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ABSTRACT
An experimental programme in which Cu-Fe-S mattes, silica
.saturated Fe-O—SiO2 slags and controlled pSO2 atmospheres were equili-
brated,/has been carried out with the principal objective of examining

(
opper concentrations in the slags under oxidizing (pSO2 =~ 0.k to 1

</
atmesphere) conditions.

+ W
The experiments ‘showed that when slags and mattes are equili- |,
brated, the copper-in-slag concentrations remain low as long as the

mattes contain less than 60% Cu, under all temperature and pSO, condi-

tions. Copper-in-slag concentrations increase catastrophically under

oxidizing conditions when the mattes contain more than 65% Cu. The -~

r A3

experiments also showed that whereas FeS has a high solubility for

oxygen and is itself soluble in slag under oxidizing conditions, CuZS

[y

and slag are virtually completely immiscible. Cu-Fe-S mattes bhehave
in an intermediate manner.
In a theoretical part of the work, the conditions under which

a pure copper phase will be at equilibrium with Fe-O;SiO2 slags and

d
Cu-Fe-S'mattes have been predicted on the basis of previous experimental

data for slags, and a data for mattes. It is shown

2 Cuzs

that under SiO2 §aturati6n conditions metallie copper will occur in

equilibrium with: (i) 45-50% Cu mattes at iron saturation, with (ii)

a8peg and pl

79% Cu mattes at magnetite saturation and with (iii) intermediate matte

compositions in contact with totally liquid slags.
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The overall conclusion of the investigatﬁén is, that industrial

proddction of mattes containing 60% Cu or below should not cause exces-

oxidizing conditionms. - .
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'sive copper-in-slag losses under- any circumstances. Copper losses may -
' become,exce§;ive above this matte grade especially under higﬁkfr
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Un programme expérimental a &té lxécuté dans le but
P :

N . i
d'étudier la concentration du cuivre dans lds scories dans des = -
i

2

et des atmosphéres d'une teneur contrglée len SOZ' ‘ .
"l

PR P P by
Les expériences ont prduvé qu'en|'équilibre entre les mattes

et les scories, la concentration du cuivreldans les scories n'est pas

&levée pour autant que les mattes contienné?t moins que 607 Cu, et ce

2
-

pour toute la gamme de temp@ratures et pSO X étudiées. La teneur des

. 2
scories en culvre augmente de fagon catastrthique sous des conditions

oxydantes quand les mattes contiennent plus que 657 Cu. Les expériences

ont aussi prouvé que l'oxyg®ne est. trés soluble’'dans les FeS et ce der-
nier est soluble dans les scories sous des conditions oxydantes, tandis

que le Cuzs et la scorie sont complétement immiscibles. Les mattes du

§

systéme Cu-Fe-S ont un comportement intermédiajre.

3

Les conditions sous lesquelles une pﬂase de cuivre pur sera

et les mattes Cu—Fe-S ont été

en équilibre avec des scories Fe70i8192
Al

‘théoriquement calculées sur la base de données pxpérimentales déja

S

existantes sur a et

FeO pour des scorie

et P 4 B a

2
I1 est démontré que le cuivre métalli

uZS pour des

ue, sous conditions de

C

mattes.

saturation en SiOi, sera en équilibre avec (i)|des mattes contenant

f




45-50% Cu sous saturgtiqh en fer, avec (ii)httésycénten‘ant'

792 Cu sous saturation en magnétite, ‘et avec (1iii) des mattes de
Ly u

["( o R , ,
‘compogition intermédiaire en contact avec,des‘ scoyies complétement
1iquides. ‘ ‘

b ‘La conclusion globale de cette &tude ‘est que la production

-

industriellecde mattes contenarit 60% Cu ou’ moins, ne devrait, en -

J

. - I’ - #
aucune circonstance, dvoir comme résultat des pertes excessives de

cuilvre dans la scorie. - Les perteé en cuivre pourralent devenir

o

excessives quand :la teneur en cuivre des mattes ‘dépasse 60Z, et

.
[

surtout sous des conditions oxydantes. .
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- . 9502 0.1 to 1 atmosphere -
. temperature 1423 to 1573 K ¢
« -+ .. matte grade 30 tg 79% Cu
slag SiO2 saturated y
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‘" I. INTRODUCTION :
, \ ™ |
Flash smelting and other j,autogenous or semi-autogenous !

processes are gradually being adopted for the smelting of copper,’
/ n
primarily as a consequence of thgir relatively low overall energy -
requirements(l). These processes operate at somewhat higher S0, pres-
sures than traditional fuel-fired processes (in which 'the S0, is diluted
by hydrocarbon combustion products) and, hence their chemistry of opera- .

tion is somewhat different Ehan that of the older processes. -In
addition,rflash smelting and the other new processes produce mattes
ofﬁgh copper grade (> 50% Cu) as compared ‘to the 30 to 50% Cu mattes
produced by the traditional reverberatory furnace.

’ This thesis describes an experimental programme in which

matte/slag behaviour under conditions similar to those encountered in

flash smelting furnaces, i.e.
4

wast studied; the object being to determine the nature and comﬂositions
\
of the phases which aTe likely to predominate in flash furnace' (and

other novel process) units.
Although the study was primarily scientific in nature, specific

attention was paid to the copper contents of the experimental slags and




to the factors which contral them.u\Copper-in-slag concentration is an
important economic variable because it fttermines whether a smelting
. . o

slag can be discarded directly or whether it requires subsequent copper
. . l

, : . , )
' Tecovery treatment befofg discard, Other variables receiLing specific
P

L

attention were-oxygJen covtent in matte and sulphur content in slag.

- ‘ P

)

1.1 A BRIEF REVIEW OF COPPER MATTE SMELTING  + = N

2

Matte Aﬁelting, as applie? to copper, consists essentially '

of melting and partially oxidizingMcopper sulphide concentrates (with
. o o
suitable fluxes) to form: , .

w

a) a liquid matte phase containing 30 to 60% copper; and "
| . b) a liquid slag (oxide) phase as devoid as possible of copper.

The matte is more dense (p 314.6 tonnes.m's) than the slag
1)
%)

fp % 3.5 tonnes m~ and,heJEe the two phases are readily separated

a%?apwlﬁs of tap-ﬁoles at different depths in the‘furnacé.ﬁ . y S
After separation from slag, matte goes on to Be madg ipto N
. . rx‘ ‘o B LN

crude blister copper. This is performed by oxidizing irén and sulphur

1

from the matte with air (converting) in a separate converting unit, i.e., -
. /

by the reactions: -t .

.“ a

Q

, . 3 . ' .
I}’e&gﬂ 02 + Fel + 50, 4" ) C

(air) (slagged , '
With 5102) : - -

¢

‘ N CPZS + 02 + 2Cu + SO2 . 9 )

(blister
copper)

-
03
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a s .
o -
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, - . . - {
The ‘blister copper is subsequently fire- and electrorefined
to its final electrical grade form. . : ;
-~ L\\ . Analysis of the mattes and slags of industrial matte smelting

¢

» operations are summarized in Table I.1.°
y ®

a
- i

1.2 SMELTING METHODS - : !

1 , e

Fig. I.1 summarizes, 1n~§10wsheet form:'curreqt (1977) industrial -

'matte smelting methods.. Far igd away the most important smelting unitéﬁ »

are the fhelffired reverberatory furnace and the flash furnace. The

"

latter is gradually bei%; adopted as the principal copper smelting method

largely as a consequence of its low hydrocarbon fuel reqﬁirement(l). Its

i

major difference from reverberatory furnace smelting is that the thermal
¢ -

, requirement of the procegs is largely provided by combusting the sulphide L

o

concentrate ik place othydrocarbon fuel. - ' s

1

In recent years, several novel processes which are also designed

‘o

to combust the sulphide concentrates for most of their heat requirement ;ﬁt

. ’ i) !
hagve ben developed. The most important of these are (i) the Mitsubishi
L. ) .
Process, in which concentrates and pure oxygen are blown through Iances

1 ' . b

. into a circular hearth furnace; and (ii) the°No;anda‘Process, in which ﬁ
Fd a AS
oxygen-enriched air is blown through tuyeres into a matte phase while

concentrates are continuously added to the bath. If the latter case the

sulphides are melted to form matte by the heat generated in the matte K

bath. Several installations of each type are currently in production or
‘ - . ) : '
are being constructed. Fuel requirements of‘&opper matte smelting

" processes ar%%summarized in Table I.2. .

v ' . A
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- 3 . ,
_ c L - " Energy Consumptaion Per Energy Consumption—Per -
: . Tonne of Charge: Kcal Torine of Copper: Kcal
o “ Smelting Process (Including Energy for 0, (Assuming 25% Cu in
¢ ‘ ;' Manufacture) ’ Charge)
~ :‘\_—/ﬂr“)ﬁa\ - - .
: INCO flash ' 1x10® g 4x10°
i - o . - '
: . Electric 4;(105 16x10° [ -
: Noranda single step - 4x105 "163&105 i
(30% 0, in tuyeres) . — . .
- . Outokumpu flash g sx10° - - 20x10° :
, Mitsubishi continuous - . ) 6x10° : 24:(1(35 @
1 . » . -
Calcine charged reverberatory 8%10° . 32x10°
' Green charg&ed reverberatory 13x10s b 5.2;(10'5
.o W 2, —_
L )
i c .
v . \ TABLE 1.2 Ene}rg Requ‘f&or Emelting_in Different Types of Processes (1) s
ie ¢ * ” ' !
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An additional advantage of the processes which combust their

sﬁlphide concentrates for much of their thermal‘requirement is that the

. | 3 ¢ ’
effluent gases contain S0, at high concentration, i.e., the SO2 is not ,

i 2

heavily diluted by hydrocarbon combustion products. This permits
efficient recovery of SO2 from the effluent.gases and relatively straight-
forward productioﬁ of by-product sulphuric acid, liggid ?02 or elemental

. sulphur. qu concentrations in the gases emanating from matte smelting

4

- l' ?
furnaces are summarized 'in Table T1.3. .

!

1.3 CHEMISTRY OF MATTE SMELTING - ITS INDUSTRIAL IMPORTANCE

The mefallurgical engineer of todayjémst concentrate on three

fﬁ?damental aspects of the copper matte smelting process:
- ; .

[

ey, S ns . .
{a) minimization of energy consumption;

(b) minimization of SO2 (and other) pollution; and

(c) - minimization of copper loss.

i
Thié thesis is principally concerned with the last of these

subjects, i.e., minimization of copper loss in slag.
> e

Iy

Matte smelting is carried our under differiﬁé oxidizing condi-
T

tions according to the type of process used. -The electric furnage (with

%

¢ ¢
its carbon electrodes) operates under the most reducing conditiont while

©

flash furnaces and the novel processes (wit?f?g;;; small hydrocarbon

fuel use) are at the highly oxidizing end of the spectrum. The fuel-
. AN
[

] [ &
burning reverberatory furnace (with its copious quantities of combustion

gases) is intermediate in oxidizing potential. .
/’{ The shift in copper technology towards flash furnace précessing

has made smelting under highly oxidizing conditions (pSOQ, ﬂFO.l to 1
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st

b R N e
[

™ —~
S— a
. — LT
\ -
Vol.% 50, in Flues
A
A}erage Maximum < Minimum 7 . )
. K “

Hearth roaster - 5 § —

Fluid bed roaster - 10-15 ‘ o - . c:) .

Reverberatory. furnace 0.5-1.5 .
The Gnahama smelter has by oxygen enrichment, draft control and reduction
of air infiltration upgraded the reverberatory off gas to 2.2% SOZ.~

Electric furnace 4-8 , ; ' i
Electric furfaces can also be operated under non-oxidizing conditions, in."
which case the gases contain in the order of 0:4% 802.

Flash furnace \ ) .

INCO 80 ; -

Outokumpu . 12-15 - \

Continuous processes ) . -

Mitsubishi .’ 10 ¥ :

- - (higher witR 0, enrichment) : N
° Noranda 8 . L]
Worcra 5 8-12 - 1-2
{(reaction branch) e (slag-settling branch)

Converter ) > ™ j .

Pierce-Smith . .° 4-5 10 c - 0

Hoboken 8 11 . o

TABLE I.3 Concentrations of S0s in Gases Produced by Various Smelting and Convergjngﬁprocessescl) ®
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1
1

( atlpo'spheres) much more c_ommon‘; «Jhe work ﬁresented in this thesis

- recognizes 'this change in that it_is concerned primarily with the matte/ :

il 1

' 4 ’ 3 » 7, s . 2 > a
. ) slag phases which should exist under fl4ash smelting conditions, i.e.: < '
5 ' pSO,: 0.1 to 1 atmosphere, matte-grades 30 to 79% Cu; and silica-
‘sgturated slags. Thus, the investigation is intermediate between -early
: studies under iron saturation conditions (low oxidation potentials) and
, N , » ™ ~ N .
© recent copper metal saturation studies which were directed towards single
: : step copper-making processes. B .
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EjaﬂM mﬁife/slég/gzs and metal/matte/slag/gas studies in order to lay the» .

ﬁw

D

‘
}
LI
' } .
- -

LITERATURE SURVEY '

. II..

This section discusses the mattes and slags which are encountered

in copper smelting and it eifﬁines in detail recent metal/slag/gas,
N ¥ s Tﬁ\ﬁ\l‘ - -~

&
groundwork for the experimental part of this thesis. -

‘
N P

Loy

o

s

JI.1 MATTES y \

1 ’ ) .Copper.smelting mattes may be thought of as homogeneous liquids
consisting essentially of Cu, 'Fe and S and containing a:significant
amount of dissolved oxygen. Industrial mattes also contain impurities.

such as Cp, Ni, Pb, Zm and precéous metals which originate in industrial
- ;

¢

ores.
4 N

- ’u -
Mattes are moré@%ﬁﬁse than slags (= 4.6 tonnes m 3

o~
'SL and,

. > as opposed

to # 3.5 tonnes m hence, they tend to settle below a slag layer.

They have a relatively low viscosity (? 10 centipoise). Their elbctrical
rd ) ‘
conductivities (300 to 1000 ohm'1 cm'l) are much higher than those of )
W . molten ionic salts (NaCl, 4 ohm™ 1 cm'l) and slags <(0.5 ohm™! cmnl), which
U( an

. » * x - ) - »
indicates*that mattes are semiconductors rather than ionic conductors,

"

i.e., they are covalently bonded. »
¢ Mattes can be thought, therefore, as being low viscositxf high
’ ‘ i
+ conductivity liquids in which irdn and copper atoms are covalently bonded

P »

tb sulphur (and oxygen). n
> * ' . "
Extensive experimental studies of the Cu-Fe-S system ﬁlve been

made and @tailed phase diagrams have been prepared. The most complete -

}

3

[}

.

work is that reported

>

Il

;;igs. II.1.A, I1,1.B) by Krivsky and Schuhmann(?)
7
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' T :
Fe—Cu-S: II50°C: Pt= | atm. -~
Cu
Cu+4+ MATTE
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who studied the system in an HZ/HZS environment, i.e., under oxygen-free R
L 3 u

conditions. Elliott(z) has combined these data with data on the Cu-Fe-0,

Cu-0-S and Fe-0-S°diagrams to give an overall picture of matte systems.

TRe liquidus range (1573 K, {p0, + pS, + pSO, + pSOz} < 1 atmos.) is

illustrated in Fig. II.2. ' ‘

IT.2 SLAGS ’ -

[ E

Copper smelting slags are represented by the Cu-Fe7ﬂ€gi02
system with Ca0 and AI?_O3 as major impurities and other oxides such as
MgO and ZnO as minor impurities. Copper smelting slags also antain upt
to 5% sulphur by virtue of contact with matte and concentrate.
The compositions of smelting furnace slags are adjusted (by
addiﬂg appropriate amounts of flux) almost to the point of S%Qz—saturation.

. T . . " &2 s
As will be seen in subsequent discussions, this procedure tends to minimize

copper solubility in the slag.

In the high-silica compositfon range, slags are ionic in

structure and ®they are made up largely of metal cations and silicate
polymer anions. Theyﬁgre viscous (500 to 2000 centipoise) and they have

: (1), "
a relatively low electrical conductivity (0.2 to 2 ohm 1 cm_l) . .

It is well established that silicate slags are ionic in nature.

It is imperative, therefore, that ionic structure theory be taken into
K
account in any mechanistic analysis of copper and sulphur solubility in

slags. & )

cmn
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A
IT.3 SMELTING ATMOSPHERES - ) S

The gases in smelting furnaces have the following approximate

- -
" cofipositions: '
Gas Composition (Vol %)
Furnace Ssz 02 N, Coz €O Hy0 Comments
Reverberatory 0.5 2 85 10 0 Measured 0.3 m above
to
1.5 : slag surface. Oxygen
is due to air leaks.
f
Electric 0.4 Leaving furnace. 802
to .
/-5\\ 5 p concentration depends
on type of operation.
INCO flashu 90 0 7 0 0 3 No air leakage.
Outokumpu - 15 0 60 5 <7ﬂ0 5 No air leakage.
flash ' to to to to ’
20 70 10 " 10

I3

This table shows clearly how the switchéver to flash furnaces

. »™results in a smelting atmosphere which is much more concentrated in 802

than the traditional reverberatory and electric furj?ces.

E

I1I.4 PREVIOUS EXPERIMENTAL WORK ON (METAL AND/OR MATTE)/SLAG/GAS SYSTEMS

Elliott(z) has made an extensive review of existing information
on metal/matte/slag/gas systems. His review is daest.summarized by

Figs. 11.2 and 11.3.A, II.3.B, the last being due primarii& to Yazawa
(4,5,6,7)

A

and co-workers

i e 23
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FIG.11.3.A

‘ ' 9
Schematic diagram of.the CupS-Fe§-Fe0-5i0,
: 3,7)
system (1473 K, iron-saturation) .
‘m:* and 's.' describe the mattes and slags
which are at equilibriumwith each other
under Si0, "faturatidn conditions.
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2 i Q_
\#\Egnenz\gfgiffféntal work on copper ;melting s;séems can R:
divided into three categories of study: ¢ ’ ;
(a) Cu (metal)/slag/qugen system: iron, magnet%te and/or
| . D silica saturated
(b)' matte/slag/gagéioz, Sz,'SOZ) iron and%erfgiliéa“ )
system: ; . saturated
(¢) Cu (metal)imatte/slgg/gas . iron, wustite, gnag;xetite

~ (0, o» 505) 'system: and/or silica saturated

1y >
These studies are summarized in Table II.1 a&d their results

are discussed in the following three sub-sections.
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) A4 _—_— N
~~ N J —,
y )
- Temperature 2
Range Oxygen Potential
Systenm Experimentery K Range Atmos. Comments
. -12 -6 s T
Cu-Fe-0-5i0, <§ Ruddle, 1573-1673 10 to 10 Silica saturated.
System il‘aylo% ‘and 2/
Bates }4) \
- N - . .
Toguri and 1573 10710 5 1077 Fayalite slags, with approximately
Santander (15) 6% Al,03. T
i tman and X 1500-1560 100 ¢o 10?6. SiO2 saturated iron silicate slag.
ellogg(lﬁ)

Bailey et al.(®) 1573 10712 ¢o 1076 §i0, saturated iron silicate slags

PR SN e - gave copper solubilities similar to

- /f/”' above studies. An industrial slag -
! (38% §i0,, 16% Fe, 19% Ca0, 17% Aly034,
4% Kp0) gave much lower Cu solu-
bilities (I1I.4).
g b

af . .
TABLE II.1 Summary of Recent,&x-Fe—O-S-SiOz Studies .
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oy SR g, <SS T R e e -

~ . : N
~
! .
r
Temperature .
) ' Range Oxygen Potential
System Experimenter K Range Atmos. Comments
é Cu-Fe-0-5-Si0 Yazawa and 1473-1573 Iron saturation % Cu in slag increases, %S in slag decreases,
E (no copper Kameda (10) % 0 in matte increases with increasing matte
§ phase) . grade (Figs. II.9, I1.10, II.11).
g : Spira and 1473 Unknown, more % Cu in slag and % O in matte higher than
| Themelis (32) oxidizing than Yazawa's (Fig. II.9).’
f = N Yazawa's work —_ \ .
~N~— = -, Borand 1473 Iron and silica % 0 in matte only. Simidar results to
T . Tarassoff (11) saturation Yazawa (Fig. II1.12).
4
, ) Nagamori(g) 11473 Iron and silica Higher ¥%Cu in slag and lower % S in slag
i saturation than Yazawa (Figs. II.9, II.10).
| ‘ —
.% ~ : i -
3 - - TABLE II.1 (cont'd.) Summary of Recent Cu-Fe-0-S-Si0, Studies —
! " T - _
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/\ . i i N
- } Temperature ]
. ) Range Oyygen Potential .
System Experimenter -—— =~ K : ange Atmos. Comments
. Cu-Fe-O-S-SiOz Johansen, - f 1400-1700 pSO, = 1 with or <Somewhat few experimental results.
(copper phase Rosenqvist § R witliout Fez0 - ’
present) and ) 19) satiration — .
~ Torgerson o
Gevici and 1 1523 , Fe and/or Fe0 Minimum % Cu in slag found at Fe
Rosenqvist( 8) . sgd/or Fe30y and Si0, double saturation (Fig.
- #fd/or Sil I1.13)." Maximum at Fez0, and Si0
. 2 3%
., ’ saturation ° double saturation.
r k,__ - -
~ TABLE_II.1 (cont'd.) Summary of Recent Cu-Fe-—O-Sa-SiO2 Studies
—— - o P
‘h «
™ '
.
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' &
° R - ¥ Iy’ <
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II.4.A Cu(Metal)/Slag/Oxygen Studies (Cu-Fe-0-5i0, System) ' '

“Although’ the Cu/slag/oxygen system is not of direct commercial

importance, it is a relatively straightforward system to study (under

CO/CO2 atmospheres) and it forms one of the quaternary boundaries of

|
the Cu-Fe-OIS-SiO2 matte/slag quinary system. For these reasons it has
received considerable attention as is summariz;d in Table II.1 and -

Fig. II.4.

| The experimental results are unanimous in showing that the

-+ concentration of copper in an oxide (slag) phase coexisting with copper . .

4
’

metal increases with:
increasing p0,,
increasing temperafﬁre.
On thé basis of these results and other measured and estimated
data, Elliott(3 has constructed compbsition surfaces for the copper-
saturated iron-si&ica oxi%e phase as is shown in Figs. II1.5, II.6 and
I11.7). In essencéi these surfaces indicate for a given tempera;ure,
PO, aﬁd Fe/SiOzrratio, the concentration of copper which wilf be present

in an oxide phase in equilibrium with metallic copper. The effect of

increasing oxygen potential is clearly shown.

- The effects of other slag components (A1203, Ca0, Mg0, Zn0) .
have been reviewed by Baileycs).c He was unable to draw any definitive ‘
f
. ¢onclusions. '
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vor

and silica saturation conditions, at least) that with a matte of

11.4.B Matte/Slag/Gas (0., Sz,ﬁOZLSystem o D e
[*) ) v

/

Nagamori(g), Yazawa and Kameda(lug, Bor and Tarassoffcll), and
Spira and Themelis(lz) have carfied out significant studies on this
system - the first three under iron and silica double\saturation condi-
tions aﬁd the last without iron saturation (Table II.1). 1In all cases

the experiments were carried out under a neutral atmosphere into which
s

0z, S, and SO, could slowly escape. The partial pressures of the gases

were not, therefore, truly fixed and the systems cannot be said to have

, g
been in true equilibrium. The partial pressures of 02, S2 and SO2 are,

however, very low under iron saturation conditions and ‘thus continued
flushing of them from the system should not, therefore, appreciably

affect thg compositior’ of the coexi’stent condensed phases (Yazawa)Tls).

The results of these investigators are presented,in Figs. II.8, '

L

IT.9, II.10, II.11 and II.12 from which it can be concluded (under iron

increasing copper content:

(a) % Cu in the coexistent slag phase increases;

4
“ .(b) % S in the slag phase decreases; and

{¢) % 0 in the matte decreases.

(12) obtained similar results ugdér non-iron saturation

Spira and Themelis

c;nditions.
Elliottcs) has developed a more general view of the matte

slag system based largely on the ;xperimental work qf Yazawa and co-

workers(4’5’6’7) (Figs. I1.2, I1.4, 11.8). The overall matte/slag system

is described in terms of a Cu,S, FeS, Fel, SiO2 quaternary diagram (Fig. II.3.A)

2
while the copper-free part of the system is described in ternary and

quaternary form (Figs. II.3.B, II.8).
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FIG.I11.8 The Fe0-FeS-Si0., system at iron-saturation
\ . conditions (1573 K, Elliott(3)).
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FIG.II.9 Measured copper-in-slag concentrations, Cu—Fe--O—S--SiO2 system, as

. : a function gf matte grade. The experimental conditions are shown ;/////”

in the Figure.
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As would be expected from theé distussions above, each repre-
\
sentation indicates the presence of large camposition regions where
matte (oxysulphide) and silitate (slag) phases coex%?t. The general

o

hase from an oxi@g;;hase

conclusions from the diagrams are that:

(a) the separation of a sulphide

g T

is most efficient when the system is silica saturated;

i.e., under these conditions the oxide contains a minimum

concentration of sulphur and the sulphide pﬁase contains
- » > .

a minimum concentra%&on of oxygen; -

L,

‘ Fd
b) the concentration of copper in|the oxide (slag) phase

is minimized by silica saturatﬂon (under iron saturation
l .
conditions, at least, Fig. II.3.A).
El iott(S) points out that an important missing piece of
. \

information 1s the behaviour of the CuZS-FeS-FeO-SiOZ_gystem under non-

14

iron saturati;y.conditions. B
L
IT.4.C Cu (Metal)/Matte/Slag/Gas (0., S,, SO.) System :
" " A “

In addition to the matte/slag studies described immediately
above, several studies of the copper metal/matte/slag system have been

made. gﬁf%

The most complete of these studies is the work of Roseﬁqvist
(18,19)

and ge-workers whose more significant results are summarizéd in

//éigs. 11.13, 11.14, II1.15, II.16). In essence, these investigators
prepared mixes of copper ﬁetal, iron powder, copper sulphide and 'master’
slag (50 to 55% Fe0, 12% Fezos, 37% Siozj in proportions calculated to

give copper metal and a desired matte and slag composition. These mixes
! .
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(18)
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.( were then melted and held at 1528 K for 5 to 17 hours in a flowing

s ]

2
-determined for some experiments. ’

4 -
h & nitrogen atmosphere.  The SO, content of the effluent nitrogen was also

This 4-phasé,-5-component (Cu, Fe, 0, S, Si) system has, by
the phase rule, only two deg{fﬁj_gﬁ/éreedom in addition to temperatufe. Y

As soon, therefore, as two additional parameters are specified, e.g.,

-

(a) the activity or concentration of Cu,S in the matte; and (b) the

2
activity or concentration of Fe304 in the slag; the system iF fully

i defined. )

!

(18)

Most of Rosenqvist's work was, in fact, carried out in the

presence of a fifth separate phase, i.e., in irgﬁ, magnetite, or silica

criicibles so that after temperature (1523 K) had been specified, only

one degree of freedom remained to fully define the system. Matte grade

’

(% Cu in the matte phase) was usually chosen for this final specification.
Based on this discussion and the experimental results of Gevici

and Rosenqvist(ls), the followiﬁg observations can be drawn.

o

.

$i0, Saturation Conditions (Fig. I1.13 and 11.16)

_ When ‘the system is altered from iron saturation towards magnetite
' saturation, the coexistent phases a&just in the fallowing manner:

1 N

) Matte phase:’ % Cu increases
| % Fe dgcrease§
+ % O decreases
Slag phase: %}Cu‘increases
)
% S decreases -

FéF’7F3*+ increases (not shown on graphs):

Gas phase: pSO2 increases -

© ae etk b ® -~ y e g+ — . z L N e e iy et
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Iron Saturation Conditions (Figs. II.14, II.16)

]

‘Alteration of the system frgm FeO to SiO2 saturation affects

the phases in tﬂe following ways:
Matte phase: % Cu increases
' . *% Fe decreases

%0 decreases
Slag phase: % Cu dec;eases\

% S decrea;es

ret /Fe+++ decreases (not shown)
Gas phase: pSO, decreases (not shown)

S

Fe.0, Saturation Conditions (Figs. II.15, TI.16)

e Jet .

,Changing the system from Fe0 to SiO2 saé!ration conditions

alters the p%?sés as follows:

o~

Matte phase: % Cu increases ¢
% Fe decreases

% 0 increases

Slag phase: % Cu increases

% S decreases

re? /Fe"'""" increases (not slhown)
Gas phase: pSO, increases ' |

Geveci and Rosenqvist(la) conclude that the copper-in-slag

content is:

-

(a) at a minimum (0.5% Cu) upder Fe and Si0, saturation

conditions (50% Cu in matte); and
. . ' '

\

e
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- (b) at a maximim (7.6% Cu) under Fe304 and Si0, saturation

£
conditions (79.5% Cu in matte). . i
' Sulphur in slag is, on the ¢ther hand:
(a) at a minimm (0.01% S) at Fe;0, and Si0, saturation §
3 (79.4% Cu in matte); and

3

\ .
(b) at a maximum (4.4% S) at Fe0 and Fe saturation (32% Cu
in matte);

while oxygen in matte is: ‘

(@) at a minimum (0.05% Q) under Fe304 aqa Siozjsaturation

’

conditions (79.5% Cu in matte); and
(b) at a maximum (5.5% O) at Fe and Fe0 saturation (32% Cu

in matte).

II.5 OVERALL STATUS 6F Cu-Fe-0-5-Si0, STUDIES

The above review indicates that the Cu-Fe-S (matte) ternary
-~ .

system is well known. Likewise, slag structures and properties have

b
been studied exte§51vely.

- The Cu—Fe-O-Si.O2 system has been closely examined for oxygen

pressures between 10-12 and 10‘ atmospheres and- further experiments in

this range would seem to merely repeat previous studies. The system is,

6 and 100

only partially enderstood at oxygen pressures between 10
atmospheres and further study in this pressure region is well warranted:
Matte/slag<studies have been much fewer in number than Cu-0-5i0,
studies because of their greater experimental complexity. The most
complete study ¥ that of Gevici and Rosenqvist(ls) for the matte/slag

- \@ b i
system in the presence of & separate copper phase. There is some scatter

¢

»
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7
( , in these results and the experiments are restricted to one, temperature
+ so that this work should be repeated and expandéd.
P
Most other matte/slag studies have been carried out under
iron saturation conditions, i.e., under conditions which are much more
reducing’ than conditiohs in flash smelting furnaces. These studies
should be extended to more highly oxidizing conditions.

i

The work in this thesis represents .such an attempt to expand
. {
- matte/slag knowledge away from iron saturation conditions towards

industrial smelting'(high pSOz) conditions.

-
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III. EXPERIMENTAL

The experiments of this study consisted essentially of
equilibrating CuZS—FeS mattes and silica—satu;ated Fe-O-SiO2 slags

under controlled preéssures of S0,. The principal measured parameters

were: ﬁ .
. #ndependent yariabies ; pSO2 (0.1 to 1.0 atmos). ! " .
‘Temperature (1423 to 1573 K).
" Initial matte composition.
’ Initial slag compositgqn.
’ 4 ~  Silica saturation conditions .
- (silica crucible).
IDependent variables "% Cu dn s&ag. ) ,
(in coexistent phéses) HU?+£%J44' ratio in sihg.
%.S 4n slag. - ’
%0 in matte. ' )
. : \
“ N
III.1 . APPARATUS \ ’

The experiments were all carried out in quartz crucibles
(23 mm 0.D., 20 mm I.D., 35 to.45 mm long, LaSalle Glass Blowing Co.,
‘#ﬁon;real) placed in a gas tiéht refractory tube assembly (Fig. III.1),
all heated’in a 3.7 K Kanthal-wound‘resistance tube furnace (Figs.,IiI.Z,
II1.3). ‘ | v .,
Furnace temperature was controlled'by means%of_a Pt/Pt—l?%th
thermocouple sensor placed against the bottom of the outer refractory

.

tube and a Lindberg Type 59545 temperature controller (Tech-Met Canada Ltd.,
T -

“4

A
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Fig. III.1 EXPERIMENTAL REACTION SYSTEM SHOWING UPPER AND Lowmz * A
PARTS OF THE REACTION TUBE )
1 Glass dover. | )
2. Glass cover brass 0- ring adapter.
‘ 3.| Silica lance brass O-ring adapter. ¥ «
-t 4.| Thermocouple insulator brass 0-ring adapter. ,
5.| Gas outlet. .
6.\ Copper water cooling jacket. .
7.1 Reaction tube (600 mm long x 70 mm 0.D., 5 mm )
| thickness). : T
| Gag lance (silica) (6 mm 0.D., 4 mm I.D.). N
9. - Alumina thermocouplé insulator. . v 1
 Quartd reaction crucible (23 mm 0.D., 20 mm I.D., ]
_) ‘ long). . - ’ .
11. 'Alumina holder. \ . \
| )
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) ' FIG.I111.2 Schematic representation of the experi- )
o » ‘mental apparatus: ) . . - ™
P ’ : 1) gas tank (S0, or N,); 2) microvalve; , :
) ' *3) HySO4 bubbling flask; 4) capillary flow- ‘
- . ' meter; 5) 4,50, manometer; 6) reaction tube; \’ ks
. . . . 7) verticalwtube furnace; 8) heat exchanger;: 4
S T i 9) 502 absorption tube. ) ) - ) £
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vertical tube furnaces, gas train and
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temperature controller.
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4 Toronto). The temperature of the reaction cmciblemeasﬂred with a
Pt/Pt-13% Rh thermocouple plé{ced immed;'.a:qu adjacent to the crucible. ;

¢ This temperature was held{ witlhin +1K durl\}ing the course of each experiment.
The 6uter refractory tube (quartf, mullite or alumina, McDanel

*é’ 1

Industrial Ceramics, Beaver Falls, PennsYlwtlania) was closed at one end.

It was rendered gas-tight at the open end b):L méans of a fittedl—glass
cover, a brass adaptor ring and :0' riggs as shown in Fig. III.1. A
second brass pla;e and '0' ring assgmbly at t‘g\e top of the apparatus
permitted entry of a gas lance (for SO2 and SOZ-N2 mixtures) and.a thermo-
couple in:.o the system. Watercooling of the ‘top 200 mmvof the refractory
tube permitted the use of glass, brass and rubber fittings at the top of

" the apparatus.

Gas Train

) The sulphur dioxide pressure of the gas immsdiately above the
¢ reaction crucible was controlled by passing S0, :r a specified ch-Nz P
mixture through a: quartz lance onto the surface of the crucible bontents‘?
The ic0mposition of the gas was édntrolled by fixing the ;'ates of S0, and
N, flow into the lance using microflowmeters (Figs. III.2, III.3). | ﬂ

The 802 and N2 were controlled to * 2% of their concentration a;s checked
. -

by measurements of flows through a water-displacement burette. The total

P -

gas flow into reaction cr\lxciblg (i.e., onto the liquid surfaces) was

-

]
g 1
+« maintained at 5 cm® (NTP) per minute. Gas was removed from the apparatus

R T I e

EY

through a horizontal outléf: in the glass cover (Figs. III.1, ilyz, 111.3).
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III.2 . MATERIALS

gases:

matte components:

slag components:

Master Synthetic Slag

47.

Sulphur dioxide, pure anhydrous,

% 99.98 50, (Welding Products Ltd.,
Montrea N&trdgen, ultra high purity,
99.999% N, \(Canadian Liquid Air, Montreal).
Copper sulphide powder (6lidden-Durbee
Division of S.C.M., Cleveland).
Ferrous sulphide lump (Anachemia
Chemicals Limited, Montreal).

Silica powder‘kAnachemia Chemicals
Limited, Montreal). '

Ferric oxide (Fisher Scientific Co. "

Limited, Montreal).

‘ o

The slag phase in each experiment was formed from powdered

master synthetic slag, theteby ensuring a common starting point for

allf experiments.

powder in

e master slag was prepared by melting Fezo3 arid Si0

2

duction furnace undeéer argon. The resulting slag was cast

and groyhd %o a -150 micrometer powder. Its composition after casting

and nding was 27.9% FeQ, 19.9% Fe203, 52.2% sio, (Fe/SiOz = (0.68).

I11.3 PROCEDURE

Each experiment was begeM by charging Cu

-

. |

ZS’ FeS, synthetic slag
Lo

and silica powders to the silica crucible in proportions which would

‘Produce the matte and slag compositions desired for that specific experi-

ment. -~ The crucible was then placed in an alumina holder near the bottom

WR RS AT, W,
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of the refraétory tube (Fig. IITI.1); the system wask closed; the lance
and thermLcouple were fixed‘ in place and a flow of nitrogen was directed
through the lance to displace air from th; system.

After approximgtely 1 hour <:>f nitrogen purging the nitrogen -

flow was switched to the prescribed S0,-N, mixture for the experiment,
%

the tube [furnace was raised up over the refractory tube and heating was

begun. Heating was carried out very slowly with 7 to 8 hours being

allowed for attainment of the experimental temperature. The flow through" -

'd
the silica lance into the reaction crucible was maintained at 5 cm’ min~l
during heating and at 5 * 0.1 em® min~} once the experimental temperature
was reached. This low flowrate ensured that the surface of the slag was

blanketed by S0, of known partial pFessure but that turbulence in the

liquids was minimal.

.

Each experiment was] conducted for 20 to 30 hours at temperature

to ensure a close approach to equilibrium. This point is discussed in
o ~

detail in~the experimental results section. At the end of the experi-
ment, ‘the furnace power was shut off, with the gas flow being maintained.
It is estimated that under these conditions freezing of the liquids was
o

complete in about 10 minutes, i.eﬂ., tire temperature of the crucible fell

to 1073 K in about this time.

-

After the system had cooled to 500 K, the furnace was dropped

v SRR 2

below the refractory assembly and the reaction crucible was femoved

from the apparatus. The crucible was gently broken open and the slag

1

and matte layers were separa"ted for chemical analysis. In general, the
layers separated very easily due to a lack of mixing between the phases )

and to their difference in’ freezing temperatures.

’

.“« *
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II1.4 CHEMICAL ANALYSIS

¥The samples were ground (Separately)to -150 um and analysed

quantitatively for:

matte

Cu

49..

A slag - Cu \

+
! Attempts were made to analyse Fe' and Fé'*

total Fe\

' §io0

Fe'?

Fett +

S

8102

+ in matte but

copper at high concentration interfered with the'analyses and prevented

aquisition of any meaningful results. s

) N #

The following analytical methods were used:

\ 1. Copper: ‘'long iodide' methodfdup'licated by atomic

2. 1Iron (total):
3. Fe ' in slag:

absorption (after dissolving in HC1 and HNOs).

dissolution of sample in HC1 and HF,
reduction ’of all iron to FeH with SnClz ; and back.titra-
tibn of the F& against potassium dichromate.‘
dissolution of the sample into boiling
HZSO4' and HF with .the crucible (platinum) cmre:r’ec}~ to avoid

++ 1 .
oxidation:of Fe The rLsulting solution was then diluted
and titrated with standard potassium dichromate solution

h Y

(sodium diphenylamine indi'cator) .

.
- »MM‘W
B

+ >
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4. Fé™** in slag: dissolution into boiling 1:1 HC1 followed

» by hot titration (to clearness) with a standard stannous’

chloride solution.

5. Sulphur in slag: 'barium sulphate' method (dissolution
of sample in HNO, and HCl with quantitative preciéitation
of sulphur as'barium $ulphate) duplicated by analysis in.
a LECO Model 762-100 sulphur.analyser (LBCannstruments')
~ " Ltd., Mississauga, Ontario). The latter analysis was made
A ’ by mixing a small slag samﬁle with pure iron and by treating
“ the mzxture like a normal iroq or steel sample (combustion
5 to 502, infrared SO2 concentration measurement).

® 6. Silica in matte and slag: dissolution of sample in boiling

@

HC1 and HNOs and oxidatioq with perchloric acid. Following
eyaporation, the so%uble salts were dissolved away from thev
§i0, componenteand the dried Si0, residue was weighed.

7. Oxygen in matte;jﬁetermine@ by LECO (Model 775-100) oxygen

)

analysis): In this case a 0.1 gram sample of matte was

wrapped in aluminum foil of known oxygen cgntent, and the |
combination was melted inductively in a stream of hydroge£.
p The LECO instrument quantified the amount of oxygen by
_ infrared detestion of the §20 formed from exposing the .
- ‘ ‘ nelted sample to the hydrogen stream. \ )

3 .
The analyses were normally done in triglicate with a repro-

ducibility generally within * 2 or 3% of the result.
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IIY.5 RESULTS
. The principal experimental results are tabulated in Table III.1

?
showing pSOz, temperat&iqmand chemical analyses of the coexistent phases.

Matte/Slag Equilibration Time™ ™

) - ‘ .
The experiments were all carried out at temperature for 20 to

25 hours. For comparison, previous dinvestigators have carried out (under

somewhat different conditions) their experiments .for the following

periods of time. ‘ . . . ¢j’%w

Equilibration i
Workers System | Time .kTemﬁérature

Geviéi and : Cu-Fe-0-5-5105 ‘

Rosenqvist(ls) (copper phase present) 5 to 17 hrs. 1523 K
Johansen, Rosengvist Cu-Fe-0-§-8i0 - 1400 to
and Torgersen (19) (copper phase present) 28 hrs. *- 1700 K
Naganori (%) Cu-Fe-0-S-8i0, - 3 to 5 hrs. 1473 K
Bor and Tarassoff(l?) Cu-Fe-O-S—8102 3 hrs. 1473 X
Toguri and Santandercls) Cu-Fe-0-5i0, 48 hrs. 1573 K

It can be seen that the equilibration times of this work are
in the same range as those used previously in similar studies. The
suitability of these eiperimental times was tested by carrying out a
group of experiments in which pure CuZS was equilibrated with master
slag for various lengths of time. The parameéer exaﬁined for invari-
ability with time was Wt% Fe in the matte phase. The results are
summarized in Table III.2 from which it is apparent that steady condi-'

tions are achieved within 20 to 25 hours of contact.

¥
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Exp. # pSO, (Atm) T(K) Time(hrs.) % Wt Fe (matte)
L
' 1 1.0 1423 10 0.3
2 1.0 1423 20 0.88
/ 3 1.0 1423 25 1.05 .

4 1.0 1423 35 Y 0.92

5 1.0 1473 10 0.6

6 1.0 1473 15 0.95

7 1.0 1473 20, 0.87

8 1.0 1473 30 0.92

9 1.0 1523 10 0.33
10 1.0 ® 1523 15 0.98

A ‘ 11 1.3 1523 20 0.92

12 1. 1523 25 0.99

13 1.0 1523 30 0.89

14 1.0 1573 10 0.83 )

15 1.0 1573 15 1.25 .

‘ 16 1.0 1573 20 1.35
17 1.0 1573 25 0.94
18 1.0 1573 30 1.10
' i ?
4
TABLE III.2 Experimental Results for Matte/Slag
Equilibration Time. Experiments
under Si0_ Saturation Conditions.
& .
tL)
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IV. DISCUSSION

This section discusses the implications of the experimental

results under the headings:
Ve

IV.1 Thermodynamic interpretation of results. .
*'IV.2 Behaviour of copper in slag.
\ 4

IV.%_ Behaviour of sulphur in slag.

IV.4 Behaviour of oxygen in matte. . L

IV.5/<Structural representation.of results.
IV.6 Prediction of conditions under which a separate copper j
' phase will occur. y ‘
7 IV.7 Industrial implications of the results.
IV.1 THERMODYNAMIC INTERPRETATION OF RESULTS .
ol The principal objective of this thermodynamic interpretation
- was to determine:
Ay
aCuZS
. %Cu,0
for each experimental equilibration, based on measured values of pSOz,
matte composition and slag composition. Additional parameters calculated
' along the way were p0, and psz. ’
. ‘ Before describing the calculations, it will be worthwhile to inter- .

»

pret the present and previous matte/slag/gas experiments in terms of the

4

phase rule.

. . . e TR g = P 3~k on 1 5 A T O 2 s
-
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The experi@ental 3ystem described in this thesis consists of
4 phases (8i0,, two 1$quids, gas) and 5 components (Cu, Fe, 0, S, SiOz).
By the phase rule (P-ﬁ'% = C + 2), the system Eas three degrees of .

r -
mperature, pSO and matté grade are specified as

I

freedom. Thus, once t

independent variables, the remainder of the sxftem is fully defined.

The experimental approach in this work was esgentlally, therefore, to
fix temperature, pso \aﬁd matte grade (% Cu) and to let“the slag f£ind

its appropriatelcomposathon (particularly with regarg to 1ts Fe't /pettt

: [

ratio and sulphur contﬁnt). ' 2, \‘
‘ ; (12)

This approach is not dlssxmllar to previpus work (Themells 12 »

-y

‘ Yazawa(l ), Bor and Tari%soff(l )) inwhich temperatyre, iron-saturation

LY
and matte grade were &hosen as 1ﬁdependent variables and in which slag

and gas compositions weré ‘allowed to find their appropriate values. The
\

essential difference betw%en these previoys iron-saturation experiments

T~

o

work.

(18)

Geveci and Rosenqvist also proceeded in a somewhat similar

manner but with metallic copper as a separate phase. Their system had 5

1

freeaom. Thus, thesq‘worke\s fixed temperature (1523 K) and matte grade: -

The present work can be considered as a further;exﬁloratign into

]

conditions considerably different (particu-

mhttb/slag/g;; systems under
i .
larly with‘igsgiFt to pS0,) than. those of previous studies.
‘ »
. .

AR P
ad, . Q’\

7/
s . - . ‘ - A ia g i
o vbua ot - N K R Mg o

. 1
and those described here f% the fixed, relatively high pSO, of the presént <> ‘

el
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pressure in each experimental system was determined in accordance with |

¢

IV.1.A Estimation of p0,

. The first step in the tbermodynamic interpretation of the results
was to estimate 1;02 from (i) th%,,%lag composition of’each e:ocperiment an%(ii)
the l?e-O-SiO2 oxyéen pressure datg of Muanczo) (Fig. IV.1). The slags
in the pre§e‘i\t work were all very n"gaar silica s:atu:‘-ation (having bee‘%}

J
equilibrated for 20+ hours in a quartz crucible) so that the oxygen

X

its Fe**/Fe™* ratio along the silica saturation line in Fig. IV,1.
Of course the data of Mu:«m(2 0), is for copper- and sulphur-free

slags so that some error is introduced in this interpretation. However,

the total of copper plus sulphur in the slag was usually ldss than 5%
' . ’ a -
so that the error is likely to be small. ' 2 '
The results of the calculations are présented in Table IV.1.
E
. ’ \[
. \\ ’

Once p0, had been estimated for each equilibrium, pS, was

IV.1.B Calculation of pS,

*

calculated from it and the appropriate experimental value of pSO2 by means of
b '

the equilibrium exp essions:

_ o |

/28,40, *.s0, -, ‘;
n J ‘

867 = -361000 + 72.4 T (joules) V.1

_u-"""" o T HSOZ “ N ‘ ) ¢
and AG - .- R’!: In -——1—/—2—-* IV.2 .
. , e 2
- . . |
A ! " .
S e Ao \\‘“—ﬁr - o s S e
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As Table IV.1 shews, sulﬁhur pressures in the experiments varied

-5 -2\
from 10 © to 10 ~ atmospheres.

-
'Y ]

°
o .

IV.1.C Estimation of a;, g { 4
"2 v,

ng\tlwtles of Cu,$S in the equ;llbrated matt/e phases were esti-

¥
mated from (i) each expernnenLl matte comp031t10n dnd (ii) the Cu,S-Fe§

(21)

activity data of Bale and Toguri and Krivsky fnd Schuhmann(z)

(Fig. IV.?)\. Activities determined in this w}y are reported in Table

IV.1-and {Fg\g IV.3. Bal andT Togun(2 ) suggest t)lat the Cu

VA

ture adjustments were made in choosin}l,'t:he ag, g values..
, 2
| This determination suffers from the same problem as the

28 -FeS pseudo

mod%l so that"na t_empq‘z:a-
¢

binary system is well described by Ternki}'s

i
determination of poz; i.e., the matte phaﬁ% contains a small quantity <l)f
ox'ygen (and a tracebof §i0,) in addition to Cu, Fe and S. However,
(gxcept %n a fe;v cases- the oxygen and silica compbnents totalled less

than 5% so that the error is once again not likely to be large, especially
with high matte grades.

4 4 P

IV.1.D Calculation of a. ] '

LY

The activity of copper in each experiment was readily calcuilated

|

from the values of pS, and aCuﬁ in sections IV. 1 B and IV.1.C u§ing the

+
equilibrium expressions: ¢

©0 T Wuy +1/25, F CuSy

2
g ,
(8G° = -171000 + 58.6 T (joules) o *IV.3

J o “

1 ° o
This expz'esswn 18 in general agreement with the recent data of
Bale and Toguri(2l) ¥ 500 joulee per mole of CuysS

- e . |
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FIG.IV.2 Activity of CusS in Cu-Fe~S mattes as determined by Krivskytz) )
andBawetd) (21)7 Activities predicted by Temkin's cationic
ionic lattice model{22) are also shown.
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Y ' and the equilibrium constant: :
' ‘ ey 'a
o L Cu,S _ \
K - " 2 - b V.4
. v /
' (@)~ (pSy) N
. 5 /’
| ‘- The calculated copper activity ?’iues are shown in Table IV.1 and Fig. IV.3.
? . . .
/?V.l.E Calculation of 3y 0. - N
s 4 - T2 ' L
As a final step in the thermodynamic interpretation the activity

, of Cu20 in each experimental system was calculated from the pO2 and as,
: : ‘ ¢
‘ values detemin@d in Sections IV.1.A and IV.1.D with the aid of the

©
‘

[ o .
equilibrium expressions:

L4
X -+
2Cu, + 1/2 Ozg + Cuy0g ) r
i AG® =~ -144000+ 58.6 T (joules) Iv.5 4
\ eand a ;s
Cu, 0 ' . -,
Lk = 3 2 %‘1/2') BN V.6
- e o .
L4 (aCu? (POZJ
s . -
The calculated values are presented in Table IV.1 and
" S
Fig. IV.3. Theybare discussed in Section IV.2. '~
y IV.2 BEHAVIOUR QF COPPER IN MATTE AND-SLAG
N v .
. = - ) Pez;}?aﬂs the most important results of this work are presented
N . r
) in Figs., IV.4 and IV.5, both of which plot wt% Cu ixf‘ slag vs. wt% Cu in
. matte.  Fig. iv.4 presents all the. 'raw' data of the investigation while ‘
E 4
Fig. IV.5 compares thg- 'best fit' lime of the present work with the results

<
. of previous investigators. w:l‘hle latter showsyclearly that the predent

L

“omes s .
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{ Exp. # pSO,(atmos.) T(K) % Si0, Fe* /Fe ™+ (weight)- p0,(atmos.) pS,(atmos.) xCuZS aCuzs 2., aQuZO g
~ ' - -3 ¢ 5 ¢ -5
: 1 1.0 . 1423 38,0 5.2 . 5.0x10 5.1x107.  0.94 0.93 0.09 _ 9.3x10
2 “ 1.0 1423 ,37.6 4.4 6.4x1072 3.5x10" 0.70 0.72 8.7x10"% 9.5x10"°
\ 3 1.0 1423 34,7 5.l s.5x10'g» 4.2x1073  0.58  0.57 7.1x107% 6.0x1073
| R 4 1.0 1423 31.6 5.9 "~ 2.5x1077 2.0x10" 0.54 0.49 4.6x107% 1.7x10"
E 5 1.0 1423 37.3 6.0 1.8x10° 5.6x107%2  _0.66 0.62 4.1x10"% 1.0x10°°
6 0.5 1423 38.5 6.4 £ o1ox10”  3.2x1072 0.93  0.92~ 5.6x10°2 1.6x1075
7 0.5 " 1423 37.7 5.3 3.0x10°9 34x10°3  0.91 0.90 9.7x1072 8.4x10'g
8 0.5 1423 34.3 6.7 "8.0x10710  4.9x102 _ 0.68 0.65° 4.2x1072 8.3x107°
9 0.5 1423 34.0 7.1 6.0x10'é° 8.8x10"%  -0.49 .41 2.9x10"2 3,4x10~6"
10 0.5 1423 28.1 4.6 7.0x10" 6.5x107%  0.40—~0.25 7.8x1072 8.3x1073
11 0.5 1423 27.4 4.6 6.8x1079 6.9x10" 0.40 0.24 7.5x10"2 7.6x10”
12 0.1 1423 31.8 5.0 5.5x1079 4.2x10_§ 0.97 0.97 0.30  1.1x1073 <55
13 0.1 1423 35.6 5.1 5.3x1079 4.5x10" 0.94 :0.95 0.29  1.0x10
14 0.1 1423 33.0 5.0 5.8x1073 3.8x1073  0.70  0.68 0.26  8.4x107¢
= 15 0.1 1423. 30.9 7.7 5.8x10°10  3.8x10 , 0.49 0.40 6.4x1072 1.6x1077
16 * 0.1 1423 34.7 7.7 5.8x10°10  3.8x10" 0.52 0.44 6.7x10"2 1.7x10°
Y 1.0 1473 39.7 5.4 7.6x10°5 1.6x1072  ~0.69  0.68 7.2x1072 '4.8x10—§
18 1.0 1473 39.5 5.2 4.6x10'g 4.5x1075  0.68  0.65 5.4%1072 2.2x1072
i 19 1.0 1473~ 30.2 5.4 . 7.6x10° 1.6x10 0.56 0.48 6.0x10:§ 3.4x1073
20 1.0 1473 36.7 4.8 1.5x10-8 4.3x10"3  0.61 0.56 9.1x1077 1.0x107;
21 1.0 1473  39.0 5.1 5.9x10" 2.7x10'2 0.62 0.58 5.8x10 2.8x10°
. 22 1.0 1473 38.4 5.6 4.5x10‘g 4.8x10” 0.60 0.55 4.9x10'§ 1.7x10‘§
. 23 1.0 1473 33.0 \ 8.1 4.7x10° 4.4x10'2 0.51 0.42 _'(4.4x10' 1.4x10°
- 24 \\\§.o 1473 : 4.5 - 3.2x10‘g 1,4x10'§ 0.43  0.30 4.9x10'§ 2.3110'2
: 25 0 1473 31.3 7.9 4.7x10" 4.4¢10°2 —6.38 ~ 0.22 3.2x10"2 7.5x10”
§~/*\\w 26 1?5\\\\‘ 1475 31.4 .8 —  4.5x10°° 4.8x10°2  0.33 0,12 2.3x1072 3.8x10°°
i A ..o0.(cont'd,)
- - - - m
TABLE 1IV.1 Thermodynamic Quantities Estimated and Calculated from Experimental Data -

2
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§ TABLE IV.1 (cont'd.) \ - - o g
¥ - - - - ’
. + +++ .
Exp. # pSOZ(atmos.) T(]S) % 8102 Fe +/Fe (weight) poz(atmos.) ) pS2 (atmos.) xCug aCuZS acy, aCuZO
27 0.5 1473 38.5 5.7 5.6x10:§ " 7.9x10'§ 0.97 . 0.96 0.1 7.9x10'i
28 0.5 1475 37.7 4.9 7.6x10” 4.2x107  0.95  0.95 0.12 . 1.3x10"
29 0.5 1473 S 38.8 5.5 4.9x10" 1.0x10™ 0.84 0.85 9.0x10:% 6.2x10‘§
- "30 0.5 1473 34.9 5.2 7.4x10'g 4.4x10“§ 0.61 -~ 0.57 9.0x10”% 7.7x107]
31 0.5 1473  34.3 . 5.8 " 5.6x10” 7.8x10” 0.49 0.40- 7.0x10'§ 3.5x1077
32 0.5 1473 35.1 6.8 3.9x107° 1.6x10"2  0.43  0.26 _4.0x107° 1.3x10" ,
33 0.1 1473 39.7 5.7 5.6x10°%  3.1x1073  0.97 0.9  0.24  4.4x107)
&34 0.1 ¢ 1473 .7 7.2 3./0x10" 1.1x1075  0.79 0.78°  0.15  1.3x10
35 0.1 1473 ~ 32.5 8.8 9.3x1o-;° 1.1x1072  0.48  0.40 6.0x1072 1.2x10‘§
36 0.1 1473 30.7 5.8 3.0x10" 1.1x10° 0.39 0.24 8.0x10°° 4.1x107>
37 1.0 1523 38.9 4.5 2.9x1078 a.zx10:§ 0.74 0.73 0.11 1.5x1o‘:
38 1.0 1523  34.3 4.3 6.0x1073 1.9x10 0.67 0.64 0.15  4.1x10”
39 1.0 1523  35.0 5.2 2.2x10_g 1.4x10‘§ 0.77 0.76 0.10 1.1x10::
40 % 1.0 1523 38.0 4.9 » 4.1x107g  4Mx107;  0.57 0.50  0.11 <1.7x107,
41 1.0 1523 32.3 4.7 7.3x107 1.3x107 0.51  0.42 0.14_, 3.9x107,
42 1.0 1523 31.2 5.0 4,1x10" 4.1x10" 0.37 0.19 6.0x10°° 6.8x10"
43 1.0 1573  36.6 3.8 S.9x10-; 1.2x10'g 0.8 0.85 0.43 7.0x10-§
> 44 - 1.0 1573 - 39.0 3.7 7.4x1075 7.5x107; . 0.87  0.87 0.48  1.0x107%
45 1.0 1573 33.8 3.9 6.2x10” 1.1x107,  0.83  0.82 0.43  7.4x10_,
46 1.0 1573 34.6 4.8 ©2.3x10_, 7.8x10";  0.51 0.44 0.19 , 9.1x10 ¢
47 1.0 1573 32.7 5.4 1.1x107 3.2x10° 0.26 0.08 6.0x10 5.7x10
]
’ . 2
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FIG.IV.S Experimental Cu-in-slag results of the present work compared
with those of previous investigators.
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w

Tesults are in good agreemegk with those of previous workers.* ’

A notable feature of the preseﬁt work and that of Geveci and
Rosenqvistcls) is the sharp rise in copper-in-slag content at matte
grades ahove about 60% Cu. Moreover it can be seen that under the
highly reducing conditions of iron satdration (Fig. IV.5) such a sharp
increase does not apparently occur. These two observations suggest that
whereas copper-in-slag concentration is not appfeciably affegted by
oxidizing potgntial (as represented by iron saturation conditions and *
‘high pSO2 conditions as extremes) at matte grades below 60% copper, ébe

effect becomes very noticeable for mattes above this grade.

IV.2.A Thermodynamig Interpretation of Copper-in-Slag™foncentrations

Fig.*LViS shows weight% Cu in slag and the activities of Cu,
CuZS and Cu20 ca&qplated in Section IV.1 all plotted as a function of
mole fraction -of CujfS #n the matte. All, three activities increase with

‘

matte grade so it ¢omes aJ no surprise that @epper-in-slag concentrations

shgpid also increaiy'with increasing matte grade. Interpretation of
these data is continued in Section IV.S. 5
*

© \
Iv.2.B Effect of pSO., on Copper Behaviour ‘

/ )
At matte grades below 60% Cu it appears (Fig. IV.4) that pSo,

has no appreciable effect on copper-in-slag concentrations so that as

y : 4
long as matte grades are kept below that value there shauld be no over-
s,

‘s

. 4
whelming copper loss problem with high pSOz processes such as the INCO

flash furnace. .

* The experimental results of Nagamori(g) (Fig. IV.5) show somewhat

larger Cu-in-slag concentrations than previous workers. There i8

no apparent reason for this as he took great care to ensure that
there was no physical entrainment of matte in hig slags.

.
v . hd
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.AﬁAbove matte grades of 60% Cu, the'experimental resulits b;come
confused, probably because a small error inkike determinationf % éu in
matte terids to appreciably distort the pjcture.
~It is clear, however; that under the oxidizing cpnditions
encountered in smelting processes (i.e., non-iron saturation conditiqng),
production of mattes containing more than 60% copper will always lead to

large copper-in-slag losses.

IV.3 BEHAVIQUR OF SULPHUR IN SLAG

Fig. IV.6 shows the experimental values of wt% sulphur in slag
and the 'best'fit' line as a function of matte grade. The experimental.
values of prevjous workers are also shown.

The clearest point established by these results is that the

solubility of pure CupS in silica-saturated Fe-0-5102 slags is very

limited, the solubility of pure FeS is quite high (equivalent to 6(32)

\
or 7{10)4 §) and that the solubility of Cu,S-FeS mattes jm slag is inter-

mediate between these extremes. Somewhat surprisingly, does not
N\

seem to be a discernable correlation between % S in slag and temperature

or pS0,. ’ ‘ Z
. Fig. IV.6 shows/that for mattes containing less than about 60% |

Cu, the sulphur-in-slag contents measured here are slightly higher than
' »
those of recent investigators. However, there is considerable disagreement
+

between these workers themselves so that a clear-cut picture of sulphur
il

§olubil;ty at low matte grades awaits further q;periméhtation.' On the

basis of this work, it is suggested that LECO analysis (Section III.4)

for sulphur is a rapid and accurate analytical technique for this purpose.
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A-possible explanation for the rather high sulphur-jn-slag

concentrations of the present work (% Cu in matte < 60%), is thatgﬁhe.

1

. slag was not truly saturated with 3102. However, as YazawaE}S) has

J

+ shown, this effect is very small unless the % SiO2 in slag falls below

. 30% Si0,. . , <

As a general conclusion about sulphur .solubility, then, the: o

- principal contrailing factor is matte grade with all other factors being .

- secondary. The sulphur-in-slag solubility of CuZS)is negligible but the ®

3

solubility increases with decreasing matte grade.

I
. ﬂa‘ . . =

IV.4 BEHAVIOUR OF OXYGEN IN MATTE

. ) The measu¥ed concentrations of oxygen in the equilibrated

mattes of the present investigation are presented in Fig. IV.7.which - (\

$

also compares the 'best fit' line with the data of previous workers.
As with sulphur in slag, the most ndticeable feature of the

L L}
results is the remarkable difference between the behaviour of Cuzs\and vy

- & - -
FeS.. There is virtually™no oxygen solu@&lity in Cu,S but considerable

2 e
. (up to fg} (Spira and Themelisclz)) in FeS, with dntermediate values Z

for Cu-Fe-S mattes. Matfé composition appears to overwhelm all other
’ ’ Y
effects S}.e., temperature and pS0,) .

Like sulphur solubility in slag (Section IV.SS, the present
| Voad

' , "
experimental oxygen solubilities are, for matte grades below 60% Cu, l
N e s

somewhat higher than those of previous workers. These-two sets of

d‘f results are therefore internally consistent at least. Yazawa(ls) notes

- -- - .
© Ba S G ORI AP ST SRRy i g e
«

that a lack of SiO2 saturation will increase oxygen-in-matte solubility = .

-~

-

but thisseffect is quite small for Si0, contents above 30%.

( e 2 )
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( °Iv.4.1 §i0, in Matte | - ° !
As can be seen from the experimental 'data (Table III.1), there*
seems to be a ismall SiO2 solubilitf in the equilibrated mattes (< 3%).

P . Bor and Tarassoffcll), in discussing SiO2 solubility in matte,

F]

N

o suggest that under iron and Si0_ saturation conditions the solubility

- 2
“of SlO in mattes (10 to 40% Cu) is less than 1%, decre451ng with Lo !

Rt il

r

')

. ‘ " increasing maé;e grade. This trend towards low 5102 solubilitiés in .

/ ]
“ high g
(Table II 1)

3

e mqétes is conflrmed by the present exper1menta1 results .

ey T
=]

[N

Some ‘of the higher values of the present work may, in

fact, be due to 'inclusion of traces of quartz crucible in the anal{tlcal

4

e perioay w e o s e W
°

sample. / . h ‘ .’
i 2 [ : l N © Ve ]
o ‘ . E.' ‘ - < ‘
, . ’ f ’ } P
% ¢ IV:5 SYRUCTURA], REPRESENTATION OF RESULTS
o ), . ,% Nagamorl( ), Toguri(ls) and Yazawa(\ ) have recently publlshed .

‘thorgugh discussionsias to how copper-in-slag behaviour might best be
/ & B 3\
i ° ’ explained in structural] terms. Much of the discussion has gentred around
i Ra ‘ . ° !
the distinction(betweeﬂ 'oxide' and 'sulphige' copper in the slags. How-

: ever, this concept of séparate categories of copper-in-slag dd@s not fit

O B N Y e

1 i N "
/
oy f; well with the basic concept of slags as solut104; of anions and cations. ° a
\.J 4
3 e The Te are, fievertheless, some basic observat10n§ which require )
. Do explanation. , , ! J

N u . . ’ ! R . e

(a) Why does the copper-in-slag concentration increase cata-
o .

\ . @ I

strophlcally for matte grades above 60 or 65% Cu?

| 3 1 . ° .
b L .T B . § ] (B) Why is FeS.-more soluble:uaslags than CuZS?'
: ‘ 5 g » .
3 C e ' . (c) Why is oxygen much mbre soluble in FeS than CuS? f
K " v 'S ¢ . V —
| e b - . These points are discussed in the next two subsectionms.
; (’ h “en . AN «
1 9 {
> . . > - ‘
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. " IV.5.A Catastrophic Copper-in-Slag Loss for 60+ % Cu Mattes
\ ( ' - For sulphur-free systems To ‘(15’16) and Altman(17) suggest

that wt% Cu-in-slag is related to Cu20 actlvlty by .the relatlonshlps

i * < bﬂ
[ [

—

» G : 1500 X 7 wth Cu == 34(a‘cu 0)1/2 AN _Altman
v » ' 2
* - 1/2
k b§23 wth Cu; 28(aCu20)

§ * .

‘ E

Togui&]b

. The Toguri value is probably somewhat low beeause hig slags %lso“
' Y / ~
\Sgpntéined some alumina dissolved from the expeﬁimental crucibles.
LY ® *
4 v (
Since the sulphur conteﬂt of the present experimental slags
1

: was less than one per ceéfit for matte grades pbove 65% Cu, it would seem

that these relatlonshlps could be applied to the present results over
H ! 2 e I

th1s experimental range. . &

g, e e

-
- .

There is, of course, considerable scatter in the present ay

; 2
results (Fig. IV.3) which makes pregise interpret&géon difficult but if

aCUZO is said to be enveloped #ithin 10725 and %p'4 at X0 g
F (75% Cu) it can be seen that Altman predicts éopper-in-slags of between

0.9

-
- }

0. 3 and 2% which is reasonably close to the present experimental values

- (Flg. Iv.4). The lower yalues of wt% Cu in slag reported by Yaza,wa(1 )
, ’ and Sehqalek( 2 for iron saturat1on.cond%t10ns (Fig. IV.5) are due, of
course, to the low values of oxygen*partlal pressure #nd 80y 0 under
2 13
9
such conditions.
[} bl ‘ ) . i
IV.5.B Relative Solubilities of and in.kn S and FeS o g
. ) ‘ ‘4 . :
In examining the reasons fop* \ » , }
( » L
3 “ T
;
v - i
¥ j
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(a) the negligible solubility of Cuzs in slag and the
§
considerable solubility of FeS in slag;
1 _ K -
y S T (b) the negligible solubility. of oxygen in Cuzs and the .
. considerable solubiﬁty of oxygen i{n FeS;
a s ¢ .~
1‘:h1a properties of these two sulphides (and Fe0) can be tabulated: i
) ‘ e *
. . i >
: L Property Cu,S (f_gﬁ FeQ
, Melting point k(1) | 1130 1190 1377
. . ,
Density at 1523 K 5.8 3.8 5.7 (solid)
(tonnes m~3) (24,25)
- + o~ T
Specific electrical 100 1500 200 ,
| conductance at _ | (at melting point) -
1523 K (a1 ¢n1y(24526) , ,\
' ' *
~ - L
. A ‘\ /')
- The free energies of formation of these three compounds and 3
‘ ‘Cuzo are: | P v ' _ .
. , |
o ] ’
’ ) .
2Cuz+ 1/2 Szg -+ Cuzsz AG 1523 kK ™ -84000 joules
L \ ' i 0 -
a . K F?s + 1/2 S, = PeS, . AG 1523 K 73000 joules ’
- . 8 ) “
, ’ s e ’ I o R
.o - - [s] - Y 3 0-4’"
- C 2Cu, + 1/2 0\ + *Cu,0 8671503 i . 54000 gjox@es .
Y -g ? ' Qo °
- L] - /
’ . o £ .
. . Fes+ ?./2 02 -> FeOz ) 4G 1523 k ™ ~163000 joules ;
L3 ‘ ’ s ; X
R | |
:‘ ‘ ' ’ /!
’ ¢ . !
| .
C . 5
. ’ ' N
. m
a2 Iz

———
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“the electrical behdviour of FeS resembles electronic conduction.

¢

It can be segn\rfrom the above data thT“t liquid CuZS differs

f

“from FeS only with respect to its much greater density* and its much ‘

smaller electrical conductivity. It appears to behave like a semi-
’ N 3

i ' > .. y gt :
conducter(26) (small positive temperature effect on conductivity) whereas

4 N
[ 4 B N .

2

" These observations sugge§t that Cuzs is mere strongly covalently
bonded than FeS and that as a consequence it resists being dissolve ’andv

Y
broken up by the ionic structure of slags. 6 Of course, this explanation
&

mist be regarded as, speculative and further structural expenmentat:. n
l ( .
is requlred to fully explain these phenpmena.

F

;o
IV.6“~PREDICTION OF CONDITIONS UNDER *WHICH A SEPARATE COPPER PHASE
" WILL DCCUR :

‘ 4 L4
The recent extensive studies into single-step coppermaking

make it of great interest to g&redict the conditions under which a pure

copper phase (ac, = 1) will occur.
s

There are (Section IV.1) only two degrees: of freec}om in this

v

3
system so that once temperature and one other parameter are specified

the system is completely defined. The cailculations of this thesis '
(summarized agair:: beiow) can be used to make these predictions,
The basic assumptions in hthe calculatior; are: %
(a) that the oxygen pressure and a0 of the system can be

! ‘e ++ . .
<t calculated from the slag composition (Fe ' /Fe ratio
7 o '

along the SiO2 saturation line) as if Cu and S have no =
& N -

* In£ere3tingly Cu%S likey wvater, expands on freezmg because its ,
liquid density at the freezing pomt (5.9 jtonnes m~ 3) exceeds its
solid dgnsity (5.6 to 5.8 tonnes m3).

M
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effect, i.e., that the data of Myanczol, Dark'c*aﬂ~ and

. ‘ Gurﬁﬂ(27’28], Schuhmann and Ensio (%), Michal and

\ ' Schuhmann (300 -

!

(31/) f) v
and Darken apply to the system;

(b) that the actiwjities of Cuzs and FeS in matte are closely

(22)

represented by the Temkin cationic lattice model as

#
noted by Bale et al(Zl).
M ¢ The usual method of calculation was to specify the temperature
Pord

et ratio of the silica saturated slag,

of the sy(stem ar}g the Fe""éWF
which of course fully defines the remainder of the system. The limiting

y . e <
values of the Feﬁ/Fg ** ratio for tNe slag were.at iron ‘saturation and

< o magnetite saturation which mark the limits of the liquid slag field. -
M » ' .
o F The predictions were made by the follow?ng sequence of calcu-
lations: | . ¢
X . .
(a) Having specified ¢emperature, the Fétt /Fé" *+ ratio along the
a ) v . \
‘ ‘ S:LO2 saturation line was specified. l ’
4 m I
(b) pO2 and 8pe0 equivalent to the prescribed: slag composi-
- S tion and temperature were determined from the data of
- ' Muan(zo?, Darken and Gurry(27’28), Schuhmann and Ensio(zg),
| ‘ ' , T
A Michal and Schuhmann(go) and Darken(sl) (as replotted in
. ‘ . W ) [ ! '
A . Fig. IV.B). .
» [ .
A : 0, in (b) and an, =1
4 . () aCuzo W§s calfzulated from the p g in {b) an ag, )

, ’ ' g  (copper saturated system) using equations IV.5 and IV.6.

(d) The activity of Fe in the system was callculated' from

s %
8re0 and poz according to the equations: . |
- ‘ N R r

I
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1473 K »
s DARKEN(3l) o SCHUHMANN (29,30}
e 2 \473K R g |
g 104
T .
o
|
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¢
, &
” .
FIG. IV 8 Estlmated oxy en pressure values and activity valu s of FeQ for !
° given Fe™/F ratio in slag-from available data 20,2 302%)
The apeg lines are also based on aFe30 and p0, data
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Feo, + 1/2 02

S

]

8G° = 233000 + 46.0 T

3re0
E 1/2
» aFes(pOZ) /

~

? ¢

joules

77

v.7

iv.8

|

() The ratio acy S/aFeS of the system was calculateQ—f:pm
2 i

£ 1

8000 3Cu 0 2Fe and apeq Ysing the e\quations: At
2

v
->
& 2Cu,0 + Cu,§ =+

o

46° = 97000 - 103.0 T

2 6'
o A - (acy)  pSO,
, . ,

2
(a a
CuZO) CuZS

and

-~ 2Fe0 + FeS ¥ 3Fe + 50,

™

AG° = 220000 - 46.4 T
A N
A A

by
~—

3
1 (age) ~ PSO,

7%
(8peg) ®Fes

RN

* - which combine ‘to give

6Cu + 502/

joules

!

_joules

- 1

£
IV.10
("é -
A
|
V.11
V.12
X [‘
w ' -

\?
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II a ‘ A% (a )2 A
KE CuZS (aFe Cu20 .
i - X X :
KEI FeS  (apyy) (aCu)6
or ) &
g ! ,
ftus kg ) (ape0)” (3%
a 1 3 2
FeS Kg (3ge) (aCuzo)

The composition of the matte which is equivalent to this
3

aCuzs/aFes ratio was calculated using the Temkin cationic mﬁlte

model (assuming the .system to be oxygen-free) proposed by

»

Bale et al(zl), i.e.; ' % 2% :
, g 2 g T Tows 2 :
a - ("'—‘-""‘_"—) ) e W ( ) . 1 Iv;ls
Cu_ S
T "cut Tre s \‘zxmzs* Xpes .
aF - __r.l.g.e___. o 2§_ o ( XFeS ) 1 1v.14
°F  mgyt Mg, Mg Heu,s* ¥res
) .
Sy
and the mole’ fraction summation, a T .
Xtuzs+ Ypes = 1 . V.15
. AN . ‘
which lead-to
+
) aCuZS/aFeS 1/2
Xus = ¢ - =) S V.16
_ 4+ ‘?Cuzs/aFes'
The activity of Cu,S was calculated from X .in (£)
2 Cuzs

using Equations IV,13 and IV.15. s
2
pSOz was calculated from 8y aCu;B and aé&;o by Equa-

tions IV.9 and IV.10. 5 o

[ R P e orn e e PRSI
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S
The results of the calculations are summarized in Fig. Iv.9

( which shows the_matte composition range over which it is possible to

produce metallic copp(er (S,i()2 saturation, liquid Fe-o-sgoz slag). The z‘

AL limit at the low matte grade end is iron saturation &f the system
| (a 1)“ while the upper limit is magnetlte saturatlon (aF 0 - 1},
“The following poﬁ%{%s can be noted, *
: ? \ (a) Copper can be at equilibr¥ium with matte/slag/sili'ca/gas
{ - ’ ’ - | in the range of matte grades of *
- . |
‘ - . . > e :
| | . N 4496~t0 79% Cu 1573 K
u . 48% to 79% Cu . 1473 X
i ) »
(b) The equilibrium pso; is very low at iron saturation
’ . conditions (10'6 or 107 atmos. ) but it approaches
z , 1 atmosphere at magnetite saturaL.zon i
é .
' | It is of interest to compare these prediction; with the
{ /[ < . measurements of Geveci and Rctsenqvist(ls) wh; found, unde.r' Si.O2 sdatura-
! . tion conditions (1523 k), that: *
/ , “(a) Cu can be at equilibrimx’l with gnatte/slag/s'ivlics“/gas for
] : ’ | ’ : matte grades ~be:weeﬂ Sb and 79.4% copper; -
»" R | 4 (b). the equ111bnum pSO is ver;r low under iron saturation
| ‘ cond:.tmns and increases to 0.02 atmc;spheres a; 79% Gu |
/ * in matte (the latter in comp)vrison with“pz%dictions‘ of 4 ?:
1072 atmospheres (1473 K) and 4x1071 atmospheres (1573 K)). |
, R . |
( N ’ | R g
« " # "y
& » W
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FIG.IV.9 Conditions, ynder which metallic copper (ap, = 13 can be at -
equilibrium with matte and&slag as calculated in Section IV.6.
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,\ « ' !
The predictions are, therefore, very close to the experimental

(18)

data reported by Géveci and Rosenqvist
The precise composition of the matte which is in equilibrium
. with Cu, Fe&04 and S10 is predicted to be : |
« 79,6% Cu (1473 K); o -
79.8% Cu (1573 K)
Geveci and Rosenqvist('ls) report 79.4% Cu under these condi- F \Z -
tions and Rosenqv’istclg) 79.5% Cu and,Sehnalek (reported by Rosenqvist(lg))
78.9% Cu so that thes@ictions also seéem to be reasonably accurate.
It appears, therefore, tha{%CuZS-FeS act\:ivities, pO2 and apep
slag data, and smetal/matte/sla.g/gas‘experimenti_‘are well tied-in together:\

3

IV.7 INDUSTRIAL IMPLICATIONS OF THE RESULTS

Y -~

The results of this work-show that matte smelting presents very
few operating problems as long as the grade of the matte product is 'kept \
below 60% Cu. Under these conditions copper losses in slag are at a

Yolerable level (Fig. IV.4) and they are not appreciably influenced by

o

» temperature or 802 pressure.

) e

. ©
From wHat can be gathered from industrial processes, it appears
'+ . :

that produtction of mattes containing more than about 60% Cu‘also leads
‘to difficult problems with impurities in the ‘matte phase as we11 as high
Cu-:.n-slﬁ*g concentratlons. This problem was not studied in this work but
it is important to note that such problems exist.

LT With regaﬂ to producing copper directly from concentrate it

is now clear that it is possible tosproduce copper directly from rela-

tively low grade mattes.™ Conditions which promote such métal production

are:




B - N - . 8.
. &
(a) 1low oxidizing potentials as represented by relasively
- ( ) ;igh Fe'H'/Fé+++ ratios iq slags;
(b) low §02 pressures above the system.
& Of course, it is not possible to obfain these cbnditions while
\\\; oxygen or air are being passe& through matte”;o remove, sulphur from the

. system. However, thqy might be achieved by a}tefﬁately,passing (i) air

»
a OT oxygen then.(ii) reducing gas (CO or HZQ tggéggh the system. Copper

; ] would be produced dyring the reducing gas|stage from low grade mattes

thereby minimizing'the copper-in-slag leSs problegf ﬁgow other impurities

]

might behave during such a process is not known.
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- ’ V. FUTURE WORK
( ’ % /? —_—,
F ‘ ’ 3
oy « .
On the basis of this investigation it.is s{xggested that: y :
- 1. The present study should be extended to lower matte
grades in gder to comp?ete the overall picture of
‘ f the ma.tte/slag/so2 ‘syst%m.] \ o
2. The study should be ext#n_c}ed to include the Ca0-Fe,0,
. |
slags currently used by}the Mitsubishi process(ss).
* T
> w5,  Theoretical and experimental investigations of the
’ Cu-Fe-.O-S-8102 system under copper saturation and
- ; ‘ “~
controlled pSO2 condltlonskshould be u@taken i
- ; ~ order to confirm the calculations of Section IV.6. .
s i
4.“. An investigation into J’th{e distribution of minor elements -
@ ' o* .
(e.g. As, Bi, ‘Sb) between slag and matte (or slag, matte
. and metal) under controlled pSO2 conditions should be [ .
] \ :
* undertaken. < AY
| €
, . \
f These studies will further improve our knowledge of copper
; ) sinelting systems. * : m‘
' ' - R 3 Y
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-

1. An experimental programme, in which matte, slag and SOé (0.1 to 1.0

o

atmospheres) were equilibrated (1423-1573 X) has been carried out

with the principal objective of examining c pFr-in-sla§ concentra- .

N

2. The experiments were carried out under Si0, saturation conditions

. b ... ., ‘s
tiqns under oxidizing conditions.

& .
. .so that the system consisted of 5 components (Cu, Fe, 0, “
- 4 : S ,
« 8§, Si) and 4 phases (quar;z container, matte, slag, gas), henge 3

|

. degrees of freedom. ,Specificétion of pSOz, temperature and a

.particular matte grade fully defined the system. ‘ ;;\ ’
3. The experiments showed that when slags and mattes ‘are equilibrated,
) i . S

the copper-in-slag concentrations remain low as long as the mattes
C, v

contain less than 60% Cu, under all temperature ahd,pSO2 conditions.

Copper-in-slag concentrations increase dramatically under oxidizing

n 5

conditZ?ns whgn the mattes contain more than 65% Cu.

P

4. CuZS i

,tions.

virtually insoluble in iron-silicate slags under all condi-
- [

. | R ) g |
FeS has considerable solubility (up to 7% S) and CuZS-FeS

_ mattes exhibit intermediate behaviour. It is suggested that the

«

strong covalent nature of Cu,S prevents it from dissociating in

o

. . ¢ . .
ionic slags. \ .

~— L]
5. Oxygen isy virtually insoluble in Cu2

FeS, with mattes exhibiting intermediate behaviour.

-

Dxygen will

| e : v .

:f L *

S but dissolv¥es up to 10% iqv-fnf

. apparently not 'fit' into the covalent Cu,S structure. .

54
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(“ b .. Conditions under which a pure copper phase will be at equilibrium
b J P R
. | ] ~with’ Fe'_o-SiOZ slags and Cu-Fe- Sg;;es have beer predicted -on the )

Y

. o basis of. previous experimental Are0 and pO data for slags, and aq

2

r - data for mattes. It is shmﬁ’ thau under Si0 saturatlon cond1t10ns

2
metallic copper gill occur'in 'equilibrium w/;.i’.L (1) 45—50% Cu mattes

d _at iron saturation, with (ii) 79% Cu mattes at magnetite saturation
e i Lo w
) . and with (iii) intermediate matte compositions within the liquid

e slag field. These predictions confirm the experimental results of

¥ Geveci and .Rosengvist. . , N

il -
-

7.  The experimenta} copper—ln slag results show that industrial produc-

L \ p tion of mattes containq}lg 60% Cu or below should?hot cause excessive
' b
A sl copper-m slag lgsses. Copper losses may become excessive above

. i ;
thl& matte grade espeually under highly oxi{ zmg conditions.

a
. l& o
.
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' APPENDIX, I.1 Details of Experiments
. X
: ’ Y X .
”’~ ' ~ < : o '4
- . Exp.# Wt. Cu,S gr. Wt. FeS gr. Wt. SiO2 gr. Wt. Slag gr. .Total Weight
4 \ b
A~ - e . ra - ~
1 5.5496 3.3297 . 8.925 5.67 15.4743
2 6.4746 0.9249 - . 4.7308 12.1306
3 5.5496 1.8499 0.4 ' 4.7308 12.5306
4 . 5.0000 5.0000 , '1.33 6.3934 17.7234
5 . 4.5000 5.7857 1.34 6.5761 18.2018
6 '6.4746  0.9249 - 4.7308 12.1303
.7 5.5496 1.8499 0.4 4.7308 -12.5303
\ 8 . 5.5496 3.3297 0.925 5.6700 15.4743
9 540000 5.3000 1.335  » 6.4000 18.0350
10 5.0000 5.0000 .33 6.3934 17.7234
> 11 4.5000 5.7857 1.34 - 6.5761 18.2018
. 12 5.5496 - 1.8499 0.4 . 4.7308 12.5303
- 13 5.5496 3.3297 0.925 5.6700 15.4743
14. 6.4746 0.9249 - 4.7308 12.1303
15 5.0000 5.0000 . ° 1.33 6.3934 17.7234
16 . 4.5000 5.7857 1.34 6.5761 .~ 18.2018
I 17 . 6.4746 - - ) 4.1395 . 10.6141
. 18 6.0000 0.4746 - 4:1395 10.6141
v 19 ¢ 5.3496 3.3297 0.9250 5.6700 15.4743
20 5.5496 1.8499 . - 4,7308 12.1303
21 6.4746 0.9249 - 4.7308 12.1303
22 6.0120 1.3875 - 4.7308 12.1303
23 5.5496 2.5225 0.8731 5.2100 14.1552
24 5.5496 4.3164 1.0275 6.3000 17.1935
25 5.0000 5.0000 1.33 . 6.3934 17.7234
.26 4.5000 5.7857 1.34 6.5761 18.2018
27 6.4746 0.9249 - 4.7308 12.1303
.28 6.4746 .. .- 4.1395 10.6141
29 5.5496 1.8499 0.4 4.7308 12.5303
30 5.54956 * 3,3297 0.925 5.6700 15.4743
. 31 5.0000 5.0000 1.33 6.3934 17.7234
~32 * 4.5000 5.7857 1.34 6.5761 18.2018
33 6.4746 - - 4.1395- 10.6141
34 6.4746 - 0.9249 - 4.7308 12.1303
- - 5.0000 5. 0000 1.33 ©6.393¢ ) 17.7234
36 . 4.5000 5.7857 1.34 6.5761 18.2018
. 37 6.4746 0.9249 - 4.7308 . 12.1303
’ 38 5.5496 3.3297 0.925 . 5.6700 15.4743
« 39 5.5496 1.8499 0.4 4.7308 12.5303
‘ 40 5.0000 5.0000 1.33 . 6.3934 17.7234
41 4.5000 5.7857 1.34 4§ 6.5761 - 18.2018
42 4.0000 6.2857 1.35 6.5761 18.2118
43 5.5496 1.8499 0.4 . 4.7308 12.5303
( » 44 6.4706 0.9249 - 4.7308 . 12.1303
: ' 45 5.5496 . 3.3297 0.925 _ 5.6700 15.4743
46 4.5000 5.7857 ° 1.34 6.5761 18.2018
47 5.0000 5.0000 1.33 6.3934 17.7234

v
)
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