductant Natural gas Diesel oil
Production details

Tap-to-tap duration, h 9 11

Anode production tonnes/cycle 270 400

Oxidation duration, h 0.5 5

Air flowrate, Nm?>/min 6—7 50 air; 5 oxygen

Reduction duration, h 3 2

Reducing gas flowrate 10 15 L/min

Nm?>/min per tuyere

Scrap addition, tonnes/cycle 0-10 0-30
Anode casting

Method Mold on wheel Contilanod

Number of wheels, m 1

Diameter of wheels, m 12.8

Number of molds per wheel 24

Casting rate, tonnes/h 75—80 100
Automatic weighing Yes Yes

Anode mass, kg 400 400

Variation, kg +4 +7

\_
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(b) The accumulated charge is then desulfurized down to ~0.003% S by blowing air
into the molten copper

(¢) The copper is deoxidized by blowing gaseous or liquid hydrocarbons into the molten
copper bath.

Hydrocarbon blowing is terminated when the oxygen concentration has been lowered
to ~0.16% O, as detected with disposable solid electrolyte probes (Heraeus Electro-Nite,
2011) or by examination of copper test blocks. Copper with this oxygen content sets flat
when it is cast into anodes.

13.1.2. Hearth Furnace Refining

Although the rotary furnace dominates copper fire refining in primary smelters,
secondary (scrap) smelters tend to use hearth-refining furnaces (Alarcon, 2005; Hanusch,
2010; Rinnhofer & Zulehner, 2005). They are better for melting scrap and other solid
inputs. Sulfur is removed by reaction of the copper solids with an oxidizing flame above
the bath and by injecting air through submerged tip steel lances. Deoxidation is also done
by injecting hydrocarbons or hydrocarbons plus steam through these steel lances.

Some anode furnaces inject nitrogen into the molten copper through small holes in
porous ceramic plugs in the bottom of the furnace (Filzwieser, Wallner, Caulfield, &
Rigby, 2003). The injected nitrogen stirs the molten copper and gives it uniform
composition and temperature during fire refining and anode casting. This homogenization
(a) minimizes solid slag buildups in otherwise cool parts of the anode furnace (Lee,
Kim, & Choi, 2003), and (b) produces uniform anode composition throughout an entire
cast of anodes. Benefit (a) has been crucial in several smelters.

13.2. CHEMISTRY OF FIRE REFINING

Two chemical systems are involved in fire refining: (a) the Cu—O—S system (sulfur
removal), and (b) the Cu—C—H—O system (oxygen removal).

13.2.1. Sulfur Removal: the Cu—O—S System

The main reaction for removing sulfur from molten copper with air at 1200 °C is:

[S] + 02(g) — SOa(g) (13.1)
while oxygen dissolves in the copper by the reaction:
Oa(g) — 2[0] (13.2)

The equilibrium relationship between gaseous oxygen entering the molten copper and
S in the molten copper is, from Eq. (13.1):

K = pso,/(%S0> x pSO;) (13.3)

where K is about 10° at 1200 °C (Engh, 1992, p. 422).

The large value of this equilibrium constant indicates that even at the end of
desulfurization (~0.003% S; po,~0.21 bar), SO, formation is strongly favored
(i.e. pso,> 1 bar) and S is still being eliminated. At the same time, oxygen is still
dissolving.
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13.2.2. Oxygen Removal: the Cu—C—H—O System

The oxygen concentration in the newly desulfurized molten copper is ~0.3 mass% O.
Most of this dissolved O would precipitate as solid CuyO inclusions during casting
(Brandes & Brook, 1998, p. 1215), so it must be removed to a low level.

Copper oxide precipitation is minimized by removing most of the oxygen from the
molten copper with injected gas or liquid hydrocarbons. Representative dissolved oxygen
removal reactions are:

HyC(s,l,g) +2[0] — H,0(g) + CO(g) (13.4)
CO(g) +[0] — COy(g) (13.5)
Hy(g) +[0] — H20(g) (13.6)

13.3. CHOICE OF HYDROCARBON FOR DEOXIDATION

The universal choice for removing S from copper is air. Many different hydrocarbons are
used for O removal, but natural gas, oil, liquid petroleum gas, and propane/butane are
favored (Ramachandran et al., 2003).

Gas and liquid hydrocarbons are injected into the copper through the same tuyeres
used for air injection. Natural gas is blown in directly (sometimes with steam (Fagerlund,
2010). Liquid petroleum gas, propane and butane are blown in after vaporization. Oil is
atomized and blown in with steam.

Oxygen removal typically requires ~5 kg of gas or liquid hydrocarbons per tonne of
copper (Ramachandran et al., 2003). This is about twice the stoichiometric requirement,
assuming that the products of the reaction are CO and H,O.

13.4. CASTING ANODES

The final product of fire refining is molten copper, ~0.003% S, 0.16% O, 1200 °C, ready
for casting as anodes. Virtually all copper anodes are cast in open anode-shaped
impressions on the top of flat copper molds. Sixteen to 32 such molds are placed on
a large horizontal rotating wheel (Fig. 13.2, Table 13.2). The wheel is rotated to bring
a mold under the copper stream from the anode furnace, where it rests while the anode is
being poured (Fig. 13.3). When the anode impression is full, the wheel is rotated to bring
a new mold into casting position and so on. Spillage of copper between the molds during
rotation is avoided by placing one or two tiltable ladles between the refining furnace and
casting wheel. Most casting wheels operate automatically, but with devoted human
supervision.

The newly poured anodes are cooled by spraying water on the tops and bottoms of the
molds while the wheel rotates (Edens & Hannemann, 2005). They are stripped from their
molds (usually by an automatic raising pin and lifting machine) after a 270° rotation. The
empty molds are then sprayed with a barite—water wash (30 vol.-% barite, 70% water) to
prevent sticking of the next anode (Wenzl, Filzwieser, & Antrekowitsch, 2007).

Casting rates are ~50—100 tonnes of anodes/h (Ramachandran et al., 2003). The
limitation is the rate at which heat can be extracted from the solidifying/cooling
anodes. The flow of copper from the refining furnace is adjusted to match the casting
rate by rotating the taphole up or down (rotary furnace) or by blocking or opening
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FIGURE 13.2 Anode casting wheel. The molten copper is poured at 10 o’clock on the wheel. The solidified
anodes are lifted out of the molds at 7 o’clock on the wheel. The mass of copper in the ladles is sensed by load
cells. The sensors automatically control the mass of each copper pour without interrupting copper flow from
the anode furnace. The anode molds are copper, usually cast at the smelter, occasionally machined into a cast
copper block. Photograph courtesy of Miguel Palacios, Atlantic Copper, Huelva, Spain.

FIGURE 13.3 Molten copper being cast into an anode mold. (Courtesy of Freeport McMoRan Copper &
Gold)
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a tapping-notch (hearth furnace). New anode casting installations cast their anodes in
pairs to speed up casting rates (Alarcon, 2005; Outotec, 2009).

13.4.1. Anode Molds

The molds into which anodes are cast are always copper. They are usually made by
(a) casting molten anode copper (occasionally cathode copper; Wenzl et al., 2007) into
large 1.2 m x 1.2 m open molds, then (b) pressing an anode-shaped die into the surface of
the molten copper. The mold and die are both steel. The die is water-cooled.

A recent modification is to cast the molten copper into the steel mold without the
surface impression, and then machine the anode shape into the solidified block of
copper. Machining gives a smooth, crack-free surface to the anode shape, considerably
increasing the number of anodes that can be cast before the mold surface deteriorates.
The use of phosphorus-deoxidized copper further improves mold performance (Edens &
Hannemann, 2005). Machining will probably be limited to smelters in highly indus-
trialized locations, such as Germany.

In all cases the anode molds are perfectly leveled on the casting wheel, to ensure that
the anode faces are exactly parallel.

13.4.2. Anode Uniformity

The most important aspect of anode casting, besides flat surfaces, is uniformity of
thickness. This uniformity ensures that all the anodes in an electrorefining cell reach the
end of their useful life at the same time. Automatic control of the mass of each pour of
copper (i.e. the mass and thickness of each anode) is now used in most plants (Moats,
Davenport, Demetrio, Robinson, & Karcas, 2007). The usual practice is to sense the mass
of metal poured from a tiltable ladle, using load cells in the ladle supports as sensors.
Anode mass is normally 360—410 kg (Moats et al., 2007). Anode-to-anode mass vari-
ation in a smelter or refinery is £2 to 4 kg with automatic weight control.

Recent anode designs have incorporated (a) knife-edged lugs, which make the anode
hang vertically in the electrolytic cell and (b) thin tops where the anode is not submerged
(i.e. where it remains undissolved during refining). The latter feature decreases the
amount of un-dissolved anode scrap that must be recycled when the anode is
electorefined.

13.4.3. Anode Preparation

Anode flatness, uniformity, and verticality are critical in obtaining good electrorefinery
performance. For this reason, most refineries treat their anodes in an automated anode
preparation machine to improve flatness and verticality (Outotec, 2007). The machine:

(a) Weighs the anodes and directs underweight and overweight anodes to re-melting
(b) Straightens the lugs and machines a knife edge on each lug (for vertical hanging)
(c) Presses the anodes flat with a full body press

(d) Loads the anodes in a spaced rack for dropping into an electrorefining cell.

Inclusion of these anode preparation steps has resulted in increased refining rates and
current efficiencies, improved cathode purities, and decreased electrorefining energy
consumption.
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13.5. CONTINUOUS ANODE CASTING

Continuous casting of anodes in a Hazelett twin-belt type caster (Fig. 13.5) is being used
by several smelters/refineries (Hazelett, 2011). The advantages of the Hazelett system
over mold-on-wheel casting are uniformity of anode product and a high degree of
mechanization/automation.

In Hazelett casting, the copper is poured at a controlled rate (30—100 tonnes/h)
from a ladle into the gap between two moving water-cooled low-carbon steel belts. The
product is an anode-thickness continuous strip of copper (Fig. 13.5, Table 13.3)
moving at 4—6 m/min. The thickness of the strip is controlled by adjusting the gap
between the belts. The width of the strip is determined by adjusting the distance
between bronze or stainless steel edge blocks, which move at the same speed as the
steel belts.

Recent Hazelett Contilanod casting machines have machined edge blocks into which
copper flows to form anode support lugs (Fig. 13.6). The lug shape is machined to half-
anode thickness in the top of these specialized blocks. The blocks are machined at a 5°
angle to give a knife-edge support lug. Identical positioning of the lug blocks on opposite
sides of the strip is obtained by heating or cooling the dam blocks between the specialized
lug blocks.

The caster produces a copper strip with regularly spaced anode lugs. Individual
anodes are produced from this strip by a traveling hydraulic shear (Fig. 13.4). Details of
the operation are given by Hazelett (2011). Adoption of the process seems to have
stopped, probably because copper fire refining (hence anode casting) is not completely
continuous.

FIGURE 13.4 Copper anodes cast from a casting wheel. (Courtesy of Palabora Mining Company, South
Africa. ®Rio Tinto.)
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FIGURE 13.5 Hazelett twin-belt casting machine for continuously casting copper anode strip. The molten
copper is contained in the casting machine by means of moving ‘dam blocks’ on both sides of the machine. The
anode strip is ~0.047 m thick and ~1 m wide. The most recent method of cutting the strip into anodes is shown
in Fig. 13.6. (Reprinted by permission of TMS, Warrendale, PA.)

13.6. NEW ANODES FROM REJECTS AND ANODE SCRAP

Smelters and refineries reject 2—3% of their new anodes because of physical defects or
incorrect masses. They also produce 12—20% un-dissolved anode scrap after a completed
electrorefining cycle (Moats et al., 2007). These two materials are re-melted and cast into
fresh anodes for feeding back to the electrorefinery. The post-refining scrap is thoroughly
washed before re-melting.

The reject and scrap anodes are often melted in the smelter Peirce—Smith converters.
There is, however, an increasing tendency to melt them in Asarco-type shaft furnaces
(Chapter 20) in the electrorefinery itself. The Asarco shaft furnace is fast and energy
efficient for this purpose. Sulfur and oxygen concentrations in the product copper are kept
at normal anode levels by using low sulfur fuel and by adjusting the Oy/fuel ratio in the
Asarco furnace burners.

13.7. REMOVAL OF IMPURITIES DURING FIRE REFINING

Chapters 5—10 indicate that significant fractions of the impurities entering a smelter end
up in the metallic copper. The fire refining procedures described above do not remove
these impurities to a significant extent. The impurities report mostly to the anodes.

As long as impurity levels in the anodes are not excessive, electrorefining and elec-
trolyte purification keep the impurities in the cathode copper product at low levels. With
excessively impure blister copper, however, it can be advantageous to eliminate a portion
of the impurities during fire refining (Carrasco, Figueroa, Lopez, & Alvear, 2003;
Larouche, Harris, & Wraith, 2003). The process entails adding appropriate fluxes during
the oxidation stage of fire refining. The flux may be blown into the copper through the
refining furnace tuyeres or it may be added prior to charging the copper into the furnace.

Antimony and arsenic are removed from molten copper in the anode furnace by
fluxing with alkaline fluxes such Na;COs3;, CaCOj3, and CaO (Carrasco et al., 2003;
Larouche et al., 2003). Removals up to 90% are obtained. Lead, on the other hand, is
removed from molten anode furnace copper by adding SiO, flux. This was practiced
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(Sato, Adji, Prayoga, & Bouman, 2010)

ABLE 13.3 Details of Hazelett Continuous Anode Casting Plant at Gresik, lndonesh\

PT Smelting Co.

Smelter Gresik, Indonesia
Startup data 1998
Anode production tonnes/year 300000
Casting machine size, m
Length between molten copper entrance and solid 3.81
copper exit
Band width (total) 1.65
Width of cast copper strip (between edge dams) 0.93
Length of lug 0.18
Thickness of cast strip 0.047
Thickness of lug 0.027
Band details
Material ASTM A607 Grade 45 steel
Life, tonnes of cast copper 1200
Lubrication Silicone oil

Edge block details

Material

Hardened bronze

Life, years

~3 years (~0.5 years
for anode lug blocks)

Method of controlling copper level at caster entrance

Electromagnetic level indicator

Temperatures, °C

Molten copper 1120—-1150

Cast anode (leaving caster) 880—930
Casting details

Casting rate, tonnes/h 100

Caster use, h/day 9

Method of cutting anodes from strip

Hydraulic shear

Anode details

Mass, kg 400
Acceptable deviation +7 kg
% Acceptable anodes 97

\_
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FIGURE 13.6 Sketch of system for shearing anodes from Hazelett-cast copper strip (Hazelett, 2011).
Suspension of an anode in an electrolytic cell is also shown.

extensively by the Timmins smelter, now shut (Newman, MacFarlane, Molnar, & Storey,
1991). About 75% removal was obtained.

13.8. SUMMARY

The final step in Cu pyrometallurgical processing is casting of flat, thin anodes for
electrorefining. The anodes must be strong and smooth-surfaced for efficient electro-
refining — bubbles or blisters of SO, are unacceptable.

Blister formation is prevented by removing sulfur and oxygen from molten copper by
air oxidation then hydrocarbon reduction. The air and hydrocarbons are usually injected
into the molten copper via one or two submerged tuyeres in a rotary anode furnace.

Anodes are virtually always cast in open molds on a large horizontal rotating wheel.
Uniformity of anode mass is critical for efficient electrorefining so most smelters auto-
matically weigh the amount of copper that is poured into each anode mold. The molds are
also carefully leveled on the wheel to give parallel anode faces.

The cast anodes are often straightened and flattened in automated anode preparation
machines. Their lugs may also be machined to a knife-edge. Uniform, straight, flat,
vertically hung anodes give pure cathodes, high productivity, and efficient energy use in
the electrorefinery.
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Electrolytic Refining

Almost all copper is treated by an electrolytic process during its production from ore. It is
either electrorefined from impure copper anodes or electrowon from leach/solvent
extraction solutions. Considerable copper scrap is also electrorefined. This chapter
describes electrorefining. Electrowinning is discussed in Chapter 17.

Electrorefining entails (a) electrochemically dissolving copper from impure copper
anodes into an electrolyte containing CuSO4 and H;SOy4, and (b) selectively electro-
plating pure copper from this electrolyte without the anode impurities. It produces copper
essentially free of impurities, and separates valuable impurities such as gold and silver
from copper for recovery as byproducts.

Copper anodes with a typical purity of 98.5—99.5% Cu are electrorefined to produce
cathodes with a purity of >99.997% Cu. Electrorefined copper, melted and cast, contains
less than 20 parts per million (ppm) impurities, plus oxygen which is controlled at
0.018—0.025%.

Table 14.1 presents industrial ranges of copper anode and cathode compositions.
Figures 14.1 and 14.2 show a typical flow sheet and modern industrial electrorefining
plant, respectively.

14.1. THE ELECTROREFINING PROCESS

An electrical potential is applied between a copper anode and a metal cathode in an
electrolyte containing CuSO,4 and H»SO4. The following processes occur:

(a) Copper is electrochemically dissolved from the anode into the electrolyte, producing
copper cations plus electrons:

Cu® — Cu’T +2~ E° = -034V (14.1)

anode

(b) The electrons produced by Reaction (14.1) are conducted toward the cathode through
the external circuit and power supply.

(¢) The Cu®" cations in the electrolyte migrate to the cathode by convection and
diffusion.

(d) The electrons and Cu" ions recombine at the cathode surface to form copper metal
(without the anode impurities):

Cu*™ +2¢7 — Culyoge E° = +0.34V (14.2)
Overall, copper electrorefining is the sum of Reactions (14.1) and (14.2):
Cui"mpure - Cugllre E° =00V (14.3)

Extractive Metallurgy of Copper. DOI: 10.1016/B978-0-08-096789-9.10014-9
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KTABI_E 14.1 Industrial Range of Copper Anode and Cathode Compositions (Moats\
et al., 2007)

Element Anodes, % Cathodes, %
Cu 98.2—99.8 Up to 99.998

Ag 0.01-0.75 0.0005—0.0025
As Up to 0.25 <0.0005

Au Up to 0.03 Trace

Bi Up to 0.06 <0.0003

Fe 0.001—0.030 <0.0003

O 0.035—0.35 Not determined
Ni 0.003—0.6 <0.00001-0.002
Pb 0.001-0.9 <0.00001-0.001
S 0.001—0.018 0.0002—0.013000
Sb Upto 0.13 <0.00050

Se 0.002—0.12 <0.0002

Te 0.001—0.065 <0.0002

N /

In practice, resistance to current flow must be overcome by applying a potential
between the anode and cathode. Small overvoltages must also be applied to plate copper
on the cathode (~0.05 V) and dissolve copper from the anode (~0.1 V). There are also
Ohmic drops across the electrolyte and the electrical contacts. Applied industrial
anode—cathode potentials are ~0.3 V (Moats, Davenport, Robinson, & Karcas, 2007).

The impurities in the anodes either do not dissolve or are not plated at the cathodes, so
the purity of the copper plated onto the cathodes is much higher than that of the anode
starting material.

14.2. CHEMISTRY OF ELECTROREFINING AND BEHAVIOR
OF ANODE IMPURITIES

The principal impurities in copper anodes are Ag, As, Au, Bi, Co, Fe, Ni, O, Pb, S, Sb, Se,
and Te (Table 14.1; Noguchi, lida, Nakamura, & Ueda, 1992). They must be prevented
from entering the cathode copper. Their behavior is governed by their position in the
electrochemical series (Table 14.2).

At the anode, elements with less positive reduction potentials than Cu dissolve under
the applied potential, while elements with more positive reduction potentials remain in
solid form. At the cathode, elements with more positive reduction potentials deposit
preferentially, while elements with more negative potentials remain in solution.
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FIGURE 14.1 Copper electrorefinery flow sheet. Impure copper anodes are dissolved electrolytically in
a CuSO4—H,S04 electrolyte and pure copper is plated from solution as cathodes. The electrolyte purification

circuit treats a small fraction of the electrolyte (Section 14.5.4). The remainder is recirculated directly to
refining (after reagent additions and heating).

14.2.1. Au and Platinum-group Metals

Gold and the platinum-group metals (PGMs: Pt, Pd, Rh, Ir, Ru, Os) do not dissolve
in sulfate electrolyte. They form solid slimes, which adhere to the anode surface or
fall to the bottom of the electrolytic cell. These slimes are collected periodically and
sent to a Cu and byproduct metals recovery plant (Chen & Dutrizac, 2004; see
Chapter 21).

14.2.2. Se and Te

Selenium and tellurium are present in anodes mainly as compounds with copper and
silver. They also enter the slimes in these bound forms, which include Cu,(Se,Te),
Agy(Se,Te), and CuAg(Se,Te) (Campin, 2000; Chen & Dutrizac, 2003; Hiskey & Moats,
2010; Ramirez, Rios, & Martin, 2007).
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FIGURE 14.2 A modern copper electrorefinery in China. Note the overhead crane used for moving anodes
and cathodes to and from the cells. In the background, the plastic sheets covering some of the cells minimize
evaporation and heat losses, thereby minimizing energy consumption. (Courtesy of Outotec.)

14.2.3. Pb and Sn

Lead is present in the anode both in solid solution with copper and as a secondary
complex oxide phase along grain boundaries. Most lead dissolves from the anode and
forms PbSO4 by precipitation. Tin forms SnO, on the anode. Both of these compounds
are sparingly soluble and report to the slimes.

14.2.4. As, Bi, Co, Fe, Ni, S, and Sb

As indicated by Table 14.2, these elements usua