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RECORD OF THE VISIT OF THE JICA TECHNICAL GUIDANCE TEAM

1.~ In accordance with Article IX of the Record of Discussions signed on
Noverber 29, 1976 at Santiago, the Tecknical Guidance Team of JICA

headed by Prof. S. Goto visited the Republic of Chile from March 13 to
21, 1979.

2.~ The Team had frank discvssions and exchanged views with the Executive
Director of CIMM and his staff on the progress and future tasks of the
tecknical cooperation project on copper smelting and refining. The
Team also availed itself of the opportunity of visit Andina Mine of
CODELCO-CHILE and Las Ventanas Smelting and Refining Plant of ENAMI.

3.- Both sides discussed the following items for the Annual Work Plan for
FY 1979, CIMM requested that most favourable consideration should be
given by JICA to the actual needs and applications as far as budgetarily
or otherwise possible.

(1) Assignment of Japanese Experts
1) Analysis
Mr. Obata will be assigned for 3 months from March 31, 1979
and be re-assigned, if agreed between CIMM and JICA for 1
year from ghout September, 1979.

2) Language

In future experts should prove a working knowledge either of
Spanish or English langusge, certified by JICA.

3) OQuality Contrcl
Suitable experts will be assigned twice for 1.5 months each,

after September, 1979.



(2)

4) Electron Microscope

A research microscopist will be assigned for 2 to 4 months if

a suiteble candidate is available.
5) Smelting and Refining Operations

Experts on the above need not be assigned, as Okamura and

Usui are concurrently working as such.

Acceptance of Chilean Counterparts

1) While the Team offered to accept 3 counterparts each for 1 to
3 months, CIMM requested that the following 4 be accepted

for success of the project.

a) Executive Deputy Dirctor for 1 month for general observa—

tion of mining and related industries, preferably in May.

b) Head of Mining Division for 6 weeks to familiarize with

Japanese mining and transportation equipment.

¢} Subdirector for research service for 6 weeks to familiarize

with analytical equipment and laborstories in Japan.

d) Technician for Maintenance of Electronic equipment for 3

months.

2) Both sides agreed the following proceuvdres for acceptance of

Chilean counterparts.

a) Proposed themes, curricula and itineraries to be notified

to JICA well in advance.
b} Confirmation by JICA of the possibilities of acceptance.

¢} Confirmetion by CIMM of the terms of acceptance.



d) Official submittance of Forms A2 and A3 to the Embassy.

e} No change of programs without official consultations.

These programs should be made with common accord.

(3) Provision of Equipment and Materials

Equipments and materials will be provided according to the order
priorities as shown in the 1ist (Annex I} to the extent of

budgetary allocations for the project, A transportation car has

lower priority.
(4) Fields of Research Works in JICA Project

The agreed fields are shown in Annex II. It was, however,
acknowledged that the JICA experts are ready to give advice on

any other subjects or fields.

4,~ Both sides agreed that the cooperation period stipulated in the R/D
should be 3 years from the date of arrival of Mr. Okamura, and 2 other
experts (March 17, 1978 to March 16, 1981).

5.- Professors Gotc and Yazawa delivered lectures on the following titles
and gave technical guidance to the members of CIMM and other interested

institulions.

1) Prof. Goto : Analysis of copper smelting process by an
equilibrium calculation between multi component

systems.

2) Prof. Yazawa : Distribution of various elements between copper,

matte and sleg.

6.~ Both sides pledged that they would further cooperate for the successful

execution of the project and for the promotion of goodwill and friend-

ship between the two countries.



7.- Tye Team expressed its appreciation to the cooperation and hospitali-

1y extended by CIMM to the Team during its stay in the Republic of

Chile.
/ﬁ»ﬂr&@{ / e e
SAKICHI GOTO ALEXANDER SUTULOV
Leader of the Technical Executive Director
Guidance Team, Centro de Investigacidn
Japan International Minera y Metaldrgica

Cooperation Agency

Santiago, March 21, 1979



ANNEX I

MATERIALS AND EQUIPMENTS REQUESTED BY CIMM FOR THE FISCAL YEAR 1979.

Il"

I1.-

PYROMETALLURGY

a) Materials

1l,-
2., =
3-'_

Common materials
Cryptol

Electronic parts

b)  Equipments

i.- Transformer 15 KVA
2,- Portable Orsat (made of metal)
3.~ Gas Anslyser {GC or IR)
4,- Viscometer
5. Volume meter {Density meter)
6.- Gas volume meter
- ¥Wind furnace (complete or part)
8,- Rotary kiln (pert)
.- Arc furnace
10.- Induction furnace
11.- High temperature microscope
ELECTROMETALLURGY

l,~ P,V.C. Sheets thickness : 4 mm

1 x 2m thickness 2 mm
2.- Mercury destilator for polarographic aid
3.- Accessories for autoclave

titanium capsul, 1 1t
teflon capsul, 1 1t

titonivm strirrer

titanivm thermometer sheath

Amount

10
10

i e



4.~ Rubber stopper

packages of different sizes

size selected

top diameters (mm) = (4,5),
(22.5),
(74),

5a Constant ampere supply RCC
104, 20V, + 0.1 A

6.~ Polarograph

IiI.- Transportation Car

IV.- Chemical Analysis
Shown in the following table.
ITEM

Asbestos Cloth

Balances, Top Loading, + 10 mg, weighing

range 160 g

Balances, snalytical, + 0.1 mg, weighing

range 160 g

Set of masses for calibrating balances
(analytical) (0.1 mg 100 g)

Weighing bottles (30 x 40 mm)
Weighing scoop {for analytical balances)
Weighing dishes (for analytical balances)

Teflon Beaker with cover (400 ml)

Digestion bomb (for dissolving silicates, rocks
and refractory materimls in hidrofluoric

and other strong acids without wvolatilisation

logses)

(16),
(51},

pTY.

50 m?

50
10
10

21

20



Standard Platinum, Electrodes for electrogravimetry

(platinum gauze cilinder) (anode and cathode)

Pressure regulator for acethylene (two stage)

(with fine pressure control knob)
Apparatps for cleaning and destillating mercury
Globes, asbestos,; with individual fingers and thumb
Stainless steel spatules for analytical work

Ammonia electrode (sensing electrode for determination

of ammonia)
Cyanide electrode (sensing electrode for cyanide)
Fluoride electrode (sensing electrode for fiuvoride)
Nitrate electrode (sensing electrode for nitrate)
Sulfur dioxide electrode (sensing electrode for SO,)
Gas cylinder cart (for displacing gas cylinders)

Glassware Dryer (oven) (capacity higher
to 45 x 60 x 76 em) (L x W x H)

5 couples

10 pairs

50



iI.-

ANNEX II

PYROMETALLURGY
8.~ Viscosity measurement
b.- Mechanical agitetion of slags
2.- Liquid Copper (Gas Refining)
8.- Metallurgical computation
b,- Oxygen Potential measurement
c.— Gas Analysis
3.~ Gas - Solid
a,- Roasting

Fluosolid roasting a copper concentrate at

various oxydizing conditions.

b.- Segregation
Behaviors of minor elements

application to miscellaneous materials

G Arsenic and Antimony Problems
ELECTROMETALLURGY
1,- Arsenic removal from electrolyte
2, High purity selenium production
3.- Recovery of by-products from smelter and refinery
4,~ Improvement of refining operation

—-38~—



III.-

CHEMICAL ANALYSIS

2)

Determination of micro and macro amounts of flotation

reagents

a-1)

a-2)

a-3)

a-4)

a)

.
H

Frothers such as :

- Alcohols

- Cresylic acid

- Eucalyptus oil
- Pine oil

- Glycols

- Triethoxybutane

- ete.

Collectors such as :

- Dithiophosphates
- Dithiophesphoric acid
- Mercaptobenzothiazole
- Thiocarbonilide
- Thionocarbonate

- ete.

Others :

- Polyncrylamides
- Polysacharides

- ete.

Xanthates, Dithiocarbamates and Organotrithio-

carbonates,
With special reference to the determination in

wvaste water and flotation liquors.

Determination of additives used in copper reffineries.

such as thiourea, avitone, glue, etec.

Applications of flameless Atomic Absorption to the
analysis of elements in metallurgical products

(ores, minerals, concentrates, metals, etc,)



Special

a—4)

d)

e}

h)

i)

i)

k)

m)

n)

E:J

0)

emphasis should be made on the following points

Determination of Selenium in high-grade Selenium

(we need the most accurate method).
Methods of analysis of conl, coke and impurities.

Determination of LIX Extractives in Solvent

Extraction processes.

Determination of Uranium in ores and leaching

solutions.

Electroanalytic methods of analysis of different

elements in metallurgical products,

Computational methods applicable to AAS and other

instrumental techniques.

On-line probes (v.g. based on specific ion detectors)
applicable to bacterial leaching and/or Solvent

Extraction Hydrometallurgical processes.

DTA possibilities realted to copper mining and

metallurgy,

Auntomation of some techniques of analysis (classical

and instrvmental),

Computational methods of statistical analysis of

chemical assays.

Information standard samples of a wide variety of
elements and products primarily related to copper

mining and metallurgy.

Quality control of copper, Chemical test and

mainly general information about physical test.

Pollution Control : Analytical methods of analysis

of water, soils, snd gases.

b, ¢, d, h, i, m, n, o.
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Anelysis of copper smelting process by an equilibrium calculation
between multi component systems

3%
by Sakichi Goto

Introduction

The equilibrium calculation in chemical systems has been done easily
by the development of computer. Propulsion power was obtained by explosive
reaction of fuels with oxygen in NASA of USA, so the methods for calcula-
tion of equilibrium composition in only gaseous phase heve been developed.
The equilibrium calculation in only single phase was explained in various
publications but I don't think thet this method is applicable to the
equilibrium calculation between multi phases.

Almost every process for smelting includes more than one condensed
and gaseous phases. The examples of the practical applications which

include one to several phases are followings.

(1) One phase. Reduction of smelter gas by methane for making elementary

sulfur.

(2) Two‘phases. 1. Reduction of smelter gas under excess amounts of
solid carbon, 2. slag fuming process, 3. refining of crude metals

without formation of slag phase.

(3) Three phases. 1. Copper smelting whichk includes three phases such as
matte, slag and gas, 2. slag cleaning furnace, 3. slag blow of
copper converter, 4. refining of crude metals with slag phase such
as LD converter for steel making, refining furnace of copper and

softening furnace of lead.
(4) TFour phases. 1. Smelting of lead ore which includes lead bullion,
matte, slag and gas, 2. the initial blisber blow of copper converter

which includes white metal, blister copper, slag and gas.

(5) Five phases. Blister blow of copper converter which includes white

% Professor,Department of Metallurgy and Materials Science Faculty of Enginee—

ring, the University of Tokyo, Tokyo, Japan



metal, blister copper, magnetite, slag and gas.

Even if reactions in a practical furnace proceed very rapidly an
equilibrium state between all the elements charged in a furnace cannot be
achieved in a furnace. It is very useful, hovever, to know the composi-

tions of each phase in an equilibrium state.

Method of Calculation

The method of calculation is the so-called Goto model which is the
modified Brihkley—Newton method. This method is explained by using the
most simple example of reduction of smelter gas which includes S0, by

methane.

1)

Theory of Brinkley

There are five elements, such as S, 0, C, H and N in this system.

The following compounds are assumed to exist in the equilibrium gas, that
is,

S., Hy, CO, N5, Hy0, 805, COS, CH,, 80, CO, and H,S.

All tke ccmponents mentioned above are classified as independent and
dependent components, the number of independent components being taken as
the same as the number of elements in this system. In this example, five
components are selected as independent ones.

The dependent components are obtained from the mass action equations
and the equilibrium constants of these reactions. This is the so-called
Brinkley theory which can be explained by the principle of matrix.

83, Hy, €O, Ny and Hp0 are selected as the independent components
in this case and the others are the dependent ones. ﬁass action equations,
which obtain dependent components from independent ones, are listed in
table 1.



Table 1  Mass action equation to obtain

dependent components
i= 1728:+2H20 = S0:+2H;
i= 1/28:+C0O = CO8
i=3 CO +3H. = CHs + H:0
=4 1/28; +H:0 = S0 + H.
=5 H:0 + CO=C0: + He
i=6 1/ 28; + H; = H:8S

The number of moles of the dependent components are calculated from

the next generalized equations.

n; = ki(l-‘)/'ﬂg)zv“-'lﬂnril (1)

where, n; is mole of dependent component, X; is equilibrium constant of
equations in table 1, P is total pressure, i+ 1s parameter listed in

table 2, ng is total moles in equilibrium gas, and ny is mole of independent

components.
Table 2  Parameter, ¥;y

8502 Cos CH. SO COy H:8
S2 0.5 0.5 0 0.5 0 0.5
H: -2 0 3 -1 -1 1
Co 0 1 1 0 1 0
N2 ¢ 0 it o 0 H
H:0 2 0 -1 1 1 0

= .+ X
ng = gni T AN (2)

Materials Balance

All the materials charged in the system are distributed to components
after equilibrium state is reached. The numbers of the gram-atoms Q) of
the elements in a charged materials must satisfy the next mass balance

equations after the attainment of equilibrium.



Qk = Zajgrn; + ‘:"alk’“t (3)
1

where, a;) and aty are the numbers of g-atoms of the k-th element per

equivalent formula of components.

Newton-Raphson iterated method for calculation

Equation 1 is substituted for nj in equations 2 end 3, and equations,

which include ny and n, as unknown variables, are obtained. The Newton-

g

Raphson method is applied to solve these equations, the necessary steps

being summarized belows.

1.

2.

The initial values of n; and n, are set arbitararily.
The moles of dependent components nj are calculated from equation 1.

If the values of ny and n, are correct, equation 3 must be satisfied.

8
The initial values, in general, are not correct, so residual functions

are defined as equation 4 and 5.
4
F= Jajgen; + Zagon—Qy “
Fg= Ent -+ Snl - Klg (5)
Residual functions are calculated from the above values from the steps

1, 2 and 3.

Newton-Raphson equations are obtained from residual functions 4 and 5.

F), and Fg are only functions of ny and n, and the following relations

E
should be satisfied, if the correction terms are added to the initial

values of ny and Ng.

Fx(n,+an, , ng+dng )=0 {6)

Fh(n1+dni, ng+Ang)=$ )

Taylor's expansion is applied to Fix and the second-order terms are

neglected, that is,
}

3F iR
k k)
ot , K : .
Felagay, ngng)=Fi(n "8)+(5"t)npngdnt+(dng nt,ngdng



From equation 6, the next equation is obtained.

(33, o 2 (®)
.3n_tnt,ng,-. nt+ dn nl,ng,.:dngz“(Fk)ni.n

g g’

where,

JFk . ni i
T, T AktEatik = At e rgeng)
"F ni

k
T =33, (l—y. )._._
5ng ik i1’ g

The same equation is obtained in Fg function.

The linear simultaneous equations 7 and 8 are solved by the sweeping

method or any other methods, and ny and n, are obtained. The fuc-

4
tions 4in(ny) and Aln(ng), which are equal to {4ng)/ny and (dng)/ng,
are more convenient for the interative calculation. The new sets of
the dependent components ng=exp(in{ny)+ 4ln(ng)), and ng=exp(ln(ng)+

dln(ng)} are used.
nt(new) and ng(new) are used for the next calculation from the step 1.

Ir Aln(nt) and dln(ng) are smaller than the predetermined convergence
threshold values, ny and ng are regarded as the true values and the

calculation is terminated.

The flow diagram of this celculation is shown in figure 1.

Results of Calculation

The free energy change of formation of each component for calculating

the equilibrium constant K in equation 1 are listed in table 3.

—45—



Table 3 Gibbs free energy change of formation

S;  &{1)=0.
Hy G(2)=0.
co G{3)=-26T700,-20.95%T
No G(4)=0.

Hy0  G(5)=-58900.+13.1%T

S0,  GI{1)=-86750.+17.30%T

COS  GI{2)=-49560.-2.25*T

CHy,  GI(3)=-16520.+12,25%T¥ALOG1O(T)~15.62%T
S0 GI(4)=-6550,-1.35%T

Co,  GI(5)=-94200,~0.2%T

HyS  GI(6)=-21580.+11.81*T

The composition of smelter gas which are used for this calculation

are shown in table 4.

Table 4 Composition of Smelter Gas

505 Ha0 GOy 02 N2
A gas 12,0 2.3 2.6 1.2 81.8
B gas 40,0 0.38 0.42 - 59.0

A gas in table 4 is exit gas which is produced by using a normal air
and 2% of heavy o0il in a furnace such as flash smelting furnace. B gasg is
exit gas which is estimated to be produced by using the sir enriched with
oxygen, which includes 50% of oxygen, and 0.1% of heavy o0il per concent-
rates.

The equiliblium gas composition is shown in figure 2 when variable
amount of methane is reacted with 100 moles of A gas at 1250°C. Distribu-~
tion of sulfur in 80,5, Hy8, S; and COS is shown in figure 3. When a small
a mount of methane is added, 305 in equilibrium gas remained unreacted.
The yield of elementary sulfur beccmes maximum, when 8 moles of methane is
added. The effect of temperature on the composition of equilibrium gas is
shown in figure 4 and 5. The higher the temperature is, the larger the

yield of elementary sulfur becomes.



At Outokumpu, kelosine is added to smelter gas and elementary sulfur
. o
is recovered at 1300°C., The ges composition of Outokumpu after the reac-
tion is compared with the calculated results of 8 moles of methane which

is reacted with 100 moles of A gas at 125000. The results are shown in
table 5.

Table 5 Comparison of the calculated results with the

practical composition at Outokumpu

8y Hoy Co H»0 50, C€0S €0y H,8 N,
Calculation 3.7 2.4 3.3 11.7 1.2 0.1 5.7 1.5 70.2
Outokumpu 4.4 - 3.4 - 2.9 0.1 - 0.6 -

Even if the reducing agent and the reaction temperature are different
between both cases, the resultant gas have almost the same composition.
These calculation are considered as the very effective method for estima-
tion of gas composition in such an example.

The results by the same calculation which is obtained from B gas, are
shown in figure 6. The yield of elementary sulfur becomes maximum 72.4%
at the conditions of 20 to 25 moles of methane, added, and 1250°C.

Figure 7 shows the results of the calculation of the reduction by CO
gas at 1200°C. Figure 8 and 9 show the effect of temperature on the
composition of equilibrium gas. The yield of elementary sulfur is maximum
83.2% at 1000%C. Content of COS in equilibrium gas becomes high at lower
temperature than 1000°C.

The reduction by solid carbon is shown in figure 10 to 11. In this
calculation, amount of carbon, which is consumed during reaction, is also

calculated and the results are shown in table 6.

Table 6 Consumption of Solid Carbon reacted with A Smelter Gas

Temperature C Carbon consumed mols Total Gas, mols
600 23.33 110.1
800 30.65 118.2
1000 31.24 121.4
1200 31.29 122.8
1250 31.30 123.0



2)

Calculation of Copper Smelting Process

Elements in charged materials Nine elements are assumed in a furnace

charge, that is, Cu, S, Fe, Pb, Zn, 0, N, C and H.

Components in matte, slag and gas The components, which are formed in

matte, slag and gas, are assumed to be as shown in table 7.

Table 7 Compenents in Matte, Slag and Gas

Phase Components

Matte CupS, FeS, PbS, Fel, ZnS, Fe304, Pb,
Slag Fe0, Zn0, Fe304, Cuy0, Pb0, CupS, FesS,
Gas S0, N, CO, Hp, 0p, PbS, Pb0, ZnS, S,

C0s, Zn, Hy0, S0, Pb

The components of slag such as Si0y, Alj04, MgO and Cal are assumed
to be inert materials which do not react with matte and gas, so these
materials are not considered in equilibrium calculation, but amounts of
these materials are necessary for calculation of mole fraction of other
component in slag. The compounds of copper vwhich dissolve in slag are
assumed to be Cug0 and CupS. It is said, however, that copper dissolves
as CuOO.S instead of Cuzo?) but the difference between these two forms of
copper oxide only affect the activity coefficients in slag, because the
standard free energy change for formation of Cus0 is twice of that of

C'LIOO. 5.

Dependent and independent components As described before, components in

matte, slazg and gas are classified into independent and dependent
components, and the following nine components are chosen as independent
ones; -

CuyS, FeS and PbS from matte phase

FeO and Zn0 from slag

S0, Ny, CO and Hy from gas.

Every species of the elements must be included in ‘these independent
components. The other components are dependent ones and these can be

expressed by the equilibrium constant of mass action equations in table 8.



Table 8

matltie phase
i=1 Te0
i=2 7ZnS
i=3 FeiOy
i=4 Pb

slag phase
s=1 Fe:04
s=2 Cu20
s=3 PO
s=4 Cus S
s=5 FeS

gas phase
1=1 02
=2 Pbd
1=3 Pb0
{=4 ZnS
1=5 B2
1=6 CO:
=7 H.0
1=8 Zn

=4 80

=10 Pb

The mols of the

Mass Action Equations for Dependent

Components from Independent Ones

FeO (s) =FeQ i

FeS ) +2n0 (s) =Zn8 m +FeO (s)

10/3.FeQ (s} +1/3. 80;=FeaQ4m +1/3.Fes (e

PbS ) +2/3 .FeO (sk=Pb (m +2/3.FeS im +1/3.80:

10/3.FeO {s) +1/3-80:=Fe3Qds) +1/3-Fel m
CuzS M +Fe0 {s=Cuz0 {s) +Fes m

PbS m +Fe0 (sE=Pb0 {s) +Fe S im

Cu28 {m =Cu28 (sl

FeS m =FeS§ (s

2/3 . Fe0 (s) +2/3.80,=0:+2/3.FeS fm)

PbS (m =PbS (g

PbS @ +Fe0 (s) =FeS m +PbO (g}

Fe S fm +Zn0 (s) =Zn8 (g) +FeO (s)

4/3 .FeS m +2/3.80:=4/3.Fe0 (s} +82

1/3.FeO (s) +1/3.80, +CO=1/3.Fe§ fm +CQ:
1/3.Fe0 {s) +1/3 .80, +H:=H: 0+1/3.Fel m

1/3.Fe8 () +Zn0 (s) =173 .FeO {s) +1/3.80: +Zm (g)
1/3.FeS m +9/3.80:=1/3.FeQ (s} +80

PbS m +273.Fe0 (s :P_b(_g) +2/3.Fe8 m +1/3.80:

s:slag , m:matte phase , g.gas phase

dependent components are obbained by the following

generalized equations,

svi EEv
n =17, K (Raght Uy 1 g 2P

v
JH ) Y

T
nsz]/rs'KS(E/ng)}i:vSt(qn) } sJ(nsg) p

y.:
.Ilﬁ(?‘jnj) s)
]'p' Ey
n=K (Bl

v
P

n=anyt I
"sg“'ﬁ“p”s ngt

ngﬁ.%'nt*‘ ‘:"“l

(Tpnp)uipn:“} Y
1-3v sp
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®
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where, nj, ng and ny are the amounts of mol of dependent components.

ny, np and ng are the amounts of mols of independent components.
K Ks and Ky are the equilibrium constant of the mass action equa-

tions in table 8.
Ty T and 7y are the activity coefficients of the dependent

components in each phase.

y.1 r. and r, are the activity coefficients of the independent
3°'pP

components in each phase.
Nps Dgg and ng are the total mols of components in each phase.
Vijres etc. are the parameters as shown in Table 9. These parameters

are derived from the mass action egquations.

Teble @ List of Parameters in Eguations 1, 2 and 3

(List of vli'usi'”l‘]'”ip'usp'ulp'vlt’”sl'”l1)

i=1l 2 3 4 s=1 2 3 4 5 =1 2 3 4 5 6 7 8 9 10

FeO ZnS Fe;04 Pb| Fe304 Cu20P0 CuaS Fel Q: PbS PO ZnS 82 CO2 HO Zn SO b

=1 CuzS[v;0 0 0 Oy 0 1 © 1 Of; 0 0 0 0 0 0 0 0 0 O
2 FeS 0 113249 -3 -4 -1 0 1] - 0 1 1 43-13-1/3 173 173-273
3 PbS 1] 0 0 1 1] 0 1 0 0 0 1 1 [4] 0 { { i} 1] 1
=1 FeO |91 -1 103 245,103 1 1 0 04,23 0 1 -1 43 U3 1/3~1/3-173 273
2 Zn0 0 1 0 [¢] 0 0 0 0 0 0 0 0 1 0 Q0 0 1 0 0

2 N2 4] Q Q0 0 g 0 0 ] Q g ¢ [i] ¢ aQ L} [ 4 ] ]

3 CO: 0 0 0 0 0 ¢ 0 0 0 4] 0 0 0 0 1 0 0 0 0

4 Ho 0 0 0 0 0 ¢ 0 0 0 0 o 0 0 0 0 1 0 0 0

Materials Balance

The numbers of g-atoms Q) (k=1-9) of the elements in a charge must

satisfy the next mass balance equations after the attainment of equilibrium.
=Za;x n; +Zay n; +Zay n +Zag n '
Qk i ik nj T2k i ; pk Bp T < Ask Ps )

+{qknt+famnl(k:1m9)

vhere, a5) etc., are the number of g-atoms of the k-th element per
equivalent formula of components, These are listed in table 10,

Equations 1, 2, and 3 are substituted for n;, n, and ny in equations

g

4-T7, so equations, that include the unknown valuables such as Dy, Mpy Ny,




Ny Rgq, and Dg; are obtained. The Newton-Raphson method is applied to
solve these equations.

Tabie 10 List of a

jk*3ikeAppr2 ke 8 in
egoation 7

K=12 3 4 5 6 7 8 9

Cu § Pb Fe Zn O N C H

ajp 1Cw28 | 2 1 0 0 0 0 0 0 o
2Fe8§ 01 0 1 0 ¢ 0 0 o
3Pb8 0 1 1 0 0 0 0 0 0
2Zn8 01 0 0 1 ¢ o0 o0 0
3FesOs) 0 0 0 3 0 4 ¢ ¢ O
4Ph 00 1 0 0 0 0 o 0
apk 1Fe0 6 0 0 1 0 31 0 o o
27n0 0 86 0 0 1 1 0 o O

agk 1FesO4) 0 0 0 3 0 4 0 o0 o
2Cu2 0 2 0 0 0 0 1 0 0 o0
3PbO 0 ¢ 1 0 © 1 0 0 o

4Cu2 § 2 1. 06 0 0 g ¢ o0 O
5FeS 0 1 0 1 0 p 0 0 0

ay 180 01 60 0 0 2 0 o0 o0
ZN2 0 0 0 0 0 o0 2 0 o

3CO 00 0 0 ¢ 1 0 1 0
4H, 0 0 0 0 0 0o 0 o =z

aj, 102 0 0 0 0 0 2 0 0 o0
2PbS 0 1 1 0 0 0 o 0 o0
3Pb0O 0O 0Dt 0o 0 31 0 0 0
47n8 0 1 0 0 1 0 0 0 o
58: 0 2 0 0 0 0 0 0 0
6CQO, 0o 0 0 0 0 2 o 1 90
TH20 6 0 ¢ 0 0 1 o0 o0 2

87Zn e 0 0 0 1 6 0 0 ¢

950 6 1 0 0 0 1 0 0 0
10Pr ¢c 0 1 0 0 o0 0 0 0

Gibbs Free Energy Change for Formabion

The equilibrium constant X;, K. and K, are calculated from the values
of the Gibbs free energy change for formation of each component. They are
mainly taken from work of Schuhman, Richarson and Jeffes and so on. The

4) -
values are lisbted in Table 11. ) 9)



Table 11

Free Energy Change for Formation

#i Componets cal/mol

j=1 |Cuz 8 —25,460+3.0T

j=2 |FeS ~-28476+9.14T

i=3 |PbS -33420+16.13T

i=1 {FeO ~54,890+10.55T

i=2 [ZnS —89,160+475T

1=3 |Fe3O4 ~-260870+72.24T

=4 (Pb 0

p=1 |FeQ -54890+1055T

p=2 [Zn0O —110,140+4735T

s=1 |FeaQu -260,870+7224T

s=2 [Cu:20 ~28920+8.26T

s=3 | PhO —46,630+1857T

s=4 [Cuz S —25460+30T

s=5 |FeS ~28476+914T

1=1 | 80; —86,570+17.30T

1=2 |Ny 0

t=3 | CO —26,700—20.95T

t=4 [ H, 0

1=1 | (O, 0

1=2 | PbS (g 27,430+371T10gT+0.00197T?
—38.63T

1=3 [PbOlg) 14,280+1267T1ogT—57.39T

1=4 | ZnS{g -25197+19.67

I=5 |8 0

i=6 | COq —-94,200-0.2T

1=7 |H, 0 -58900+13.17T

=8 1 Znlg 0

1=9 180 —6,550—13.5T

1=10{ Pb{g 46,345+4503T10gT—3788T

Activity Coefficients of Components in Matie and Slag

Activity coefficients of components in matte and slag should be known
to obtain the composition of mabtte and slag by equilibrium calculation,
There are many papers about activity of components in matte and slag.
Compositions, however, are not given as mole fraction againat activity, so
some of the activity coefficients can not be obtained directly from the

previous papers and some of these were obtained as formula, which are

functions of mole fractions of components, by the author.



Activity of FeS in matte Activity of FeS in matte has been measured by

various authors as shown in figure 1210). Mole fraction, however; can not

be calculated from this figure, because matte contains some amount of
magnetite and ferrous oxide. Korakas measured oxygen content in matte ns
a function of wi% iron/wt% copper in matte as shown in figure 13. He also
stated in his paper that the ratio of oxidized F93+/Fe2+ was approximately
unity, that is, the molar amount of FeQ and Fe304 in matte was equal. Mol
fraciion of CupS, FeS, FeO and Feq04 can be obtained from figure 13 by
using the above relation, and activity coefficient of FeS can be obtained
by combining these values with activity data of figure 12, B line in
figure 12 was selected as an activity of FeS in matte.

Mole fraction of components in matte were calculated from figure 13

by following relations.

O+ Fe, + Cu, + S, = 100 (9)

Fe,/Cu, = a (10)

Cu,/63.54/2 + Fe,/55.85 - 0,/16/5 - 0,/16-(3/4)-(4/5) = 5,/32.066
(11)

vhere, Cu,, Fe,, O, and S, are weight % of each element in matte, and a in
equation 9 is obtained from figure 13, The first term of the left side of
equation 11 is mole amount of Cu,S, the second term is total iron in moles,
the third term is mole amount of iron as FeO, the fourth term is mole
amount of iron as Feq04. The results of the caleulation are shown in
table 12,

Table 12  Activity Coefficient of FeS in matte
(From the data of Rosengvist and Korakas, combined)

wifFe/witfiCu Mol fraction Activity of Activity Coefficient
FeS FeS Fe3
o« 0.5 0.36 0.23 0.64
0.75 0.43 0.32 0.75
1.0 0.47 0.38 0.81
1.25 0.49 0.41 0.83
1.5 0.51 0.45 0.88
1.65 0.51 0.47 0.93



The relation of mole Praction ageinst activity coefficient of PeS is
plotted in figure 14. The equation of the relationship between g, g and
Ngpg can be outlined by the regression method as follows;

Activity coefficient of CupS in matte Activity coefficient of CuyS in

matte is calculated from the resulis which was diagrammed in figure 15 by
0 .

Asanolz), combined with the data of Korakasl ). The results, which were

caleulated, are shown in figure 16, Activity coefficient of Cu2S in matte

is found to be gpprximately unity.

Activity coefficient of FeQ and Fe3i04 in slag Iso-activity curves of FeO

and Fe304 in liquid region of Fe0-Fep03-5i0, ternary system were determined
by Muanl3), Michal and Schnhmann14}, and Korakaslo). The mole fractions
of FeO, Fe30 and Si0, were celculated from Korakas's diagram at 1270°C
and the relation between the mole fraction and the activity of FeO and
Feq04 was obtained. Iso-activity curves, which were taken from Korakas,
were shown in figure 17. Activity of FeO against mole fraction of FeQ are
plotted in figure 18. A~ and B-points in this figure are the solubility
limit of FeO at 1270 and 1300°C. A and B points in figure 18 correspond
to B and D in figure 17 respectively.

Activity coefficient of Fel was calculated and plotted in figure 19.
The similar relation were obtained from the data of Michmel and Schuhmannl4)
which is the case of slag saturated with silica. Table 13 is calculated
results which were obtained from the data of Michael end Schubmann.
Activity coefficient which were calculated as shown in table 13 are plotted

in figure 19.



Table 13  Activity Coefficient of FeQ and Fe304 from the data
of Michael and Schuhmann

Pcoz/Pco mole fraction activity cg:}}¥é§gnt

Fes Oy FeO Si02 PesQy AFe0Q | "FesOs 7 FeQ

0.131 |000328 0558 0439 — 04 - 0.72

0244 0.00443 0553 0443)|001 0.395 3.05 071
0247 000443 0559 0437|001 0.395 3.05 071
0658 000720 0556 0437]0025 039 347 070
148 0.0118 0548 0440,0.05 0388 424 071
4.15 00150 0545 0.436(0.10 0.380 526 070
31.2 0.0565 0.508 0435050 0.340 385 0867
444 00711 0498 0431|067 0.330 942 0.66
182 00409 0502 0416033 0.353 B07 066

6 5.6 00922 0.480 0428|110 0.310 ] 1085 065

The next equation for the relationship between 7p, and mole fraction

of FeQ can be written by regression methed ss follows;

= 142XN_, .—0044 (13)

Treo FeO

Lower solubility limit of Np,g is 0.45 at 127000, so the value of activity
coefficient in equation 13 does not become minus value.

Activity coefficient of Fe304 is calculated from the data of Korakas
which is shown in figure 17 and activity coefficient of Fe;04 against mole
fraction of Fe304 is plotted in figure 20, and against mole fraction of
810y is plotted in figure 21. As shown in these figures, activity
coefficient depends on both mole fraction of Fe304 and 5i0, in slag, and

the next empirical eguation can be obtained by regression methed.

=0.60+545N

7 Fes O 8i0: 5 B'BNFE:;Ch (14)

The comparison between the values of measurement from figure 18 and 20

and the ones which were obtained from equation 14 are shown in table 14,



Table 14 Comparison between empirical formula

and data from Korakas

mole fraction rFeaO4
FesO4 FeO Si0; {fig.17 epuation 14
00236 0606 0370 4.24 4.05
00434 0,666 0290 461 4.70
00528 0609 0339 568 5.5 4
0.0242 0.636 0339 413 391
01111 0544 0345 9.00 8.88
01197 0680 0200 B35 858

Activity coefficient of FeO and Fe304 in matte Some amount of Fei04 and Fel

dissolve in matte as described before. Activity coefficients of these
materials in matte are necessary for oblaining the amount of TeD and Fe304
by equilibrium calculation. The activity of Fe0 and Fe304 in matte should
be equal to the activity of FeQ and Fe304 in slag which is equilibrated with
matte, and activity coefficients of these in matte are obtained from the
activity data of these components in slag which is equilibrated with this
matte. The composition of slag equilibrated with matte were determined by
Korakaslo), Kuxmann and Bor15), and recently Baileylﬁ).

The avthor has calculated activity coefficients of FeO and Fej04 in
matte from the data of Korakas, and Kuxmann and Bor. In the experiment of
Xorgkas, air was blown in the melts of matte and slag in alumina crueible,
so I don't think an equilibrium condition was obtained during this experi-
ment. In Kuxmann's experiment, data was obtained in silica crucibles under
one atmosphere of S50,.

One of the experimental results from Korakas is shown in figure 2210).
Oxygen content and mole fractions of components such as FeS, Cu,53, Fe304 and
FeO can be obtained from figure 13 as shown before. Slag composition in
figure 22 can be obtained also by assuming the other component as FeO.

The results of calculation are listed in table 15 and the relation between

activity coefficient and mole fraction of FeQ are shown in Pigure 23.



¥ IS8T0 2% @ L8970 CO9E0 0€00 000 L LGS0 02¢0
632 8800 003 6650 E9ED OEQO 0€E00 LLS0 0LED
¢'9 8910 9V 2 £990 GEE0 LZ00 L200 0660 05€0
vE 2600 128 L6870 SEEO0 L2400 L2 00 06570 0SEDQ
S'L SE10 LLE 6490 GEE0 87100 8100 6290 6820
8¢ P00 Lze 6860 SEE€0_ 8T00 8100 6390 68320
€01 5810 9¢g L5990 60E£0 8100 81060 SS90 6520
09 8010 LG ¢ 8850 60€0 8TO00 8100 €590 6620
991 6veo 6CE¥ 6290 CEEOD S1I00 5100 8€9°0 0220
(A 8010 Z26E 88670 SEEQ S100 SEQ0 BE9C 0LZ0
o0ri £5¢°0 0S¢ DESO S§810 81070 8100 66240 8vY 10
9L LETO 81¢ €L¢S0 S81T0 81070 8E00 6610 sv1I0
811 8810 6'0F £690 6910 9100 9100 66L0 ©6510
7’6 ISTIO FGE 9980 6910 9100 91070 66L0 S6210
£GE 8B8BED £Eqg 9860 0600 17100 1100 LB80O EOQLOO
£0¢e €830 L8V 9€80 0600 TTQ0 1100 L1880 €EB0LOO
c vl TLED 811 g6 850 EZI1I0 G000 S000 L8go ¥LOO
9°1¥ B0Z0 801 IyPS0 €210 5000 5000 LOBD ¥L00
LE1 9050 6ET $560 EVS00 %0070 P 000 LE€6°¢ LEDO
84 gITED 921 S0S0 | E¥E00 ¥00°0 Y000 LEGO LEOQC
002 2090 g8L1 £€80 29€00 €000 €000 8560 6L200
¢EI S6¢€0 091 T8¥P0 9800 €000 €000 8660 52.¢00
o1 1eury 0%y (BEIS) (a)32m)0%dy (ders)
iﬁwﬂw '0%d,  (ge1s)0°dy O3, sed, 'Ofady  03d,  §%n)y n”mwwwnvm
LI 91nd1; wol}] a1eBp (e1ep sSBYEIOM)UOI} DRI jou
AT 2an317 jo ®BLED 8Y} UYJTH POUTqUOD SEHBICY JO BIRD 8y
woxy aggBw ut Vpleg pue gog spueToTIyeoo A3TaT40® JO uoTIzEBIMOTE)  CT 9IQEE



The empirical formula is obtained from the line in Figure 23 by

regression method and it can be expressed as follows;

logrp,o="—0044~0901XIogN (15)

FeO

This formula, however, can not be used in a iterated calculation,
because Np,q does’t converge to the true value when equation 15 is used in
the calculation.

The relation between activity coefficient of Fe0 and mole frection of
CuyS are plotted in figure 24, and a empirical formula between activity
coefficient of FeQ and mole fraction of CupS are obtained by regression

method as follows;

= exp(5.104+62 OXIHNCqu
3
+2'80x(InNCu2$) )

2
T 0 +6.4 1X(InNCmS) (16}

Activity of Feq0y ngainst mole fraction of Fe304 or CupS are plotted
in figure 25 to 26. The best fit relations are obtained by regression

method as follows;

= —186— (x7)
lugJ’F(3304 186—1.60X10gN

FeaQy
=exp(4.86+9.90XInN

2
rFEsOl Cu28 +7'43X(InNCqu)
+2.55(InNCuzs)3 )

(18)

Results of activity coefficients, which were obtained from the data of
Kuxmann and Bor, are plotted in the same figures, and the best fit-line
about activity coefficient of Fe304 against mole fraction of Cu,S is

calculated as follows;

= exp(3.6 7+3.01><In3NCUZS
+0.23%( InNoy.s )

(from Kuxmann and Bor's data)

2
rFeaO; +1'23X(IRNCqu)

{19

Activity coefficients of PbS and ZnS in matte The activities of PbS and

ZnS in matte were measured by dew-point method at low content of PbSlT) and
205 in melt of Gu,s.

There is no data about activity of PbS and ZnS in PeS-CupyS melts.
Activity coefficient of PbS is assumed as 1.0 and 0.3 in this calculation

and the distribution of lead between matte, slag and gas will be compared



in both cases. Activity coefficient of ZnS is assumed as 1.

Activity coefficient of Pb in matte A small amount of lead dissolves as

metallic form and the activity coefficient of metallic lead in matte is

assumed as 23 from the recent experimentlg).

Activity coefficient of Cuy0 in slag Copper content of slag equilibrated

with molten copper metal under various oxygen pressures were measured by

20
Ruddle ), Altman and Kellogg21), Toguri22) and BailqylG). These results

are plotted in figure 27.

Recently, copper was found to dissolve as both elemental and oxide

23).

forms in my laboratory It is, however, assumed copper dissolves only

as oxide form in this calculation. Activity coefficient of Cusl in slag

was taken from Ruddlezo) as follows;

0,28 (20)
TGy 0= 174" PY

Activity coefficients of Zn0 and PbO in slag Activity of Zn0 in slag at
25)

reducing atmospher was measured by Davenport24), Azuma and Goto
6
Kellogg2 ) used the activity coefficient as the following equation in his

calculation of slag fuming process.

rzn0==exp(920/T) (21)

However, activity coefficient of Zn0 was assumed as 1.2 in this calcu~
lation,

Activity coefficient of Pb0 was taken as following formula by Kellogg.

TPbO==exp(*392G/T) (22)

Activity coefficients of CupS and FeS in slag Some part of copper in slag,

. 2
which is equilibrated with matte, dissolves as CupS as described by Yazawa 7

28) 29)

Nagamori stated that solubility of CupS decreases by increasing matte

.30

Wiese ', Senalek and Imris™ ", and Nagemori ).

grade as shown in figure 28, Senalek and Imris explained that more amount
of CuyS dissolves in slag when copper content of matte eguilibrated with
this slag becomes high as shown in figure 29. Solubility of copper in slag

equilibrated with matte which is saturated with iron by Yazawa is shown in

H



figure 3031). More copper dissolves in slag, even if oxXygen pressure is

very lovw as metallic iron exists as shown in figure 30 by Yazawa. The
experimental results by Wiese are also shown in figure 31.

The value of activity coefficient aof CupS can not be derived from the
previous papers, because mole fraction of CupS in mette and slag was not
given in these papers. The activity coefficient of CupS in slag was assumed
to be 250 to 350 in this calculation.

Solubility of FeS in matte is also obtained from Weise as shown in
figure 31. Here, activity coefficient of PeS in slag was assumed as 70-100
in this calculation.

The activity coefficients of all components in matte and slag explained

in the previous sections were listed in table 16,

Table 16  Activity Coefficient (13231573 K)

Component Activity coefficient
in matte
CuzS 1.0
Fel &54+]AlogNF S+0.52NFeS
Pbs 0.3
FeO exp(5.1+6.2(InNg,, g)+6.41 (InNg,,5)° +28(InNg,, g% )
Fes Oy 3¢ oxp(4.96+8.90 (Ins , ) +1.43(Takoy, ) +255(Take ms) )
gezSO4 i85 exp(3.6 7+3.01( InNCqu)+1 23(InNcu2 S)+0 23(IrlNCu2 S)a )
n 1.0
Pb 23
in slag
Fe0 142N —0.044
7.0 12 Te0
Fes 04 0'59+56'8NFe 0‘+5.4 5NSiOz
Cu20 174 (Pg, )"
PbO exp(— 3926/T)
Cuz8S 250
FeS 70

*This is calculated from the data of Korakas. *%This is from Kuxmann and
Bor's data.

Application of Copper Smelting Process

The calculation mentioned above was applied to copper smelting process.
The effects of the amount of air, flux, fuel on the compositions of matte,

slag and gas can be calculated by this method, when all the materials, which

~60-



are charged in a furnace, are considered to reamct perfectly with each other
in a furnace.

One example of the calculation is shown in the following.

The compositions of concentrates and fuel which were used in this

calculation are shown in table 17. The equilibrium compositions are also

shown in this table.

Copper loss in slag One of the results of the calculation about dissolution

of copper oxide and copper sulfide is shown in figure 32. The conditions

for the calculation are as follows; fuel consumption is 3% of concentrates
and mole ratio of Fe/SiO2 in slag is kept constant at 1.5 by controlling
the amount of silica flux, and the temperature is 1523 K. The solid and
the chained line in this figure show the amount of dissolution of copper in
slag when activity coefficient of copper sulfide in slag is assumed to be
350 and 300 respectively., Dotted line shows dissolution of copper as
sulfide form when activity of sulfide was assumed as 300. The practical
data of copper loss in slag are shown in figure 30 from various papers.

One of the results of Mitsubishi continuous smelting process about copper

loss in slag from cleaning furnace is 0.54% at 64.7% of copper in matte.

Distribution of leas in matte, slag and gas Lead, which is included in

charged materials, is distributed in matte, slag and gas in practical
operation. Distribution of lead can be calculated by using this equilibrium
calculation. One of the results by using the data shown in table 17 are
shown in figure 33. Tuel is used 3% of concentrate in this calculation
instead of 5% of table 17. When activity coefficient of PbS in matte was

assumed to be 1.0, the distribution of lead becomes as shown in figure 34.



Table 17 One Example of Equilibrium Calculation
Temperature 1523 K

Composition of Concentrates; Cu 20,5, S 28.0, Pb 3.8, Fe 28.0, Zn 4.1,
5i0, 12,0 wt %
Air; 150 N1/100 g. concentrates
Heavy oil; 5 g/100 g. concentrates (C 4.27 g., H 0.61 g.)
Initial mole of elements in furnace charge: Cu 0.3226, S 0.8732, Pb 0,0183,
Fe 0,501, Zn 0.00627, 0 2.679, N 10.714, C 0.356, H 0.605, 5i0, 0.1997

Equilibrium amounts, calculated

Mole Activity
Components Mol fraction Weight % coefficient
in matte
CunS 0.159 0.679 74.6 1.0
FeS 0.0497 0.212 12.9 0.450
PbS 0.00735 0.0313 5.17 0.30
Fe0 0.00237 0.0101 0.501 33.02
7nS 0.0101 0.0431 2,90 1.0
Fe30, 0.00576 0.0246 3.93 8.09
Ph 9.5x107°  4.0x10~  0.0579 23.0
in slag
Fe 0.350 0.50 48.3 0.667
7n0 0.0319 0. 0457 4.99 1.2
Fe,0, 0.0271 0.0389 12.08 5.1
Cuy0 1.6x10™%  2.28x107%  0.044 0.76
PbO 0.0023 0.00328 0.983 0.076
Cu,S 0.0019 0.00271 0.580 250
FeS 9.5x10~% 000136 0.160 70
510, 0.285 0.407 32.9 -
in gas
50, 0.597 0.0896 - i}
N3 5.357 0.804 - i
co 0.0362 0.00543 - -
H, 0.0120 0.0018 - -
0, 2.5x10°  3.8x107° - -
PbS 0.00842 0.00126 - -
PhO 1.85x10%  2.8x107° - _
ZnS 2.38x107  3.6x107° - -
Sp 0.0189 0.00284 - -



Mole Activity

Components Mol fraction Weight % coefficient
Coy 0.319 0.048 - -
Hy0 0.291 0.048 - -
Zn 0.0205 0.00307 - -
=4 =5
30 3.7x10 5.6x10 - -
Pb 0.00194 2.9x10°% . _

Weight % of elements in matte and slag

Cu 8 Pb Fe Zn 0 SiO2
Matte 59.56 21.36 4.54 11.4 1.94 1.197 -
Slag 0.502 0.176 0.913 46.38 4,01 - 32.9

Activity of magnetite in slag; 0.199

Distribution of Pb and Zn in matte, slapg and gas

Matte Slag Gas %
Pb 40.6 12.5 46.9
Zn 16.1 50.9 33.0

Application to slag cleaning furnace Slag is tapped in slag cleaning

furnace after smelbing process such as flash smelting, Mitsubishi smelting

process or Kemneccott new smelting process. All amount of matte and slag
are charged in electric furnace, where matte and slag are separated with
each other, in case of Mitsubishi smelting process. In case of flash
smelting furnace, only slag, which includes some amount of suspended matte,
is charged in electric cleaning furnace. In Kennecott processjz), high
grade of matte with about 73% of copper is produced in smelting furnace
and slag ig treated in cleaning furnace or flotation process.

The equilibrium calculation can be applied for analyzing slag cleaning
furnace, where some amount of carbon and pyrite are charged into slag.

The composition of matte which is produced in smelting furnace was
assumed to have a following composition;

Cu 77.7%, S 20.1%, Fe 0.8%, and Pb 1.1%.

Slag is assumed to be contaminated by suspended matte and the composi-
tion of slag before cleaning was assumed as follows;

Cu 1.13%, S 0.24%, Pb 3.1%, Fe 50.0% and Si0, 32.1%.

Equilibrium calculation together with slag, carbon and pyrite was done
and the results are shown in table 18. Addition of carbon without pyrite

is not effective for eliminating copper from slag. Pyrite is necessary to



reduce copper content, because low grade of matte is produced by addition of

pyrite as shown in table 18,

Table 18 Example of Slag Cleaning Furnace (1573 K)
additional amounts| % compositlion (%)
FeS: carbon Cu S Ph Fe Si0;
- initial
- slag 1,13 0.24 3.1 50.0 3z
0 0 slag 9 e 0.14 3.1 44.9 32.1
matte 777 200 1.1 0.79 -
1.0 0 Slag 0-37 0.14 2.85 45.5 32.3
: matie 52.4 20.0 122 11.9 -
0 1.0 slag 0.98 0.14 3.1 44.9 321
' matte 717.6 20.1 1.21 0.82 -
0 2.0 slag 0.9 9 0.14 3.1 44.9 32.1
: mat {e 77.5 201 1.3 0.86 -
Conclusion

The equilibrium calculation between multi components and multi phases,
based on the Brinkley theory, was developed by the author and applied to
the analysis of copper smelting process and slag cleaning furnace. The
necessary values of the activity coefficient of the components in slag and
matte were obtained from the various papers.

Copper content in slag, and distribution of lead in matte, slag and

gas which were calculated by this method were shown in this paper.
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Distribution of Variocus Elements
between Copper, Matte and Slag
by Akire Yazawa¥

1, Introduction

In copper smelting, the behaviour of Cu, Fe, S, 0 and 5i0, is
undoubtedly the most fundamental, but there remain considerable dis-
crepancies among the literatures. Moreover, differing from lead smelting,
impurity behaviour is very important in copper smelting; and especially
recently in connection with scrap treatment and direct or continuous
smelting, the behaviour of impurities is recognized to be ome of the
most important factors for desciding on the method of copper smelting.
However, the behaviour of impurities differs greatly depending on the
stege of copper smelting, that is, matte smelting, converting, refining,
serap melting, ete. Thus, it is necessary to discuss such problems for

each classified case as shown in Table 1.

2, Thermedynamic Classification for Copper Smelting Processes

To understand the thermodynamic feature for each case in Table 1,
the phase relations will be conveniently explained in combination with
the chemical potential diasgram presented in Fig, 11). In this figure,
the sulfur-oxygen potential diagram for copper smelting for 1300°C is

reproduced.

Case No. } in Table 1 is the usual matte smelting process possibly
including the first stage of the converting process and corresponds to
the region between A and B in Fig. 1. The varietions in the oxygen and
sulfur potentials are not very significant even when the matte grade
reaches 70 per cent copper. The system is essentially composed of five
components with the gas, slag and matte phases in coexistence. To
carry out thermodynamic experiments, sillea crucibles are conveniently

used; and this condition is accepted to approach practical conditions.

% Professor, Research Institute of Mineral Dressing and Metallurgy,

Tohoku University, Sendei, Japan.



Therefore, two freedoms remain to be fixed under a given temperature for
establishing equilibrium, Examples ave Pso and Psp or Psop and per cent

copper in matte,

Case No. 2 corresponds to reducing matte smelting in a blast furnace
or a settling furnace under relatively low oxygen potentials., In extreme
cases, this corresponds to the line qrC' in Fig., 1 at metal saturation.

On the line qr, the matte and the slag coexists with solid iron end iron
crucibles are available for experiments. When the matte grade is more than
50 per cent, the metal phase will be a liquid copper-iron alloy as repre-
sented by the line rC'. If the melts are saturated with both metal end
silica, just one freedom remains which may be the copper content in the
matte. All equilibrating gas partial pressures are so low that the gas
phase may be reasonably replaced by nitrogen for equilibrium experiments.

Using these simple conditions, the author carried out various experimental

studies2),

The {ypical process corresponding to case No, 3 is the direct produe-
tion of copper in a single stage as in the Noranda copper mode process
carried out previously. However, the converting process of white metal
to blister copper is included if liguid slag coexists. In Fig. 1, it
is expressed by point C, where the coexistence of three liquid phases is
a prominent feature, The system is very importent in discussing the
direct copper production process; and as suggested by Table 1, it is also
interesting from an experimental standpeint because various informetion
among various phases are obtained by simply regulating the S0, partial

pressure.

In the Mitsubishi converting furnace calecium ferrite slag is used
with the exclusion of the white metal phase. Under simplified conditions,
this system can be considered as the quarternary system shown in case
No. 4. If we use Ca0 erucibles the regulation of oxygen potential alone

will be enough to establish equilibrium for experiments.

Case No. 5 corresponds to scrap melting or black copper smelting
from oxide ore under the coexistence of a fayalite type slag. The system
also excludes sulfur as an essential component and is rather simple to

investigate.

If the process does not include Si0y or Ca0, the melting of copper

metal will reduce to a termary system corresponding to case No. 6 and



includes the usual refining processes such as the anode furnace, the

cathode furnace and the finishing stage of converting,

Because sulfur is not an essential component in cases No. 4, 5

and 6, variations occur only in oxygen potential as noted in the lefthand

copper-slag region in Fig. 1.

3. General Behaviour of Principal Elements During Oxidation Smelting

Before discussing the distribution of impurities for each respective
case, the general behaviour of the principal elements such as Fe, S, O
and especially the distribution of copper must be understood. If the
smelting process is carried out under a fixed SO, potential of 0.1 atm.,
the variation of the compositions of these elements is reproduced in
Fig, 23) where the percentages are plotted against oxygen potential for
1300°C. 1In this figure, the matte smelting stage is restricted to the
extreme left region because the variation of oxygen potential is very
small; and this is followed by the first stege converting process to
produce white metal, In these stages corresponding to case No, 1, the

dissolution of copper in slag is less than 1 per cent.

From the standpoint of oxygen potential the second stage converting
process covers a rather wide range and a considerable increase is observed
in the copper content in slag even in the variation of copper in the matte

phase is very small,

At around a log Po, of -6.3, conversion of white metal to blister
copper takes place and corresponds to the Noranda copper mode carried
out under the coexistence of a slag. The distribution of the prineipal
elements are given also in Table 1 and shows that Cu metal, 60% Cu white

metal and 6 to 7% Cu silicate slag coexist.

The Mitsubishi converting furnace will be under operation at a log
Pos of -5.5 with the coexistence of 99% Cu metal and IO% Cu ferrite slag.
The content of sulfur in the melts is so small that is negligible as
shown in case No. 4.

During the oxidation peried in the ancde furnace or ecathode furnace
refining, the oxygen potential will be a little higher in order to decrease

impurities. Therefore, the coexisting slag must contain more copper,

approximately 20 to 40 per cent; and this corresponds to case No. 6.



4, Distribution of Various Elements for Each Case

To date, there have been many practical observations for the distribu-
tion of various elements in the copper smelting system. However, littile
data is available from the strict thermodynamic sense, In the author's
laboratory, an experimental study was completed meinly for case No. 3 in
Table 1. To discuss the whole area of copper smelting by referring to
previous data, an explanation will be given by starting at case No. 6 and

gradually returning back to case No. 1.

In case No. 6, the slag is in copper ferrite system; and the phase
diagram for the Cuy0-Fe30, binary was constructed in the author's
laboratory, which is represented in Fig. 34). I+ should be noted that
up to 15 per cent of CupQ can dissolve in Fej04 as a solid solution, and
this solid slag corresponds to the finishing stage in the converting
process. Depending on the oxidation degree, i. e., oxygen content in
molten copper, the Cu,0 content in the equilibrating solid magnetite
varies. However, if the melt is over blown, liquid slag must appear.
This liquid Cuy,0 slag is the principal melt in the anode or cathode
furnace slag although some Si0Os or even Ca0 is added in practice to

decrease the Cup0 content in the slag.

If the distributions of the other metals are taken into account in
case No, 6, the Cu-M~-O system is the most fundamental, and various
experimental stvdies are found in the literatured). Accompanying the
recent development for the use of solid electrolytes, further data will

be accumuiated in this field.

For case No. 5, several experimental data are available with excel-
lent agreement6). Because copper dissolves in the slag in the form of
Culp5, the content of copper in slag is proportional to Po . NagamoriT)
also carried out experiments for the distribution of various impurities

between molfen copper and slag.

For case No., 4, few data are available. In Fig. 4, the copper
content in ferrite slag saturated with Ca0 is plotted against Po, Y, and
also suggests linear relation. In comparison with silicate slags, the
results are considerably lower at the same oxygen potential. Although
a homogeneous liquid iron silicate sl&g is limited by Fe304 separation
at 1076 to 107 of FPop, the ferrite slag is not limited by the troublesome
separation of solid magnetite. The ratio of FeIII/FeII in the ferrite slag

is one order higher than that in the silicate slag as shown in Fig. 5.



Equilibrium experimental data is not yet available for the distribu-
tion of minor elements between copper and ferrite slag, but these experi-
ments are being initiated at this time in the author's laboratory.
Because the activity relations in ferrite slag differ from those in
silicate slags as shown in Fig, 68), the impurity behaviour must also

be quite dissimilar,

Experimental studies were carried out in the author's laboratory
for case No, 39,10), Using a silica crucible, copper, white metal and
slag were brought into equilibrium at 1300°9C under a definite SOp
pressure which corresponded to oxygen poitential. To confirm equilibrium,
a copper-silver alloy was used periodically instead of pure copper.

Some of the results obtained for the basic Cu-Fe-5-5-5i0; system are
used also in Fig. 2, Distributions of minor elemenis such as As, Sb,
Ni, Pb and Co were investigated using a similar technique, and the
results were plotted against log Pso2 using the distribution ratios

difined as follows:

%. %Xin metal K' -« rxo

Lx = = T
%Xin slag Psoa? - rx
%Xin metal K'+rxs
IxV= =
%X1n white metal X
we X%Xin white metal Lx K'rxo
S:‘- = =
Lx . c W ] .,‘l.‘
%Xin slag Lix K" rxsPso2

were, k' and k'' are constants derived by free emergy data, 7 xo, 7xs
and T x are the activity coefficients of X0, XS and X in the slag, white
metal and copper metal, respectivery, when X is the divalent minor
element. The detailed explanations are given in a separate reportlo).
When we plot Lxc/S against log Psop, the experimental results will be
expected to show linear behaviour with a slope determined by the dis-
solved species in the slag. As shown in Fig. 7, the results obtained for
cobalt and lead suggest that these elements dissolve in slag as Co0 and
Pb0, The slope for copper is in agreement with the form, CuOa,; and

the horizontal line for silver suggests metallic disselution in slag.

However, the experimental results for As and Sb represent lower slopes



that expected for the form of X0y 5, and do not necessarily show straight
lines. NagamoriT) claimed that both As and Sb must dissolve in slag in
the metallic state and not as an oxide., The present author estimates
that at lower oxygen potentiels these elements are dissolved in the
metallic state with roughly Lﬁé5= 200 and 1§£5=30. However, at higher
oxygen potentials the contribution in the form of X0; 5 will gradually

increase.

The general tendency shown in Fig. 7 agrees well with the data of
previous investigators obtained in the two liquid copper-slag system,
The order of concentrations in the metal phase can be arranged as:

As, (Ag) (Cu) Sb Ni Pb Co
The detrimental elements, arsenic and antimony are highly concentrated
in the metal phase while the valuable cobalt tends to be lost into the
slag.

Judging from the equation described above and using thermodynamic
data, the sctivity coefficients of respective oxide in silica-saturated

slag can be derived as follows:

ero=0u25, TNi0=3’ TCOOZO-S, rSholu 5=0.4

If we can assume that the activity coefficient of the oxides are reasonable,

the contents of the elements in slag may be estimeted without experiment.

Fig. 8 shows the distribution ratios between copper and white metal
plotted against log Psos. The ratios are all greater than unity, and
therefore these elements are concentrated in the metal phase rather than
vhite metal. The order of the ratios is given below and the general

trends agree well with those obtained by Asanoll} and Nagamorilz).
As Sb Pb, Ni, (Ag). Co, {Cu)

It should be noted that the experimental results in Fig. 8 are horizontal
and do not show any appreciable dependence on log Psop. This tendency is
expected from the equation described above where the ratio, Lxc/w, is
simply proportional to 7Txs/ 7x.

At first sight, the derivation of the value, "xs, in white metal seems
possible from the experimental results. In fact, it is nearly impossible
because most part of the As, Sb, Ag, and even Pb and Ni, may exist in

white metal in metallic form.

The distribution ratios between white metal and slag which are



combinations of Lx¢/S and Lxe/V, are illustrated in Fig. 9 and the order

is as follows:
(cu), (Ag) As Sb Ni Pb Co

As suggested from the equation 3, the dependence on Psop is also observed,

but because of the complexity of the existing form a detailed discussion
ig difficult,

A detailed explanation for distribution of impurities are given above
for case No. 3 corresponding to point C in Fig. 1. where the conditions
are approximately fixed except for a small variation in 50, pressure,
However, it is quite interesting to consider these distribution ratios
when the oxygen potential decreases, when the metallic phase is excluded,
or vhen the matte grade decreases. These questions correspond to cases
No. 2 and No, 1,

In the region rC' in Fig. 1, three liquid phases, copper alloy, matte
end slag coexist. However, because of the very low oxygen potential in
comparisen with point C, the distribution of impurities will differ
considerabiy. In the author's laboratory, the data was obtained for
lead as illustrated in Fig. 10 where the distribution ratios for lead
are plotted against copper grade in matte. In the figure, the points
at 80 per cent Cu matte correspond to the data from case No. 3, i. e.,
in Fig. 7, 8 and 9. The decreased oxygen potential in the region C'r

decreases the content of Pb in slag; and as a results, the ratio, Le/s

b ?
increases sharply and the ratio, L%és, also increases. However, it
is interesting that the ratio, Lc/m, remains constant at around 3.7,

Pb
suggesting that the distribution ratio between copper and matte is not

influenced by oxygen potential as already suggested by the horizontal
behaviour shown in Fig. 8.

If the matte grade is less than 50% Cu corresponding to qr in Fig.
1, 7-Fe must be present instead of the molten copper alloy. In this
region, the experimental results show a rather definite distribution
ratio between matte and slag, i. e., Lgés value of around 11 to 15,
but decreases slightly with decreasing matte grade. This corresponds %o
the minimum oxygen potential in equilibrium between matte and slag.
In practical matte smelting, the oxygen potential is in a higher region
around AB in Fig, 1 corresponding to case No., 1. In the author's

laboratory, data were obtained under 1 and 10% 802 as illustrated in



Fig. 10, suggesting that the L?ﬁs value is nearly constant at around 6.
These distribution ratios between matte and slag are agreeable with data

in practice.

5. Conclusions

The behaviour of minor elements in the copper smelting system is
rather complicated, and there remain many problems to be investigated
experimentally. Undoubtedly, it is greatly influenced by the existence
of a copper metal phase and by oxygen potential. If & copper phase is
present, various detrimental impurities tend to concentrate in the metallic
copperl3). Higher oxygen potentianls seem to be enhance the oxidation of
impurities into the slag; but at the same time, this results in & higher
copper loss in the slag and tends to create a metallic copper phase.
Although the distribution of impurities in the gaseous phase, i. e, elimina-
tion by wvolatilization, has not been discussed in this article, the
detrimental elements must be removed initially during matte smelting by
volatilizationl4) if proceeding from the concentrate. Even so, practical
engineers are sometimes forced to try to remove detrimental elements from
liquid copper. The change of distribubtion ratios by additions such as
soda or lime are well known practical techniques. Therefore, the distribu-

tion ratios must be investigated under varying conditions.
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FHE4 SWBEREDL GOFR Lima, 5 de Marzo de 1979.

OFICIO N© 118/DGM-DCEM

Senores: Masao Wada
Ryohei Nagasawa

Toshio Murakoshi

Miembros del Equipe Consultor Téenico de JICA

A sunto: Visita al Perd - Su plan 1579

Me es grato dirigirme a Uds. para darles la bienvenida a nuestro pais y
al mismo tiempo reiterar por escrito nuestra satisfaccién por les acuerdo
& que hemos llegado en la manana de hoy con respecto al asunto de la

referencia,

1) Lea Direccidén General de Mineria recibird con mucho agrado su visita
las veces que Uds. le soliciten para tratar sobre las actividades
del Proyecto de Cooperacidn Técnica Peruano-Japonesa socbre Seguridad

Minera.

2) PBs de mi conocimiente y cuenta con mi aprobacidn el Plan de Trabajo

para 1979 presentado por la Misidén Japonesa.

a) El Ingeniero Toshimasa Kuga, integrante del actual Equipo de
Expertos Japeneses, durante su permanencia en el Perd ha
colaborado y dado muestras de eficiencia profesional. PFer
lo tanto, solicito a Uds. se prorrogue su permanencia al
frente del Proyecto, y en caso de no ser posible, sea reem-—

plazado por otro experto.

b) La contraparte peruana tiene programada y dispuesta la
realizacidn de estudios en le Fundicién La Oroya de Centromin-
Perd y en la Fundicién de Cobre de Ilo de Minero Peri, con
nuevos expertos metalurgistas del Japdn que llegardn en el mes
de Marze, 1979.

c) Este Despacho dispondrd lo necesario para que los Guias
Japoneses, al llegar en Setiembre u Octubre, encuentren

amplia colaboracién de le contraparte peruana,



3)

d)

e)

Considerando la necesidad de perfeccionamiento y capacitacidn
técnica de profesionales peruanos en el Japdén, en las expeciali-
dades de Seguridad e Higienme Minera, solicito se amplie a cuatro

el mimero de becas para 1979, en perfodos varialbes de duracidn.

Para este ano estamos a la espera de equipos e instrumentos,
anotados en el Convenio de Cooperacidén Técnica firmade en
Octubre de 1977; por otro lado, siendo necesario pars los tra-
bajos de INGEOMMET disponer de una planta piloto metalirgica
¥ equipos de laboratorio, es conveniente incrementar el
presupuesto asignado para este rubro, sujeto a la opinidén de

expertos japoneses residentes.

La Direceidén Genersl de Mineria, les hace presente su mayor

agradecimiento por la cooperacidén y ayude brindata por el Gobierno

Japonds y aprovechs ls oportunided para expresarles los sentimientos

de su especial consideracidn.

Dios guarde a Uds.
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s

PROPOSED ANNUAL WORK PLAN FOR FY 1979

Assignment of Japanese Experts

The present team of long-term experts, namely Messrs., Shiro Obinata,
Kazuo Shojeku and Masanori Sakuraba be kept until February 20, 1980,
Dispatch of an evaluation team

An evaluation team would be dispatched to La Paz toward the end of the

cooperation period to evaluate the progress of the project and ascertain

the degree of the intended transfer of technology.

Acceptance of Bolivian counterparts in Japan

A high ranking officer of COMIBOL would be accepted in Japan for 3

weeks for an observational trip of mining and research facilities.

Another counterpart would be accepted in Japan for 3 months for

practical training in mining.

March 13, 1979
at La Paz

Leader of the JICA

Technical Guidance Team
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