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1- Non ferrous extractive metallurgy, By: C.B. Gill
2- Principles of extractive metallurgy, by: Terkel Rosenquist
3- Extractive Metallurgy of Copper, By: BISWAS, DAVENPORT,
KING, SCHLESINGER
4- Chemical metallurgy, By: J.J. Moore
5-Principles of pyrometallurgy, By: C.B. Alcock
6-A textbook of hydrometallurgy, by: F. Habashi
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Extraction of metals
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Vinerale: Oxides, Sulphides, Cxysalis
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Gangues: Silicates Oxides, Sulphides
Concentration of ores why?

Facilitate the subsequent extraction process
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Major steps in extraction of metal

* Ore concentration

— Ore is purified and concentrated, unwanted rocks
removed

 Reduction to crude metal

— Metal oxides to be reduced to metals, resulting in a
mixture of metals collected

* Refining to obtain pure metal

— To obtain a specific metal, purify and remove
unwanted metal impurities




Concentration

Scope: produce a mineral concentrate with
approx. 25wt% of metal or more

> Steps:

» Comminution ( 025 2 A):
» crushing
» grinding

» Screening

» Separation process

Comminution

» Crushing ore into fine particles

»Reduction ratio(= entry size/exit size)= 3:1
to 4:1

» Grinding /milling: finer particle (6 mm for
sintering)

» Screening between each crusher to remove fine particle
and avoid further size reduction




Separation process

» Classification process: separation different
particles based on different travelling rates through a

fluid.
» Separation: Froth flotation

» Based of surface energy difference
» Introducing air bubbles into cells containing different

minerals particles in water

» Adsorption metal-bearing particles onto air bubbles
» Rising bubbles results in separation from gangue

particles
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Fig. 1.3. Schematic view of flotation cell. Reagents cause Cu-Fe sulfide and Cu sulfide
minerals in the ore 1o attach to rising air bubbles, which are then collected in a short-lived

froth. This froth is de-watered 10 become concentrate.

The un-floated waste passes

through several cells before being discarded as a final tailing. Many types and sizes (up

to 100 m*) of cell are used, Chapter 3.




> If particles are too fine

Agglomeration

»Very dense ore
» Agglomeration routes:

» High temperature methods:
> Sintering
»Nodulising

»Room temperature:
»Pelletising and briquetting

Extraction by
electrolysis of
molten Al,O,
dissolved in
cryolite

Ways of Extraction
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molten chlorides
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i heating alone

Pt
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the extraction of metals

Metals at the top of the reactivity series are very reactive:
bonds in their compounds are very strong

must be extracted by decomposing their compounds with electricity
in an expensive process called electrolysis

aluminium is extracted from aluminium oxide by passing an electric
current through it
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Minerals of metals

Iron

Hematite Fe,0; cal %Y+ a5 5
Fe304 Magnetite c»l %VYY 253s )2
Limonite Fe,05.XH,0 1 %7¥-0% 258 3
Siderite FeC0; cal %¥A 250a o

Aluminium:
Bauxite Al,05;.XH,0
Al,04.3H,0 Gibbsite
Al,O5. H,O Diaspor
Al,O; Corundum




« Copper (Sulphide and Oxide)

Chalcopyrite:CuFeS,
Chalcocite:Cu,S
Covellite: CuS
Bornite: Cu;FeS,
Enargite: Cu;ASS,

Malachite: CuCo,.Cu(OH),
Azurite: 2CuCo;.Cu(OH),
Cuprite: Cu,0

Tenorite: CUO

 Lead

PbS @l 9 s Aiusld &) )

*Cerussite PbCo,

oZinc: Splalerite Zns

‘Manganese:

Pyrolusite MnO,(40%Mn)
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 Magnesium:

 Magnesite MgCO,

* Dolomite MgCo,.CaCO,

+ Olivene (green) (Mg,Fe),SiO,

 Titanium:
* Rutile TiO,
* llmenite Feo.TiO,

14




Metal extraction methods
*Pyrometallurgy: high temperature process
(500-2000 C) near MP

“*Smelting, converting and fire refining

*Hydrometallurgy: extraction from aqueous
solutions

»Putting the metal values into solution
(leaching)

“*Recovering the metal from solution
(precipitation)

‘*Electrometallurgy : uses electrical energy for
chemical reaction (electrowinning, electrorefinin%)

Electrometallurgy

 Electrowinning : extraction of metals from
an electrolyte

 Electrorefining: refining of the impure
metals from anode

16




Pyrometallurgy characteristic

**High temperature process(500-2000°C)
(thermodynamic and kinetic)

s»Accelerate reaction - Increase production
rate( every 10°C double the rate of process)

> Ability to change reaction direction
(equilibrium) with T
e.g. At 25°C Zn+CO->2Zn0O+C

oAt 1200°C ZnO+C—->Zn+Co i.e. Carbon can
not reduce ZnO except at elevated T

*»lodide refining of refractory metals(Zr, Ti)

17

e Suitable for reactive metals like Ti and Zr
* Reaching equilibrium at High T

* Need to suitable purity ores—> Ore
dressing

18




Hydrometallurgy characteristic
» Low temperature process—> more safe and

low energy consumption

» Slow reaction—> time consuming

» Environmental effect ( gas contamination,
dust, water, heavy metal like Hg)

» Thermal contamination is lower
» Cut off contamination
» High price solvent

» Recover precious metals as by-product

19

ELECTROMETALLURGY
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Preliminary process

« Convert metal bearing compounds into
form that easily processed

Sulfides = Oxides, Sulfates and chlorides
Oxides—> Sulfates and chlorides
Carbonates—> oxides

Unit process: connection between different
processes for overall extraction and refining
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Method selection
> Kind of ore:

»oxides and sulfates - leaching
» Sulfides difficult to solve

» grade of purity reqiured

»E.g. Zinc produced by Pyrometallurgy from ZnS
contains impurity like As, Fe, Pb—> useful for
galvanizing and brass producing

»High pure Zn by electrolytically precipitation from a
leach solution = for Zinc alloys manufacturing
» presence of precious metals

»E.qg. Blister copper without precious metals
processed by inexpensive fire refining

»With precious metals electrorefining 22




Nonferrous Extractive
» Reactive metals: Al, Ti, Mg, Zn, U

»oxidation problem or Impossible to electrowining
from an aqueous

» need special equipment keep them exclude from Air
atmosphere like Vacuum or inert gas sealed furnaces

» Nonreactive metals: Cu, Ni, Pb, Co, Au, Ag

»Simply processed in an air atmosphere without
any problem of oxidation during reduction of
metals oxides by Carbon or precipitation from an
aqueous solution
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Nonferrous Extractive
» Reactive metals: Al, Ti, Mg, Zn, U
»Pyrometallurgy treatments: Roast, Smelt, Refine

»Hydrometallurgy treatments: Roast, Leach,
Concentrate, purify, precipitate, refine

» Nonreactive metals: Cu, Ni, Pb, Co, Au, Ag

»Pyrometallurgy treatments: Roast, Smelt, convert,
Refine

»Hydrometallurgy treatments: Roast, Leach,
precipitate, refine

24




Nonreactive metals Pyrometallurgy

» Oldest and most frequently used method.

Drying and calcination

»Cu, Ni, Pb, Co

Roast 4y g
I
Smelt
Jaasd
convert
Fire refining Electrolytic refining chemical refining
o) dpdual o 9 i) Ahaas Lbandi Apdal | 25

Nonreactive metals Hydrometallurgy
»Cu, Ni, Pb, Co

Concentrate

!

<—{ Leach

Electrolytic
precipitate

|

Metal

Rolast rl

l

Chemical
precipitate

Electrolytic |_clhemical refining

refining
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reactive metals, Pyrometallurgy

Drying and calcination

J
Roast

Smelt

»Al, Mg,Ni,Zn,U

|

l

Fire refining

Electrolytic refining

|

—>  Metal
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Reactive metals Hydrometallurgy

>Al, Mg,Ni,Zn,U

Purify H Leach ‘_ﬁConcentrate

!

l !

Electrolytic precipitate

Chemical precipitate

l

l

Fire refining

v

Metal
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Drying Wbyl 2 Gy

Drying: removing water from ores,
concentrates and cokes at high T / room
T(decrease pressure of atmosphere below partial pressure

of water) P,V

10 Hv

Pﬂ.l.l' - Vll.r
P
Vo= =2 xV
H-0 Pm- air
29
Calcination

 Calcination: Removal of chemically
bound gasses: CO,(carbonates) and
H,O, (hydrates)

« CaCO,>Ca0O+CO, (at T=825°C AG°=0)- AH°=161
kJ/mol

« Mg(OH),(s)>MgO(s)+H,0)(g) =L AH°=46 kJ/mol

« Decomposition T: MgCO,( 417°C),MnCO,(377°C),
FeCO,(400°C)

30




Calcination

Drive Gear

Kiln Hood
Burner Pipe A
\ | 4 Exhaust

Gas
,H I Cut

Firebrick

Steel Shell ini
— Clinker SR Koy
e to Cooler
from Cooler
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calcination

CacO3+Coke [

exhaust
fan

i

Pre heating ) 4 glu) (s gac 5y S
zone(800°C)
Reaction
zone (1000°C)
fuel —— — ot e — —— fuel

Cooling zone

Air+25%extra air ||

lime out

CaO 32




Pyrometallurgy

: Oxidation of metal sulfides to give metal
RoaStlng oxides and sulfur deoxide

s*Change metallic compounds into forms
s»Easily treated by following treatment
+*Remove some volatile impurities in gas stream

»>Easily treated by following treatment
> Oxides reduced better than sulphides
» sulphates and chlorides by leaching

Roasting Vs. Calcination

1A 9l £ gl
Al 9 O3 S bl g i AW g g IS (Ol apss)
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Examples
MS+ 0O, =MO + SO,
2ZnS +30, =2Zn0 + 250,
2FeS + 5 SO; =Fe, O3 + 450,

Roasting :

1-below smelting Temperature of the sulfides and oxides
involved, usually below 900-1000°C.

2-on the other hand for kinetics of reaction temperature hasto
be above 500-600 °C. Thusthe temp range of interest is
between 500-1000°C.

34




Roasting 4 i
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:Chloridising roasting s 43 94
) S b Slal Tl ph ) el a4y @l 3B ) ald s 5 s
(M58 oo 4t QLB 8 ) aS At )36 U ND, Zr, Ti
. 2NaCl+MS+20,=Na,SO,+MCl, 13k <
. 4NaCl+2MO+S,=2Na,S0,+2MCl,
+ Ti0,+C+2CL,=TiCl,+CO, (500C)
DB ) O el S5 0 51 (353 a8 (Al (S a5 380 ile
Sl TIO, O ol TiCl, (Saelind sa s
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:Volatizing roasting s_sad 4 s
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* 6Fe,03+C>4Fe;0,+CO, (at400-500C, time=15 min)
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Roasting Objectives:
»Conversion to Oxides (for Pyrometallurgy)
»Formation of Sulphates (Hydrometallurgy)
of Roasting represent which one can be
attained (1 5 288 ¢y 5aS) 4y 58 2l 3 50 al (ol al)
Duration of roasting depends on Kinetics
Predominance area diagrams(Stability Diagrams):
Isothermal diagrams ( ranges of gas composition that each
phase can exist singly or in equilibrium with others)
Lsala Sl as pald led SG )2 a8 diad e i Lo 4o s lal slew!_SLs
A1 I8 Jalad (A8 K 5 ()5eS) )l et S 5L ) o8 Sl

This diagram shows the ranges of gas compositions (partial
pressures of sulfur dioxide and oxygen) over which each phase
(M, MS, MO, MSO4) exists singly, or in equilibrium with another
phase or phases.
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Application of the phase rule to the three-component
(ternary) system M-S-0O shows that at a fixed temperature
and a given total pressure of the gas phase, a maximum
of three condensed phases can co-exist

This situation is indicated by the point of co-existence of
M, MO and MS, as well as by the point at which MS, MO
and MSO, co-exist in the figure.

42




How to draw a diagram:

1- knowing phases (solid phases: MS, MO, MSO,, M) gas phases(
0,, SO,,S,,S0;) 4 S aa L8 Lslie 5 3l S 2ala o

2- writing possible reactions:

3- correlation between variables in equilibrium constant

4- draw in appropriate coordination

In Metal-Sulphur-Oxygen system maximum 5 phases
at given T and fixed total pressure - 3 condensed
phases and one gas phase( mixture of gases is one phase)

possible reactions:

2 2
2MS + 30, —> 2MO + 250, (dead roast) where K = “MOPSo,
_ amsPo,
s a
MS + 20, — MSOj; (sulphating roast) ~ where K = —450s
apmsPo,
MS + O, —M + SO, (reduction roast) where K = MPS02
amsPo
10, — SO y

becomes large. Also when pg, and Pso,

is large and islow, p g X
Thus, when pgg, 18 larg Po Sa ired condition for sulphating roasting;

are large Pgo, becomes large which is the requ
the sequence of reactions being,

MS + ;_02-—1-M0 + SO,

SO, + 1502 — SO;,
MO -+ 503 —> MSOy4

giving the overall sulphating reaction,
MS + 20, —> MSO,

MO+ 505 +%ﬂa = M5S0, LogPS0; = —Logk —%Lagi’ﬂa
1 1
M+Eﬂ; - a LogKk = —7 LogFQ;

44




MS + O, —M + SO, (reduction roast) where K = 9MPSoz

LogRS0, = LegK + LogPO, oo

Line with slope 1

2
oMS + 30, —> 2MO + 280, g = PSO;

PO, .
LogP50, = LoghK + 3 LagiQ;

MS + 20, — MSOj; (sulphating roast) where K = _M;s_oi,_
“mMsPo,

—2LogRD,; = Logk

Mﬂ—l—.ﬂﬂa—h%ﬂa - M5S0, LogPS0, = —iﬂgi’f—%LﬂgFﬂa
1 1
M-I—EEE —= MO Loghk = _ELGHFHE
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LogP505

@ LogR{,

Constant Temperature
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o /
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MS //
1 MO
5
M
LoeglPQ,
Constant Temperature
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Application:

1- at different temperature and different kind of metals—>
same shape of diagram-> only different slope of line and
area
2- to attain proper phase—> change T and Partial pressure of
O, and SO,

in practical. Instead of oxygen, air used for Roasting
in industrial furnaces PO,=0.2 atm—> PS0O,=0.2
As a result, in roasting the best controlling factoris T
3- effect of activity:
Pure materials a=1, impure a<1-> same shape with small
shifting of the lines - change the area
Decreasing activity of a phases—> broadening the
predominance area

48
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Kinetic of Roasting

Roasting is gas reduction of oxides ( Solid+gas->Solid+gas)
Gas(0,) should reach inner layer of ore to react.
e.g.: possibility of CuSO, presence in the core of ore

2- penetration of O, into oxide layer

4- leaving SO, the oxide layer

Problems: 1- size of particles: un-reacted parts in the core
Difficultly for Oxygen to reach the inner layer and for SO, to leave
Increase temperature ( technical limitations)

2- Saturation of atmosphere with produced gas (SO,): injection
fresh air
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Smelting )’\.\f

* Melting and separation of the charge into 2

immiscible liquid layers
°© o

.
w Matte / Metal Slag
Matte

Matte: Mixture of molten sulphides of heavy metals and
producedon smelting of metal sulphide concentrates

O
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Reduction smelting: reduction of Metal oxide concentrates under highly
reducing conditions with carbon or some other suitable reducing agent
liquid slag-liquid metal separation.

Matte smelting: smelting metal sulphide concentrates under neutral or

slightly reducing conditions /

liquid slag-liquid matte separation.

liquid —liquid separation process

Slags: 1-collecting unwanted materials 2-formation of layer over the metal
melt

Slag characteristics:

«+Enough difference between slag and metal density

++Good fluidity to separate easily

*Proper composition to lower gangue and inclusion activity and to
give the optimum balance of basicity and fluidity is extremely important so
that maximum removal of impurities takes place

65

How to make slag

Adding Fluxes:
»Decrease melting point and Increase fluidity of slag
»Basic flux for Si gangues CaO

»Using flux as a coating layer over the melt
potassium and sodium carbonates

»For precious metal oxidant flux(Na,O, :NaNO, :<KNO,)
and reducing flux(NaCN)
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Smelting furnaces

lower melting points of Metal sulphides than metal
oxides matte smelting at lower temperatures

Reverberatory furnaces: neutral or only a slightly
reducing condition.

Feed D*DC (concentrate + flux) Oflrohe gas

—H . J
Burner‘l\_ e O S T T
/_

1-reflected or reverberated of combustion products of the fuel from inclined

furnace roof
2- The long, wide hearth allows good slag-matte separation, but the process

tends to be slow.
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Electric arc furnaces:
for higher temperatures (>1500°C)

Main application :production of ferro-alloys, Ni,;S, smelting, and in
ironmaking areas where electricity is cheap and production
requirements are too low for the use of a blast furnace process.

Removoble roof//G'ODhi'e elec lrodes

]
>‘ -_“_M‘
_—= Pouring
T v y— ——— spout

_——-.._—
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modern flash smelting

1-Higher production rate (incorporating the principles of flash roasting with
melting.)

2-Injection of finely ground ore(high areas of contact between the roasting
gas, flux and concentrate) + oxygen/preheated air +flux.

3- settlement of oxidized product and formation of a liquid slag-liquid matte
separation.

4- it is an aufogenous process

Oxygen +
lcunc:nlrote + flux

¢

Offtoke gos Oxygen +
jCOf!:enerh
+ flux
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blast furnace

For lumpy form and/or when a high reduction potential is required

Charge: metal oxide smelting with coke and flux

MO + CO > M + CO2 \ 5.
N

Circular blast furnace for
high melting point oxides 3 |
The CO/CO, ratio is used as a major control

parameter in blast furnace smelting of metal
oxides.

b-Stock level

Buste moin
transporting
preheated
or

— -s'oq

[ =~ == — —Mote o
metol




Rectangular blast furnace for lower boiling point metals such as Pb and

Zn

Lower temperature decrease the danger of metal loss through volatilization of

the low boiling point metals

for matte smelting of metal sulphides only sufficient coke is charged to
provide the necessary furnace atmosphere and heat since a reduction

reaction is not required.

Offtok
The success of the matte J.;f-_'—_?%l
smelting operation is u
judged by the:
]
fall and grade of maftte '——l
_ weight of matte
tll of matte total weight of materials charged X 100%
| |
— weight of metal (to be extracted) in matte
srade of matte total weight of matte A boox Bustie
main
e e = Tuyere
== (e)

Copper:

»present in the earth’s crust as copper-iron-sulfide and copper sulfide
minerals, e.g. chalcopyrite (CuFeS,), bornite (Cu;FeS,) and chalcocite
(Cu,S).

> Typical copper ores contain from 0.5% Cu (open pit

mines) to 1 or 2% Cu (underground mines).

»Pure copper metal is produced from these ores by
pyrometallurgical methods(concentration, smelting and
refining)Copper also occurs in oxidized minerals (carbonates,
oxides, hydroxy-silicates, sulfates), but to a lesser extent. Copper
metal is usually produced from these minerals by
hydrometallurgical methods, Hydrometallurgy is also used to
produce copper metal from chalcocite, Cu,S.

»Scrap copper and copper alloys is 10 or 15% of mine production.

In addition, there is considerable re-melting/refining of scrap
generated during fabrication and manufacture.
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Sulfide Ores (0.5 - 2.0%, Cu)

Comminuton

l Flotation

]
Concentfrates {20 - 30% Cu)

‘ Drying Drying Drying
! i

e 1
Olther smeltin | Rl | w = w
processes” 9 e nts- i3 ’_l l— I_] J ]———-

Submerged luyere

smelting Flash smelting Direct—to—;:opper
L smeltng
= -
MMaltle (SO-70O0%%Cu) rulti-furnace
Pt m T m s d T WS bl

coppaermaking

» F’:ﬁ:ﬁf:ﬁ:ﬁ oo o
Jaad ¥

Anode refining
and casting

| AR S —

¥

4 "
i i Anodes (99.5% Cu) = M

A4 ”

‘.
"illllll ”llll I| Electrorefining

v —
I:l Cathodes

A 4
Meilting

bMolten copper, <20 ppm impurities *

—250 ppm oxygen
@Continuous casling 73

Fabrication and use

H2SO0Oa4 leach solution, recycle from solvent extraction

|=— mMmake-up H2SO4

10 kg H>2SO/mMm”~>, 0.3 kg Cu/m>

YV VY VYYyY
£

Ore 'heap’

yr
—‘>\<\J“‘7_W‘_ Colection dam

1 to 6 kg Cculrm™

v

Solvent
extraction

Electrolyte, 40 kg Ccu/m>

"I'”llllll]l”l” Electrowinning
:} Stripped cathode plates

!! Melting

Conliﬂuous casting

Fabrication and use

Molten copper, <20 ppm impurities
—250 ppm oxygen
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Type Common Chemical Theoretical
minerals formulae % Cu 3
=
Primary sulfide chalcopyrite  CuFeS, 4.6 g
minerals ‘ (]
{(hypogene sulfides) __ bomite _____ CusFeS, 633 &
3
supergene sulfides chalcocite Cu,S 79.9 8
covellite CuS 606.5
native copper metal Cu® 100.0
carbonates malachite CuCO;-Cu(OH), 57.5 B
azurile 2CuCOy-Cu(OH), 55.3 &g-
hydroxy-silicates chrysacolla  Cu0-Si0,-2H,0 16.2 g
hydroxy-chlorides atacamite Cu,CI(OH), 59.5 ]
oxides cuprite Cu,0 88.8 2
tenorite CuO 79.9 =
sulfates antlenite CuS0,4-2Cu(OH), 53.7 8
brochantite  CuSO,-3Cu(OH); 56.2
75

Extracting Copper from Copper-lron-Sulfide
Ores

> About 80% of the world’s copper-from-ore originates
in Cu-Fe-S ores(about 1% Cu).

» 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:

+ Concentration by froth flotation (isolating an ore's Cu-Fe-S
(and Cu-S) mineral particles)- 20-30%Cu

Roasting of sulfides

Smelting the concentrate to molten high-Cu matte(50-70%)
Converting the molten matte to impure molten copper (99%)
Fire- and electrorefining impure copper to ultra-pure copper.
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Roasting of sulfides
AP RV P JERRT P
Ladl g () <COS 3 H,S ,CS, G (ap 0l g JiS33 3 T 50 Ay dasi
A i S M) giga by 9 OJeuaE (RS D) O (el Al 3 g oa g il
Cida a0l g a8 ol (s g S 5 abia) (1 Al Jale o) gis
MLV QPET I PWRPIVL SRR

Roasting: decrease sulfur content to an optimum level
@ Drying the concentrates
e Oxidizing a part of the iron present
e Controlling the sulfur content
e Partially removing volatile impurities, espe-
cially arsenic
e Preheating the calcined feed with added
fluxes, chiefly silica and limestone
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Possible reactions Cu,S+0,>Cu,0+30,

during roasting : FeS+3/20,>Fe0+SO0,
3FeS,+80,>Fe,0,+6S02

Cu,S more stable than FeS O, affinity for Fe higher than for Cu

—t

Control of PO, to oxidize only Fe

Cu remains as sulfide

| 2CukFeS, ) + 30, — 2Fe0  + 2CuS) + 250, |
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Smelting of Copper Ores

Concentrates :

» Sulfide minerals

+ Gangue oxides (Al,O0;, CaO, MgO, SiO,)
* Metallic impurities (Lead, Zinc)

* Precious metals( Au, Ag, Cd, Ni, Mo)

Theoretically, this material could be directly reacted to produce
metallic Cu by oxidizing the sulfides to elemental copper and
ferrous oxide:

CuFeS, +

tafun

O, —» Cu” + FeO + 280,

Exothermic

CuS+ 05 — 2Cu + SO,
FeS, + 30, — FeO + 280,

molten copper

Smelting products should be:

Molten slag(flux oxides, gangue oxides and FeO) -9

Smelting of copper ores
Under oxidizing conditions:
Cu,S + -:_::-02 — | Cu>0 |+ SO,

Slag (0.2 — 1%Cu)
More Fe in concentrate ——) More slag ——> More Cu lost

— =

Decreasing Fe in roasting step is one solution

The most important equilibrium
Cu,O + FeS§ = Cu,S + FeO

Adding Silical——) Fayalite ( Ferrous silicate)
2FeO + Si04 — Fe,Si04  Slag

Molten FeS reduce 3Fe;03 + FeS — 7reO + SOz(g)
more oxides 3Fﬂ304 + FeS — 10FeO + SOZ(g) 80




CUFCSz + 0, + SlOz — Cu-Fe-S + FGO'SiOz + SO,

matte slag
B

adding SiO, to an oxy-sulfide

Solid Si0O;

liquid causes it to split into matte * single fiquid
and slag. *
1200°C
what happens when a mixture of
FeO, FeS, and SiO, is heated to Solid Si0,
1200 C? Mass% FeS N “‘10 liouids
Lines a, b, ¢ and d represent the
equilibrium compositions of the oxysullide
two liquids. St sio,

Ligquid

+ single liquid
+ solid FeQ © k

A

10
FeS and FeO <]
10 20 30 40

Fig. 4.1. Simplified partial phase diagram for the Fe-0-8-8i0; system showing liquid-
liquid (slag-matte} immiscibility caused by 810, (Yazawa and Kameda, 1953). The
heavy arrow shows that adding 510, to an oxy-sulfide liquid causes it to split into FeS- 81
rich matte and FeS-lean slag. The compositions of points A and B (SiO; saturation) and
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Element Matte Slag Flue dust
Arsenic 35 55 10
Antimony 30 55 15
Bismuth 10 10 80
Selenium 40 — 60
Tellurium 40 e 60
Nickel 98 2 —
Cobait 95 5 —
Lead 30 10 60
Zinc 40 50 10
Tin 10 50 40
Silver and gold 99 1 —

c%ppm YV OA#SJAO/O~/~V ca Y o [VA Jgﬁwﬂwdm
L) SlSppm- < /4 3 Sdppm VY o _Aippm \/\;2




Slag:These oxides include FeO from Fe oxidation, SiO2
from flux, and oxide impurities from concentrate.

solution of molten oxides like FeO, Fe,0,,SiO,}, Al,0,;,Ca0, MgO
—I =

Decrease sulfide solubility

Slags from Cu matte smelting: 30-40% Fe in the form of oxides
30-40% SiO,

(Cu in matte/Cu in slag) should be between 50-100 wt%

High matte grade is not favourable why?

U high copper losses in slag

UCopper in slags trapped in 3 forms: suspended matte,
dissolved copper (ll)sulfide, slagged copper(l) oxide
Slags containing <0.8% Cu - discarded

AY

1400 T
Cu,FeSy
Matte 1
1 L + (.‘U_i I'LcS“ 41'1
1 100 A—
- 1 .
¥ CugFeSyq 88 L~
2 s00f ' L
T
=5 - # ,
‘E II'I.r" "h.\l l ,!’ | |
= i R |
= i }f Y, .
500} Cu,S-Fe .phase.qlagtam_
CugbeSqypq + Cuys
Copper, percent |
100L30 60 40 | 20
j i 1 . |
Cu,S 20 30 60 80 FeS) g
I;"‘:SI‘“’L r:'Fl

Matte vs. slag:

1- higher density (3.9 for pure FeS to 5.2 for pure Cu,S)
2-lower melting points (1200°C of most slags)

3-lower viscosity ( 0.003 kg/m.s vs. 0.2-1 kg/m.s for typigal
slags)




Reactions During Matte Smelting

Purpose of matte smelting: turn the sulfide minerals in solid
copper concentrate into three products: molten matte,
molten slag and offgas.

CuFeS; + O, — Cu-Fe-S + FeO + SO,

matte
1- large amount of O, will oxidize more of the Fe in the concentrate.

higher matte grade Cu-S + 20, — Cu-0 + SO
. 7 vl 2\ D
Copper loss in slag
2-FeO content of the slag—> high activity of FeO

FeO + CuS - FeS + Cu,O IFe()
in slag in matte in matte  inslag )

Lowering FeO activity _. : .-
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SMELTING PRODUCTS: MATTE, SLAG

AND OFFGAS
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

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

* There are two types of flash smelting: the
Outotec process (~30 furnaces in operation)
and the Inco process (four furnaces in
operation).

« The Outotec process was formerly known as
the Outokumpu process.
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Outotec flash furnace ‘45—m-‘

REACTION
SHAFT

FIGURE 6.1 Schematic of a year 2010 Qutotec flash furnace. This furnace is designed to smelt up to
4500 tonnes of concentrate per dav. A concentrate burner 1s shown in Fig. 6.2, It sits atop the reaction shaft.
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Inco flash furnaces

» At the start of 2010 there were four Inco flash
furnaces in operation: 1-Almalyk,Uzbekistan

- 2-Hayden, Arizona
* 3,4-Sudbury, Ontario (two furnaces)

 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.
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INCO VS. OUTOTEC FLASH SMELTING

Outotec advantages:

(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

103

Converting : Converting is oxidation of molten Cu-Fe-S matte to form
molten 'blister' copper (99% Cu).

Oxidizing Fe and S from the matte with oxygen-enriched air or air 'blast’.
(in the Peirce-Smith converter with submerged tuyeres)

Figure 8.17: Schematic cross section and back view of a Peirce~Smith converter [45].
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The products of converting (autothermal process) are:
(a) molten blister copper which is sent to fire- and
electrorefining

(b) molten iron-silicate slag to Cu recovery, then discard
(c) SO,-bearing offgas cooling, dust removal and So,

manufacture. .
: o 2FeO-S10,
Cu—Fe—-S + O + Si0, — Cu (f] + FexO) + SO,
molten in air and in flux €34
matte Oxygen molten slag with

. . some solid Fe;O.
Converting takes place in two stages: o

(a) the Slag-forming stage when Fe and S are oxidized to
FeO, Fe;0, and SO, by reactions like:

FeS + —%—Oz — FeO + SO, 1385°C

Adding

Slag formation
silica flux

3FeS + 50, — Fe;04 + 3S0, 1597°C

V The slag-forming stage is

finished when the Fe in the
Product: white metal (75-80%Cu) and <1%Fe matte has been lowered toies
about 1%.

(b) the copper-making stage: Blowing air and oxygen into molten
‘white metal’ creates a turbulent Cu,S copper mixture. sulfur in Cu,S is
oxidized to SO,. Thus, the blister copper product of converting is low in
both S and Oxygen (0.001- 0.03% S, 0.1-0.8% O). Nevertheless, if this copper
were cast, the S and O would form SO, bubbles or blisters.

Industrially, matte is charged to the converter in several steps.
1-Oxidation of FeS 2-removing slag 3- adding new matte . 4-
Reaching sufficient amount of Cu in the converter (100- 250 tonnes
Cu as molten Cu,S) 5- reaching less than 1% Fe in the matte 6-final
slag is removed .

Cu,S-Cu-Cu,0 gas foam/emulsion

Air or oxygen
enriched air

metallic copper

Sketch of Peirce-Smith converter and its

A N C 106
two immiscible liquids
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steps in _coppe_r_-__making

1400
molten | molten
Eltlsieér-—a- | ‘white metal
pflam i |[molten ‘blister copper' + molten 'white metal’ ] ,{.f/
o .
o d converling temperature blla
o 200 P T
:é | ]
0
3 |D.95:;.5 1106 °C \,1131 'C
E 1100 | | : - —
& - molten bhister copper + solid Cu,S 197% S
0.8%S 1067 °C
1000 r solid copper + solid Cu;S
QEII:I | B — 1 S
0 5 10 15 20
Mass % S m

Cu-S equilibrium phase diagram

(a) Blowing of air and oxygen into the Cu,S removes S as SO, fo give S-deficient
‘white metal’, but no metallic copper. The reaction for this step is:

Cu,S + xOy — Cu,S,., + xSO; | Blowing until is lowered to 19.6%(b)

(b) blowing of air and oxygen causes formation of a second liquid phase( point
c): meftallic Cu containing 1%S :> Increasing molten Cu & decreasing white

metal

Sinks to the bottom of converter

CuS + O, — 2Cu; + SO,

(c) Disappearing of sulfide phase: no white metal anymore, only metallic Cu
containing 1%S (point d)

Important note: Great care is taken from c to d that copper is not overoxidized
to Cu,0. Because Cu,S is no longer available to reduce Cu,O back to Cu

By: Cu,S + 2Cu,0 — 6Cu’ + SO,

In step c converter flame color from clear to green when metallic copper
begins to be oxidized in front of the tuyeres. @ .
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Figure 6-25.—Pierce Smith Converter

Exhaust gas

SOURCE: McGraw Hill Encyclopedia of Science and Technology
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remove impurities during converting
1)The principal removed elements from matte: Fe and S.

2) Ag, Au and the Pt goes to blister copper

54% Cu matte feed 70% Cu matte feed
distribution % distribution %
to 10 to 10 10 to
blister converter converter blister converter converter

Element copper slag offgas copper slag offgas
Asg 28 13 58 50 RYA 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 Il 86 3 8 79 I3

increasing matte grade impurity increases retention in the product

blister copper less blast blown through them, and they form less

Slag'recycling of impurities in offgas by returning to the smelting furnace.
such recycle returns all impurities to the circuit. then, some smelters
treat the dusts for impurity removal before they are recycled.
Bismuth, in particular, is removed because it causes brittlenessin
the final copper anodes and it can be a valuable byproduct.

Temperature control during converting
FeS + 20, — FeO + SO, + heat

CusS + O, — 2Cu,; + SO, + heat

Controlled heat by:

(a) raising or lowering O, enrichment level, which raises or lowers

the rate at which N2 ‘coolant’ enters the converter
(b) adjusting revert and scrap copper ‘coolant’ addition rates.
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Slag and Flux Control

The chief objective of creating a slag in the converter is to
liguefy newly formed solid FeO and Fe,O,

SiO,-bearing flux (e.g. quartz, quartzite, sand) is added.

An indicator of slag composition is the mass ratio of SiO,/total
Fe.

Enough SiO, flux is added to produce an SiO,/Fe ratio of ~0.5.
Acceptable Fe;O, levels are typically 12-18%.

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 use just enough flux to obtain an appropriately
fluid slag. minimizes flux cost, slag handling, and the expense
of recovering Cu from the slag. 17

End Point Determinations
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.

(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.
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Copper Blow

The copper making 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 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)

(c) PbO concentration in the offgas falls and CuOH
concentration increases (H from moisture in the air blast).
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Alternatives to Peirce-Smith Converting:

* Problems with Pierce-smith:

» (a) Leak of 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) Batchwise operation-> uneven flow of SO, offgas

into the sulfuric acid plant
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Alternatives to Peirce-Smith Converting:
Solutions:
(a) Hoboken or siphon converter ( Peirce-Smith converter with an

improved gas-collection system), 10 units in 2002 and 4 in 2010

(b) Mitsubishi top-blown converter( blows oxygen enriched blast
onto The molten matte surface via vertical lances), 4 units in 2010
(c) Outokumpu flash converting (oxidizes solidified crushed
matte in a small Outokumpu flash furnace), 2 units in 2010

(d) Noranda continuous converting ( uses submerged tuyeres to
blow oxygen-enriched air into matte in a Noranda-type furnace), 1
unit in 2010
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Summary of converting

The products of converting process ;

* (a) molten blister copper (99%Cu, 0.02% S and 0.6% O)
->fire refining for final S and O removal, then anode
casting.

* (b) molten Fe-silicate slag (4 to 8% Cu) which is sent to

Cu recovery, then Discard.

* (c) S0,-bearing offgas which is treated for heat, dust and
SO, capture. A// of the heat for converting comes from

Fe and S oxidation
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Copper Loss in Slag
* Smelting furnace slag :1-2%Cu
- Converter slag: 4-8% Cu (The percentage increases as
matte grade increases)
« The Cu in smelting and converting slags is present either as
« (a) dissolved Cu, present mostly as Cu ions(Cu,0 or Cu,S)

* (b) entrained droplets of matte.

* matte grades above 70% Cu->Cu,0 becomes the dominant form of
dissolved Cu (why? Because of increasing the activity of Cu,S in the
matte. Higher Cu,S activity pushes the reaction, to the right.

CurS(maitte ) + FeOl(slag) — CuxO(slag) + FeS{matite)

« The solubility of sulfur in slags is also lower in contact with higher-
grade mattes. As a result, dissolved Cu in converter slags is present
mostly as Cu,0.

« 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. 123

Entrained droplets of matte

The most obvious sources of entrained matte in slags are
droplets of matte that have failed to settle completely through
the slag layer during smelting.

* 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

3Fe304(slag) + FeS(matte) — 10FeO(slag) + SO>
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Copper Loss in Slag

strategies for minimizing the amount of Cu lost:
minimizing the mass of slag generated
minimizing the percentage of Cu in the slags

processing the slags to recover as much Cu as

possible. Hydrometallurgy
pyrometallurgy

1- Minimizing Slag Generation:

adding less flux-> less slag but increase the ag,g in the slag

—> more dissolved Cu,O by Reaction and more magnetite

CupS(matte) + FeO(slag) — Cu20(slag) + FeS(matte)

“*maximizing concentrate grades means less gangue and

less slag
125

2-Minimizing Cu Concentration in Slag

Maximizing slag fluidity, principally by
avoiding excessive Fe;O, (s) in the slag and
by keeping the slag hot

» Providing enough SiO, to form distinct matte
and slag phases

 Providing a large quiet zone in the smelting
furnace

« avoiding an excessively thick layer of slag

* Reduce Fe;O,(s) to FeO(l) by adding coal or
coke

126




3-pyrometallurgical salg 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 difficult to obtain in a smelting vessel,
particularly the necessary residence time.

Solution: constructed separate furnaces specifically for
cleaning smelting an

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.d converting slags.

electric slag-cleaning furnace with three carbon electrodes(to
providing a reducing atmosphere, adding coke helps reduce

electrode loss)
127

+1 m —
|: :| |: :l Electrode holding clamps
Self-baking |: :| [ ]/ ___— Contact clamp
carbon P ‘
O u] O =g R
electrode L | E :rl-ltd feed

5m

Electric slag-cleaning furnace. (1000~1500 tonnes of slag per day).

C + CuyO(slag) — CO + 2Cu(!)

C + CuO +FeSy; — CuxS 4+ FeS + CO

C + FezOy4(s) — CO + 3FeO(slag)
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Fire Refining
* 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

* (b) hydrocarbon reduction removal of

oxygen as CO(g) and H,O(g) down to
w0.16% O.

 Sulfur and oxygen contents at the various

stages of fire refining are summarized in
Table 13.1. ta1

/TABLE 13.1 Sulfur and Oxygen Contents at Various Stages of Fire Refining \
Stage of process Mass% 5 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
QUITL'{?I‘H-IT(Q contains 0.2—1% S and 0.2—0.4% O. /
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« CHOICE OF HYDROCARBON FOR DEOXIDATION
« Many different hydrocarbons are used for O removal, but

natural gas, oil, liquid petroleum gas, and propane/butane are
favored

« Oxygen removal typically requires~5 kg of gas or liquid
hydrocarbons per tonne of copper.
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CASTING ANODES

« The final product of fire refining is molten
copper,~0.003% S, 0.16% O, 1200 C, ready
for casting as anodes.

* 16 to 32 such molds are placed on a large
horizontal rotating wheel

« Cooling the anodes by spraying water on the
tops and bottoms of the molds while the wheel
rotates.

» Stripping anodes from their molds (usually by
an automatic raising pin and lifting machine)
after a 270 rotation.
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CASTING ANODES

» Spraying the empty molds with a barite/water
wash (30 vol.-% barite, 70% water) to prevent
sticking of the next anode

« Casting rates are ~50-100 tonnes of anodes/h

137

CASTING ANODES
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Anode characteristics

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.

Anode mass is normally 360~410 kg.
Recent anode designs:

A) knife-edged lugs, which make the anode hang vertically
in the electrolytic cell

(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
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CONTINUOUS ANODE CASTING

» Continuous casting of anodes in a Hazelett twin-belt type

caster
Steel upper band

falten

capper

H_‘_,E'f'

l__::__/" _;I L
— e ——
Casl copper
ready for
., shearing into

anodes

Steel lower band

UPPER BELT

STATHOMNARY [FGL DAML

(b) Details of dam blocks
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Cast-in anode support
_~lugs (half thickness)

_§ *- -25, "\‘.
Anode | Traveling Sheared &
'strip’ shear sgﬁ;atgd
e
i Ir

Sketch of system for shearing anodes from Hazelett-cast copper strip
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Removal of Impurities During Fire Refining

* Low levels of impurities in the anodes,
electrorefining and electrolyte purification keep the
impurities in the cathode copper product at low
levels.

» With excessively impure blister copper, it can be
advantageous to eliminate a portion of the
impurities during fire refining

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.
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Removal of Impurities During Fire Refining

« Antimony and arsenic removal: blowing basic flux
(56% CaCO,, 11% CaO0, 33% Na,CO,) into the copper
during the oxidation stage (for 1 tonne of copper;7 kg
of flux)

* 90% As and 70% Sb are removed to slag

« Lead removal: charging silica flux and solid electric
furnace slag to its rotary anode furnace prior to adding

the molten copper
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Electrolytic Refining

» Electrochemically dissolving copper from impure copper anodes
(98.5~99.5%Cu) into Cu,S0O,-H,S0,-H,0 electrolyte

(ol g i) JaNa 4y alAU A 3 ua SaT1) >
» Selectively electroplating pure copper from this electrolyte without the anode
impurities.

LS 59yl g A8 ) e A F Qey >

> Products: A) copper free of harmful impurities (purity of >99.997% Cu)
» B) Valuable impurities (e.g. gold and silver) from copper for recovery as
byproducts.
(0 St Ay (il Jgeana ) gua Ay 0 AT 9 Dl gl 8 3l (Y Al ) s le e (Y AT A Gl b >
A
Yoo [+ YO U e VA S G 5aasS) G 32a 5 Y o ppm ) JAaS oad il g A el (a3 (sallAU i3 >
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TABLE 14.1 Industrial Range of Copper Anode and Cathode Compositions (Moats
et al., 2007)

Element Anodes, % Cathodes, %
Ag 0.01=0.75 0.0005—0.0025
As Uplo0.25 < (0.0005

Al Up to 0.03 lrace

Bi Up to 0.06 =0.0003

Fe 0.007—0.030 < (.0003

O 0.035-0.35 Mol determir ad
i 0,003 =06 < (L0000 T =002
Fhb 0.007—=0.9 < 0.00007 =001
5 0.007T—0.018 00002 —0000 3000
5h Upto0.13 = 0.00050

Se g.o02—0.12 < (.0002

le 0,007 = 00065 < (0.0002

Principles of Electrolytic Refining
Application of an electrical potential between a copper anode and a metal
cathode in Cu,S0,-H,S0,-H,0 electrolyte causes the following:

1) Copper is electrochemically dissolved from the anode into the electrolyte
producing copper cations plus electrons:

Cujnode = Cu™™ + 2~  E° = .0.34 volt

2) The electrons produced are conducted towards the cathode through the
external circuit and power supply

3) The Cu** cations in the electrolyte migrate to the cathode by convection
and diffusion.

4) The electrons and Cu**ions recombine at the cathode surface to form
copper metal (without the anode impurities):

Cu™ + 2~ = Culahode E° = +0.34 voli

Overall copper electrorefining:

Cu impure — Cu pure  E%=0 volt

Overcome to this and wire and electrolyte

. . 150
resistance we need 0.25-0.3 volt <~ Reversible reaction




Behavior of Anode Impurities During Electrorefining

« Ag, As, Au, Bi, Co, Fe, Ni, Pb, S, Sb, Se and Te

« Their behavior is governed by their position in the
electrochemical series

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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Electrochemical reaction

Standard reduction potential
{257C), volis

- 1.5
.-\g: I..'L'_ —  Ag° To slime 0.80
Cu® 2e = Cu® 0.34
BiQ" + 2H' Jo = Bi* + H,0 0,32
11AsO; + 3H' Je- = As® + 2H,0 (.25
ShO" + 2H' Jeo = Sb° + H0 (.21
2H" e = H, 0.0000
{(pH = 0; pH; = | atmosphere)
Pb'" + 2¢ — Pb° -0.13
Ni‘" + 2 = Ni° -0.26
Co’ 2¢” — (o° -0.28
Fe'* + 2¢ — Fe® -0.45

Dissolve into electrolyte

Yoy




Behavior of Anode Impurities During Electrorefining

* Au and Pt : not dissolve in sulfate electrolyte. form solid
‘slimes’ which adhere to the anode surface or fall to the
bottom of the electrolytic cell.

Se and Te: present in anodes as compounds with copper and
silver. They also enter the slimes in these bound forms, e.g.
Cu,Se, Ag,Se, Ag,Te

Pb and Sn: form solid PbS0, and SnO,. Both join
the slimes

Co, Fe, Ni, S and Cd: dissolve extensively in the electrolyte. Excessive
buildup in the electrolyte and contamination of the cathodes is prevented
by continuously removing them from an electrolyte bleed stream.

As, Bi and Sb: dissolve in the electrolyte. As is most harmful element
dissolve in electrolyte and electroplate in the cathode:
Solution: adding HCI and NaCl delay as deposition on cathode.
Ag dissolve in the electrolyte but adding Cl ions prevent,,
of it.

Electrorefining cells:

Anodes: large (1 m x 1 m), thin (0.04-0.05 m)

Cathodes (lower potentials): thin (0.001 to 0.003 m) stainless
steel plates interleaved about 50 mm apart in a cell filled with
electrolyte

Electrolyte containing CuSO, and H,SO, continuously enters
at the bottom end of each cell.

Copper Copper
bar bar
_ Stream of electrolyte
i between cells
4 d P )
ﬂdjacent ] Cathode I — Adjacent
cell cell
—— i? Anode j *

P =

Insulator Insulator
Anodes removed from the cell (and replaced with new anodes)

before they are in danger of breaking and falling. o




Anodes

They are typically 4~5 cm thick, with a mass of
300~400 kg.

The anodes slowly become thinner as the copper
dissolves into the electrolyte.

Once they reach 15~20% of their original mass (after
a typical electrorefining time of 21 days), removed
from the cell before they break up and fall into the
cell.

This anode scrap is washed free of slimes, dried,
remelted, and cast into new anodes.

Cathodes

Copper is electrodeposited onto these cathodes for
7 to 10 days. The copper-plated cathodes are
washed in hot-water sprays and their copper
‘plates’ (50 to 80 kg, each side) are machine-
stripped from the stainless steel.

* These strips prevent copper from depositing
completely around the cathode.

Copper hanger bar
- J

316L stainless
steel cathode
‘blank’

The cathode is about 1 m2 in area

; Polymer
edge strip




Electrolyte

Electrolytes:40 to 50 g Cu/L, 170~200 g/L
H,SO,, 0.02 to 0.05 kg Cl/m3 and impurities
(mainly Ni, As and Fe).

1 to 10 ppm organic leveling and grain
refining addition agents(60-65°C working T).

Why electrolyte circulation is essential?
1-bring warm, purified electrolyte into the cell
2- ensure uniform Cu** and leveling/grain-
refining agent concentrations across all
cathode surfaces

3- remove dissolving impurities from the cell.

Removal of impurities and dissolved Cu from

the electrolyte:

Soluble anode impurities are removed in three main
sequential steps:

1) electrowinning copper using Pb-Sn-Ca anodes
and stainless steel or copper starter sheets

2) electrowinning As, Bi and Sb from Cu-depleted
electrolyte into an impure Cu-As-Bi-Sb cathode
deposit

3) evaporation of water from the Cu-depleted
electrolyte and precipitation of Ni sulfate crystals
from the concentrated solution.
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Adding organic agents (bone glues) why?

Deposition of smooth, dense, pure copper is
promoted by adding leveling and grain-refining
agents to the electrolyte. Without these, the cathode
deposits would be dendritic and soft. They would
entrap electrolyte and anode slimes.

Mechanism:

bone glues are protein colloid that
electrodeposition of large protein molecules at the
tips of protruding, rapidly growing copper grains
creates an electrically resistant barrier,
encouraging sideways crystal growth. 0.05 to
0.12 kg/tonne of cathode copper.
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(a) (b) i
broline alanine | electrodeposition
R O CH,~CH,~CH, O H cathode | | inhibited by polymer
| 1 | | L/ adsorption
—C-C-NH-C-C N—-C-CH-NH-C-C-NH— >,f
i1 I Il | :
OH H O R fmass-traﬂsfer
alanine glycine : boundary layer
< protein > :

FIGURE 14.7 (a) Structure of glue molecules, comprising a series of amino acids linked together into a large
protemn structure, and (b) mechanmism of action of glue as a leveling agent.
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Summary
U The copper from electrorefining, melted and cast, contains less than 20 ppm

impurities + oxygen (0.018 to 0.025%.)

O Electrorefining :1) electrochemically dissolving copper from impure copper
anodes into CuS04-H2S04-H20 electrolyte,

2) electrochemically plating pure copper from the electrolyte onto stainless steel
or copper cathodes. The process is continuous.

O Impurities :Insoluble impurities in the anode adhere to the anode or fall to the
bottom of the refining cell. They are removed and sent to a Cu and byproduct
metal recovery plant. Soluble impurities depart the cell in continuously
flowing electrolyte to bleeding process.

U The critical objective of electrorefining is to produce high purity cathode
copper. It is attained with:

« (a) precisely spaced, flat, vertical anodes and cathodes

» (b) a constant, gently flowing supply of warm, high Cu** electrolyte across all
cathode faces

« (c) provision of a constant, controlled supply of leveling and grain-refining

agents.
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Hydrometallurgical Copper Extraction
» 20% of primary copper production
* For low grade ore(<0.25% cu) 2>low grade Cu-'oxide' and chalcocite ores
* In 2010, about 4.5 million tonnes per year of metallic copper were

Type Common minerals
Secondary minerals
carbonates azurite 2CuCO;-Cu(OH):
malachite 5‘ CuCQO;-Cu(OH),
hydroxy-chlorides atacamite O Cu,CI(OH),
hydroxy-silicates chrysocolla > Cu0O-Si05-2H,0
native copper metal " Cu®
oxides cuprite S Cu-O
lenorite o CuO
sulfates antlerite — CuS0Q,4-2Cu(OH)
brochantite CuSO,-3Cu(OH),
supcrgene sulfides chalcocite Cu,S
covellite CuS
Primary sulfide minerals
(hypogene sulfides) ﬁ chalcopyrite CuFeS;
Not Ieacheﬁ bornite CuskFeSy
pyrite, source of Fe ', FeS,

Fe'"" and H,SO,




i l i 10 kg H2SO./m?
) 4 YY ¥ o~

* Make-up H2S0,

Leach heap

Pregnant solution

" - — a
(1 to 6 kg Cu/m?) Raffinate” 0.3 kg Cuw/m

Hydrometallurgy: Cu solvent extraction (loading)
1- Leaching I T
2- Solution concentration and purification cocaded soivent  stripped soivent
3- Metal recovery v |
Cu solvent extraction (stripping)
[ A

Enrichad elaectrolyte
45 kg Cu/m”

Electrolyle -
storage
Depileted electrolyte

35 kg Cul/m®

nnnnnunnn

Cu heap leach/solvent extraction/~“""""""9 <=’
electrowinning flowsheet &-.u.mi plates 163

Copper (<20 ppm impurities)

Resources

'

Dissolution ﬁ

Residue (o
disposal/recycle
Leach solution

Purification -}

' -

Effluent for
disposal/recycle -+ Recovery

Product
(metals/alloys/compounds)

Basic unit processes in hydrometallurgy. 164




Ore Acid

v

| LEACK Cu,CO4(OH), + 2H — 2Cu2* +CO, + 2H,0
Acid l
recycle Extraction: Cu?' + 2RH — CuR,+ 2H'
- SX
Acid l Stripping:  CuR, + 2H' — Cu® +2RH
recycle
EW Cathode: Cu** +2e — Cu
l Anode: H,0— 2H' + %0, + 2
Cu cathode
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Leaching of Copper Oxide Minerals

the Pourbaix (potential-pH) diagram for 20

the Cu-O-S system. Cu0,#{_
Copper can be dissolved as Cu?* under qhh_‘cuh cuo
mildly acidic conditions (pH < 5). e

=

u

g

0.0 4.0 8.0 12.0 16.(
Equilibrium pH
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Examples of some copper minerals that leach in this manner are:

Tenorite: CuO + H2804 — Cu** 48037 + H20 (15.1)
Azurite: 2CuCO;-Cu(OH), + 3H,804 — 3Cu** 4 3807 + 2C0; + 4H,0
(15.2)
Malachite: CuCO;3-Cu(OH), + 2H2804 — 2Cu~" + 2805 + COz + 3H20
(15.3)
Cuprite: Cua0 + Ha80y — Cut 4 5[)& f Cu + H-0 (154)
Chrysocolla  CuO-SiO; + HaS0s — Cu™" + SO;™ + Si02.2H20 + (3 — n)H20
(15.5)

Copper sulfide minerals require the use of acid and an oxidizing
agent to break the mineral lattice and release Cu?* into solution

Elemental copper found in nature can be leached by either oxygen

or ferric ion . .
Metallic copper: Cu+ 0.50; + H,SO4 — Cu-t + SO;  + HyO

Cu -+ 2Fet — cu?t + 2Fe?t

All copper sulfides require the presence of Fe3* and O, as
oxidizing agents for leaching to occur. 167

The copper sulfide is oxidized by Fe®*. The resulting Fe?* is
reoxidized to Fe** by O,. The Fe(ll)/Fe(lll) redox couple acts in a
catalytic manner in these reactions

Oxidation by Fe** Fe is a requirement for rapid leaching
2FeS, + 70, + 2H,0 —>(2Fe™ i 250, +2H,S0,
pyrite aqueous bacteria
In ore solution enzyme
catalyst
0.5022804_"“12804 - @ 3504+ H,0
aqueous solution bacteria
cnZyme
catalyst
CusS +4 (5504 + 4H,0 — 2Cu™** + 1280, + 4H,S0,4
bacteria
Cyclic process ¢nzyme
catalyst

Chalcocite: (i) CuaS + Fey(SO4); — Cu*t + 805 + CuS + 2FeSOy

(ii) 4FeSO4+ 0y +2H,S04 — 2Fes(SOy4)5 + 2H,0

(overall) CupS +0.50, + HySO; — Cu”™ + 807~ + CuS + H,0




LEACHING METHODS

In-situ leaching
Heap/dump leaching
turbulent leaching
Tank leaching

_ 1- Oxide' ores are leached
S, quickly by H,SO, without
K Lahils oxidation.
R et i 2-Chalcocite (and to a
much lesser extent bornite

and covelite) are oxidized

LSS I
Extraction Stripping |__JEW and Ieached by HZSO4-H20-
O,-Fe3* solutions.
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Heap Leaching(s! 2258 028 Ja)

Copper leaching is dissolving Cu from minerals into an aqueous H,SO,-H,0
solution. Heap leaching is trickling the H,SO,-H,0 solution through large 'heaps’
of ore under normal atmospheric conditions

H,S0,-H,0 !

Heap

Chemistry of heap leaching

Non-sulfide Cu minerals are leached directly by H,SO,-H,0 solutions :

CuO + H2804 — CUIH‘ + SO4_’_ + H20
aqueous solution

Leaching of sulfide minerals need oxidant as well as H,SO, that
oxidant is dissolved O, from air. According to:
Cu,S + 2.50, + H,SO, — 2Cu™ + 280, + H,O

in aqueous bacteria
solution enzyme

/ catalyst

speed up leaching
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Bacterial action

- thiobacillus ferrooxidans U.AJ:\S*.AQ gy Q\A#SUJA

» leptosprillum ferrooxidans
« thiobacillus thiooxidans

« They are present in leach heaps In order of 1072 bacteria
per tonne of ore Mine water and moistening of the ore
provides them to the leach solutions

Optimum bacterial action:

0 pH between 1.5 and 6 (optimum -2)

U temperature between 5 and 45°C (optimum -30°C)
U an adequate O, supply

The product of heap leaching is pregnant solution containing
1 to 6 kg Cu**/m3.

It is sent to solvent extraction/electrowinning for copper
production 171

Solvent Extraction

Solvent extraction (SX) purifies and upgrades the pregnant leach
solution (PLS) produced by the leaching operation to generate an
electrolyte from which high quality copper cathode can be
electrowon.
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Solution concentration and purification

* Solvent Extraction Transfer of Cu from Leach Solution to
Electrolyte why?

* The pregnant leach solutions by leaching are:
 (a) too dilute in Cu (1-6 kg Cu/m3)
* (b) too impure (1 - 10 kg Fe/m3)

Industrial electrowinning requires pure, Cu-rich electrolytes
with >35 kg Cu/nP.

This high concentration of Cu:

(a) ensures that CU++ ions are always available for plating at
the cathode surface

(b) gives smooth, dense, high purity, readily marketable
cathode copper.

Solvent extraction provides the means for producing pure,
high Cu** electrolytes from dilute, impure pregnant leach,_,
solutions.

extraction and stripping,

Pregnant leach solution

from leach
1-6 kg Cu/m”
¢ Stripped
organic Enriched electrolyte
Mixer T - Setller 3 1o electrowinning
~1.5 kg Cu/m 45 kg Cu/m’
EXTRACT STRIP
Loaded
Raffinate Settl organic ,
return 1o leach <€— clber —»> Mixer
0.3 kg Cu/m® ~4 kg Cu/m’ %

Depleted electrolyte

copper solvent extraction from electrowinning
35 kg Cu/m
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(a)In the extraction process, the PLS is contacted with an organic phase
containing a Cu-specific organic extractant. The extractant
complexes with Cu?*, resulting in the transfer of the metal ion from
the aqueous phase into the organic phase, leaving all other impurity
specie present in the PLS in the aqueous phase.

(b) The organic phase, now loaded with Cu, and the depleted aqueous

phase (raffinate), are separated by gravity.

(c) The raffinate is recycled back to the leach circuit where the acid

generated in the extraction process can be used.

(d) In the stripping process, the Cu-loaded organic phase is contacted

with a strong acid spent electrolyte (175-190 g/L H,SO,) from the EW

circuit, which strips Cu from the organic into the electrolyte.

(e) The Cu-depleted organic phase (known as the stripped organic) and

the Cu-enriched aqueous phase are separated by gravity.

(f) The stripped organic phase is recycled back to the extraction circuit

for renewed contact with fresh PLS.

(g) The advance electrolyte is sent to EW where Cu?* is reduced and

electrodeposited on the cathode as pure metallic copper.

175

CHEMISTRY OF COPPER SOLVENT EXTRACTION

The organic extractant removes Cu?* from the PLS by the extraction
reaction:

2RH(org) +Cu**(ag)+ SO; (ag) — RyCulorg)+2H" (ag)+ SO (aqg)

stripped organic PLS {1—-10 g/L Cu) loaded organic  raffinate (0.05-0.5 g/L Cu)
COMPOSITION OF THE ORGANIC PHASE

The organic phase comprises two essential components:

(a) The extractant is the active molecule that complexes with Cu?*,
enabling it to be transferred from the aqueous to the organic
phase;

(b) The diluent is an inert hydrocarbon carrier for the extractant,
which reduces the viscosity of the organic phase (so that it can be
easily mixed with the aqueous phases to allow mass transfer to
occur) and reduces the density of the organic phase (to allow for
gravity separation of the two phases).

The organic phase should be immiscible with CuSO,-H,SO,
solutions and fluid enough (viscosity=2-10 cP) for pumping,
continuous mixing, and gravity separation. 176




Extractants

Modern copper extractants are based on the oxime
functionality. These molecules complex with the Cu?*ion in a
process known as chelation. It is the nature of this chelating
reaction that allows these extractants to react very
selectively with Cu?* ,rejecting other species in the PLS to the

raffinate. R
Diluents: O
Oximes are thick viscous liquids 0o Aee

that are unsuitable for pumping, 07 SN |

mixing, and phase separation. The !L\ o 0Ny
extractants are therefore Cu* + 2 A — L /Cu\ é + 2K
formulated to make them fluid and o W

then added to a diluent at | ||

concentrations of 5-35 vol.-% for 7N
use. The extractant concentration \_/
chosen depends on the copper Y

concentration of the PLS.

THE ELECTROWINNING PROCESS

(a) Immersing metal cathodes and inert (but conductive) anodes
into a purified electrolyte containing CuSO, and H,SO,

(b) Applying a direct electrical current from an external source
such as a rectifier, which causes current to flow through the
electrolyte between the cathodes and anodes;

(c) Plating pure metallic copper from the electrolyte onto the
cathodes using the energy provided by the electrical current to
drive the reduction of the Cu?* ions to Cu metal.

The cathodes are usually stainless steel blanks. The anodes are
usually rolled Pb-alloy sheets.

Copper is electroplated onto the cathodes for 6-7 days, after
which the plated copper is machine-stripped from the stainless
steel cathode blanks, washed and packed.
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CHEMISTRY OF COPPER ELECTROWINNING

* The EW cathode reaction is the same as for electrorefining:

Cutt +2¢ — Cu® E° = 4034V

The anode reaction is, however, completely different. Water is decomposed at
the inert anode to form oxygen gas and release protons:

H, O — H" + OH » 050, +2H" +2¢ E = —1.23V

Co~' 4 SO37 +H0 — Cu® +0502+2H" 48077 E = 0.8V

The EW products are:

(a) Pure copper metal at the cathode;

(b) Oxygen gas at the anode;

(c) Regenerated sulfuric acid in the electrolyte.
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Cathodes

Anodes

Distribution
manifold

Electrolyte
flow

Schematic view of an electrowinning cell.
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