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(i)
ABSTRACT .

The carbothermic reduction of copper sulphide minerals 15

thermodynamically impossible without Uhe presence of an
exchange medium e.g. Ca0, MqO0 etc at any temperature
attainable in practice. The exchange mcdium provides a

mechanism for the exchange of 572 ion of metal sulphide with

0_2 ions and hence in the process ties the sulphur, without
generating SOZ' As a result of the exchange reaction, metal
oxides are ‘generated which can be easily reduced using any

reducing agent. In the present investigation, the reduction

mechanism of Copper Sulphides (CuS and Cuz_x S) has been

studied using lime and carboan.

In this study, it has been shown that during the reduction

of sulphides, a pseudo ternary CUZS—EUZO—CaS liquid forms

as a result of the exchange reaction and this liquid is
saturated with CaS. The rate governing step in the overall
process is the carbon gasification reaction. However, when
small quantities of carbon or very unreactive carbon is used
cessation of the reduction occurs temporarily. This phenomenon
is explained in terms of the relative rates of the exchange

reduction reacgtions and conditions for rapid reduction are

specifled.

Finally, the efficiency and cconomy of the process related to

industrial application are briefly discussed.

From May 1983, the projcct was extended to study iron sulphide
mineral. The synthetic pyrrhotite was treated with lime and

carbon over a range of 800°C to 1000°C in a flowing stream
the existance
t O the

of argon. During the reduction of iron sulphide,
of a quarternary liquid was found which belongs
Fe-Ca-5-0 system. The presence of this liquid above 850°C
accelerates the rate of reduction. Apart trom the existence ol

a quarlernary lLiquid, two oxysulphide compounds were discovered



(11
which belong to Fe$S-Ua0 and Fel-Ca$ pseudo-binary sections.
The exact composilion and their crystal structures are still
under investigation but one compound has composition near

Fe0.CaS and 1is related to a tetragonal cell with an 'a

dimension similar to €aS and 'c' dimension expected for one

layer of '0' and 'Fe' replacing 'Ca’ and 'S’'.

from our investigation it has been found that FeS can be reduced
to iron in the presence of lime and coal within 45 minutes

at 950°C. The rate of reduction is essentially governed by the
rate of reduction of the quarternary liquid at higher
temperatures or of the quarternary compouna at lower temperatures.
This part of the investigation is important to understand the
feasibility of the selective extraction of iron and copper
from complex copper-iron sulphide minerals. It also suggests
that naturally occuring pyrite or pyrrhotite minerals

which are normally used for sulphuric acid manufacture, can

be treated for the production of metallic iron.

Chalcopyrite is the complex copper-iron sulphide mineral being
investigated on this project. During the reduction, it was
found that the quarternary compounds fFe0.CaS and FeS.Ca0

also exist in this system. Depending upon the temperature

and oxygen potential caopper or iron can be nucleated first and
it seems possible f%om the present investigation that both
iron and copper can be preferentially Stpaerateu). It has also
been found out that the reaction proceeds with 3 liquid phase
intermediary which belongs to the Cu-fTe-Ca-5-0 systems. From
the X-ray diffraction analysis it has been confirmed that a
pentanary compound exists and i1t qgoverns the rate of

reduction.

A complete mcectallization of copper and iron can be achieved with

coal at 9%0°C within an hour. Unilike copper and iron sulphides

1t has been Tound that andirect reduction of chalcopyrite is

much slower than either (fu,{,fi or e,



(iii)

The possibilily ot extraclion ot nickel from synthetltic
nickel sulphide has also been investigated. U appears thaol
the reduction 1s assisted because of the presence of liquid
Ni}S2 above 800°C. In this matter, the oxygen dissolves

to form an oxysulphide liquid which 15 saturated with CaS$.
The rate of reduction was found Lo be extremely fast 1n
case of coal than in the case of graphite but a higher lime

to sulphide and coal to sulphide ratio was necessary to obtain

100 pct metallization.



(iv)

ACKNOWLENGEMENTS

PR B N R A A 2 IR I A

The author expresses his profound gratitude to
Professor Paul Grieveson and Professor J.H.E.Jeffes
for supervision,suggestions and encouragements which
he received through out this work.

He is also indebted to INLAKS FOUNDATIONand RTZ Company
for providing the finacial assistance,without their
help thiswork would have been impossible to accomplish.

The author sincerely wishes to thank Mr. A.Willis, Mr.
L.E.Leake and Mr. Gordon Higgs for providing their
technical assistance during this project.

Lastly he expresses his thanks to Miss C.A.Miller and

Mr. Keneth S. Coley who helped him to prepare this
thesis. The author sincerely thanks Mr. Noel Machinguwata
for his contribution to the B8th chapter of this thesis.

* K kK X k Kk X ¥ k x kX kK X X X X X X ¥ XK X



Chaplter 1.

1a lmporlance of present 1nvestirgal ion
1b The Lhermodynamic principles.
1c Thermodynamic calculalion for

carbothermic reduction.

1d Literature Reviews.

1d(i) The carbothermic reduction of metal sulphide.

1d(ii) The hydrogen reduction of metal sulphide.

Chapter 2.

Phase relationships and their importance during
the carbothermic reduction.

2a Copper - Sulphur system

2b Iron - Sulphur system

2c Nickel - Sulphur system

2d Copper - lron - Sulphur system

2e Copper - Sulphur - Oxygen system

2f Iron - Sulphur - Oxygen system

2g Copper - lron - Sulphur - Oxygen system
2h Calcium - Sulphur - Oxygen system

21 Calcium - Sulphur - Copper - Oxygen system
2] Calcium - Iron - Sulphur - Oxygen system
Chapter 3.

Thermal stability of sulphides.

P:lqc No.

12
17

29
29
32
32
37
40
43
46
46
a7



(vi)

Chapler 4.

{xperimental Techniques.

GA(i) Kinetic studies on a flowing gas system

an(ii1) Kinelic sltudies witlh conlrolled
atmosphere conditions.

4 Synthesis of sulphides

Chapter 5.

Carbothermic Reduction of Sulphide Minerals.

SA Carbothermic reducticon of copper sulphide

SA(i) Results

SA(ii) Discussions of the results of copper
sulphide reduction

SA(ii)a The direct reduction
SA(ii)b The indirect reduction
SA(ii)c The reduction under reduced pressure

SA(1i)d Relation between the length of plaﬁeau
temperature and composition

5B Carbothermic Reduction of Iron Sulphide
Minerals.

(i) Results
(i1) Discussions
(a) Phase relaltionships and mechanism of
reaction
(b) The kinetics of direct reduction of
iron sulphide
(c) The kinetics of indirect reduction of
iron sulphide
(d) Cementite formation

5C Carbothermic Reduction of Complex lron
Copper Sulphide Mincrals

(i) Resulls

(i1) Discussions

l’:)q_g__N().

68
68

93

93
121
124

125

126
150

150
162

165

167

169

189.



(vii)

Chapler 6.

Calcination of Sulphate.

6. N Inlroduction

6.8 fxperimental lechnique
6.C Resulls

6.0 Discussions

Chapter 7.

Whisker Growth.

7.1 Introduction

7.2 Existing Models of Whisker Growth

7.3 Conditions for Whisker Growth

7.4 Anistropy of Surface Lnergy
Experimental Procedure

7.6 Results

7.7 Discussions

Chapter 8.

Reduction of Nickel Sulphide.

Results and discussions
Appendix 8A
Appendix 8B
Appendix 8C

Appendix 1.

Phase Combinations in fe-Ca-5S-0 and
Fe-Ca-Cu-S-0 systems

Appendix 2.

l’:iq(: No.

198
206
206
231.

248
250
255
257
263
265
288

314
338
340
340

343

351.



{viii)

Lisl oi Figures.

Chapter 1. Page No.
Fig (1.1) Schematic diagram for 1
conventional copper making
Fig (1.2) free energy - temperature diagram 9

for metal sulphides
Fig (1.3) Free energy temperature diagram 10
for metal oxides
Fig (1.4) free energy - temperature diagram
for the carbothermic reduction 11
of sulphides
Fig (1.5) Reduction of bornite with H; 20
Fig (1.6) Reduction of chalcopyrite with H, 20
Fig (1.7) Variation of reduction rate of 20

Cu,S with stoichiometry

Chapter 2.

Fig (2.1) Cu-S phase diagram 30

Fig (2.2) Fe-S phase diagram 31

Fig (2.3) Ni-S phase diagram 33

Fig (2.4) Cu-fFe-S phase diagram 34

Fig (2.5) CUZS—FeS psuedo binary diagram 38

Fig (2.6) Univariants in Cu-S-0 system 38

Fig (2.7) Variation of '0' solubility in 38
liquid matte (CuZS)

Fig (2.8) P-T- composition diagram for 42
Cu-5-0 system

Fig (2.9) Fe0-FeS pseudo binary diagram 42

Fig (2.10) Fe-5-0 ternary section 42

Fig (2.11) Univariants in Ca-S5-0 system 44

Fig (2.12) Univariants in Cu-fFe-5S-0-system 44

Fig (2.13) Pct CaS conversion vs temperature 49
relationship.

Fig (2.14) Phase relationships in Ca0-FeS- 49
CaS-Fe0 system

Fig (2.15) fe0-CaS pscudo binary diagram 49

Fig (2.16) Univariants in Cu-Ca-5-0 and
Cu-Fe-S-0-Ca systems



{ix)

Chapter 4. Page No
ag .
Fig (4.1) Schematic diagram of apparatus
for carbothermic reduction of 59
sulphides
Fig (4.2) Schematic diagram of apparatus for
carbothermic reduction of 63.

sulphides under controlled
atmosphere.

Chapter 5.

Chapter SA Reduction of Copper Sulphides.

Fig (5A.1) Rate of reduction of CuS with 71
graphite
Fig (5A.2) Rate of reduction of Cu,S
. . 2 72
with graphite
Fig (5A.3) Rate of reduction of CuS: 81
CUZU mixture
Fig (5A.4) Rate of reduction of CUZS 82
Cu0 mixture
Fig (SA.5) Cu-S-0 phase diagram at 1000°C 84
N 1
Fig (5A.6) RTln Po, VS /T relationship for 85
Cu-5-0 liquid
Fig (S5A.7) Rate of reduction of CuS with 94
Coal
Fig (5A.8) Rate of reduction of CUZS with 95
coal
Fig (5A.9) Rate of reduction of CuS with CO 96
Fig 5A.10) Rate of reduction of CUZS with CO 96
Fig (5A.11) Rate of reduction of CuS with 98
increased lime
Fig (5A.12) Rate of reduction of CUZS with 100
increased lime
Fig (5A.13) Rate of reduction of Cu,S in 102

controlled atmosphere

Fig (SA.14) Ratec of reduction of CUZS in 103
controlled atmosphere.

Fig (5A.15) CUZS - CUZO pseudo binary section 105

Fig (5A.16) d (RT1ln a ) /dt vs temperature 105
relationship for Cu-5-0 liquid



(x)

Page No.
Fig (5A.17) Rate of reduction of Cu$
with increased lime and 110
graphite.
Fig (5A.18) Rate of reduction of Cqu
with increased lime and 111
graphite.
Fig (5A.19) Rate of reduction of Cu,S
with coal and with catalytic 114
graphite.
Fig (5A.20) Rate of reduction of CuS under
dual treatment condition 116
with CO.
Fig (5A.21) Rate of reduction of CuS-Cul 118.

mixtures in graphite crucible.

Chapter 5B.

Reduction of Iron Sulphide.

Fig (5B8.1) Rate of reduction of pyrrhotite
(Fe S) 132
1-x
Fig (58.2) Rate of reduction of (fe S)
. 1-x 134
with coal
Fig (5B.3) Rate of reduction of (Fe1_xS)
in presence of increased lime 140
Fig (5B.4) Rate of reduction of (Fe S
1ox 142

in presence of increased lime
and graphite.

Fig (5B.S) Rate of reduction of (Fe S)
1-x 143
with CO
Fig (5B8.6) Rate of reduction of (Fe1 xS) s
- 14
with CO at 950°C
Fig (5B8.7) Rate of reduction of (Fe1 xS) 151
under controlled atmosphere
Fig (58.8) Rate of reduction of (FeS:Cal) 155
heat-treated mixtures
Fig (58.9) Rate of reduction of (fe S)
1-x 157

with catalytic graphite.



(xi)

Page No.

Fig (58.10) FeS-Ca0-Fe0-Cas 160

quarternary section.

Chapter 5C.

Reduction of Complex Copper - Iron Sulphides.

Fig (5C.1) Rate of reduction bornite and 177
chalcopyrite with graphite

Fig (5C.2) Rate of reduction chalcopyrite
with graphite at different 178
temperatures.

Fig (5C.3) Rate of reduction of chalcopyrite
with coal at different 179
temperatures.

Fig (5C.4) Rate of reduction of chalcopyrite 187

with CO at different temperatures

Fig (5C.5) Phase relationships in Cu-fFe-S-
Ca-0 system during the reduction 494
of complex sulphides.

Chapter 6.

Calcination of CaS0y

Fig (6.1) Variation of rate of SO0, evolution
with temperature 204

Fig (6.2) Ca-S-0 predominance diagram 204

; P

Fig (6.3) Pct vol. of SO0, vs CU,/pCO 205.
relationship.

Fig (6.4) Schematic diagram for sulphate 205
decomposition

Fig (6.5) Rate of reduction of CaS0g4 209

with graphite

Fig (6.6) Conversion of 'S' as 'CaS' and 211
50, during the reduction of CaS0,

Fig (6.7) Rate of calcination of sulphate p
with Cas 21
Fig (6.8) Rate of calcination of sulphate 5.4

at 1000¢°C.



Fig

Fig

Fig

Fig

Fig

(6.9)

(6.10)

(6.11)

(6.12)

(6.13)

(6.14)

Chapter 7.

Growth of

(x11)

Schematic diagram of the
product layer in case of CaS-
CaS04 mixture calcination.

Schematic diagram for the
production layer formed during
the calcination of CaS-CaSQ0y4
composite.

Calcination CaS-CaS04 composite
at 1000°C in presence of lime

Data on the solubility of CaS and
CaS04 in CaO

Rate of calcination of CaS~CaS04
in pure argon.

Relationship between rate aof
calcination and geometric factor

Whiskers.

Fig

(7.1)

(7.2)

(7.3)

(7.4)

(7.5)

(7.6)

(7.7)

(7.8)

(7.9)

(7.10)

The steps involved during whisker
growth.

Variation of surface energy with 0O

Equilibrium shapes of fcc metal
in controlled atmosphere.

Variation of equilibrium shape with
plot

Design of crucible used for the
experiment.

Cu-S-0 ternary with composition co-
ordinates

Relationship between the length of
whikser and the time.

Variation of chemical potential
around the curved surface.

Variation of surface and volume
diffusion with temperature

Design of Wagner's experiment

219

219

225

235

235

239

261

261

262

262

264

281

286

299

301

305.



Page No.
Chapter 8.
Reduction of Nickel Sulphide.
Fig (8.1) Rate of reduction of NiS with 322
graphite in presence of lime
(8.2) Rate of reduction of NiS with
coal in presence of lime 323
(8.3) Phase relationship in NiS-Ca0- 324
CaS system at 950°C
(8.4) Rate of SO0, evolution during the
heat-treatment of NiS in presence 325
of lime and NiO
(8.5) Rate of reduction of NiS with 326
graphite in presence of increased
lime.
(8.6) Rate of NiS in presence of increased 327

lime and coal.



Chapter 5.

T
UXT VY

LIST OF PHOTOGRAPHIC PULATES.

Chapter 5A

SA.1

SA.4

SA.S

SA.6

Reduction of Copper Sulphides

Reduction of CuS with lime and
graphite at 1000°C

Reduction of CUZS with lime and
graphite.

formation of copper and '0'
rich matte during the heat-
treatment of CUZS:CUZO = 1:3 at

1000°C in flowing argon.
Heat treatment of CuZS and CJZO
mixtures at 1000°C

Heat treatment at CuS and Cu0 at
1000°C in argon

Heat treatment of CuS:Cul = 3:1
mixture with lime and reduced in
graphite crucible at 1000°C

Page No.

75

86

87

88

89



(xv)

Chapter 58.

Reduction of Iron Sulphides.

58.1

58.2

58.3

58.4

58.5

58.6

Reduction of iron sulphide with
lime (S:0:C = 1:2:2)

Reduction with iron sulhide with
lime of carbon monoxide

FeS:Cal = 1:1 at 950°C with CO
Reduction of iron sulphide with lime

Scanning electron micrograph of
FeS:Ca0 = 1:1 pellet reduced with
Cd at 950°C

Energy dispersive X-ray (K ) analysis
of FeS:Cal = 1:2 mixture heat treated
at 900°C in argon atmosphere.

Page Nc.

136

146
147

152

153

154.



fxvi)

Chapter 5C. Pagec No.

Reduction of Complex Copper Iron Sulphides

SC.1 Cnergy dispersive X-ray (K )
analysis of Cu FeS:Ca0:C = 1:2:2 181

reduced at 1000°C in argon atmosphere.

5C.2 Enerqy dispersive X-ray (K ) analysis
of CuFeS:Ca30:C = 1:2:2 reduced at
1000°C in argon atmosphere

182

SC.3 (a) Decomposition of chalcopyrite into two
sulphides at 800°C in arqon. Sample
etched with acidified K2 Cr207

183.
(b) Formation of copper during the heat
treatment of CuFeS2 with lime

T = 900°C Atm. Argon.

SC.4 Reduction of chalcopyrite with lime at

graphite (25:0:C = 1:2:2) 184.

SC.S Reduction of CuFeSZ:CaO - 1:2 at 187
1000°C with CO.



(xvii)

Chapter 6. Page No.
Calcination of CaSly
6.1 Calcination of calcium sulphate 221
EIE 2K 3R BE BE BN S B AN BN BN B BE B BN |

Chapter 7.

Growth of Whiskers.

7.1 Growth of bi-partite whiskers during
the reduction of copper oxide - 272
copper sulphide pellet preheat treated
in argon at 1030°C

7.2 Scanning electron micrograph of the 273
trip of bi-partite whiskers

7.3 Heat treatment of Cu S-CuZO compaosite
. 2 274
in argqon atmosphere at 1000°C

7.4 Growth of copper whiskers from the
surface of CUZS during th: heat 275
treatment of CUZS—CUZO at 1000°C
(Argon)

7.5 Faceting of the surface of CuZS during
the hzat-treatment of CUZS—CUZO 276
composite at 1000°C in argon.

7.6 Morphological changes occurred on
the surface of CUZS—CUZO composite 277

at 1000°C in argon.



(xvii i)

Paqc No.

7.7 Growth of CUZS crystals during the dual
treatment of CuS:Ca0 mixture 1n CO and 278
growth of pure Cu in case Cub-Cal) red

7.8 Photograph of Cu,0-Cu,S composile pellets

grap 2 2 n 279
with whiskers.

7.9 Whisker growth during HI of CUZS -

CUZO composite at 750°C in COZ
LR BE K- OF 2R 3E 25 3 3K 2% 3% 2 3R I

Chapter 8.

Reduction of Nickel Sulphide.

8.1 Energy dispersive X-ray analysis of NiS: 327
Cal0 = 1:1 pellet reduced with graphite.

8.2 Energy dispersive X-ray analysis of

328

NiS:Ca0 = 1:1 pellet reduced with
coal at 950°C



Appendix 1.

Al.1

A1.2

Appendix 2

Scanning electron micrograph at
hcat treated FeO:CaS = 2:1 mixture
in argon at 1000°C

EDX elemental analysis and scanning

electron micrograph of fe0:CaS =
2.5:1 mixture heat treated in argon

atmosphere 1000°C

LR R 3K R R R ok K R R R

AZ.1

Calcination of CaS04 in presence of

CuZS at 1000°C in argon atmosphere.

i’a(lc No.

345

346

352



1. INTROBUCTION.

la. The Importance of this Investigation.

The conventional methods for the production of non ferrous
metals from mineral sulphides are based on two main
pyrometallurgical principles. In one case, the mineral sulphides
are dead roasted (i.e. a complete elimination of sulphur from
the sulphides by converting them to metallic oxides) and then
treated in a blast furnace to reduce the metal oxides to metal.
Alternatively if the sulphide concentrates are rich and fine,
they are directly charged into the Flash Smelting Furnace to
produce matte. Little progress has been made in the former method
for many years whereas the latter has been transformed to a
very efficient metal making process e.g. the continuous copper
smelting. If a matte phase is the product of the concentrate

it is then converted to produce metal. During the converting

of matte, controlled oxidation is carried out to eliminate

all the sulphur. These processes are shown in the form of a
schematic diagram, see fig 1.1. Although continuous copper
smelting and flash smelting furnaces are widely used, these
conventional methods pose a major threat to the environment,
because of the large volume of dilute sulphur dioxide gas
emission at each stage of the process. The long processing
time, the vast gquantity of the energy required and the
complexity of the processes are the major drawbacks. Table 1.1.
briefly summarises the energy balance of some of the

existing processes (1.1).
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TABLE 11. Sinplified Heat Balances for Reverberatory, Out-
okummpu Flash and INCO Oxygen Flash Smelting. The

Charge is Dry in all Cases (1.1).

Basis: reverberatory furmace

Flash furnace 1 tonne dry charge (incl. fluxes} av. comp. 30% Cu,

23% Fe, 27%S, 10% oxides

5

Produces: 0.6 tonnes of matte (50% Cu); 0.35 tonnes of slag. All units - 10

ITEM.

Reverberatory flash furnace

Outokumpu

INCG oxygen
(95% 0, flas

Flrnace (air at 5500C). 2
Heat Input and Production
Sensible heat in converted
slag 1.7 - -
Sensible heat in air for o
sulphide oxidation 0.2 (220°C) 1.0 (550°C) -
Heat of matte and 802
production CuFeS2 + 1.8 1.8 1.8

o .
02 matte + SOZ (257C)
Fes +2 05= FeD + SO, (25°C) - 1.6 1.8
s 1

FeSO+2 0225 F8304 + 802 _ 1.6 1.6
(257C)
FeO + Si0, =FeQ. Si0, (25°C) - 0.1 0.1
Total heat input 3.7 6.3 5.3

/contd. .



Table 1.1. Contd. )

Outokunpu

Item Reverbertary flash {urnage éﬁEDDOxyga

furnace {air at 550°C) 2 fla
Heat Output.
Sensible heat in matte 1.9(40%Cu) 1.5(50%Cu) 1.5(50%Cu)
(11500cC)
Sensible heat in slag
(12000C) 1.9 1.3 1.3
Sensible heat in 802
(1250°C) 0.4 0.7 0.7

Sensible heat in szrom
the air used for 1.0 2.5 0.1
sulphide and iron oxidation

Heat losses (convection,

radiation) 2.3 2.1 1.7

Total heat output 7.5 8.1 5.3
Net rdeficit to be made up 3.8 1.8 5.3

by external energy

Fuel energy required 8.lx105Kcal 4.5x105Kcal

(at 47% efficiency)(at 40% efficiency) 0.0

No converter slag 220°C air preheat No air preheat in
fuel burners



It is for thi: vcasons, a new method has beuen Considered whioh
may eliminate these problems. A single step production route
has been developed in which the mineral sulphides are

directly reduced to metal in the presence of a reducing

agent. In this work, the reducibility of sulphides with

graphite and coal will be the main subject.

l.b. The Thermodynamic Principles.

The single step production of metal from mineral sulphides

can be represented by the following chemical equilibrium.

2 MS (s) +C (gr) = ™M (s) + CS, (g) (1.1)

2
This essentially outlines the principle of carbothermic
reduction of sulphide minerals. The feasiblity of this
chemical reaction can only be appreciated by epplying
thermodynamic principles.Chepical reactions are not
thermodynamically feasible when the Standard.Gibbs Free -
Energy change AG° is positive at reasonably high

temperatures which makes the equilibrium constant (k) very
small. The reason for this thermodynamic non-feasibility

can be explained in terms of the sulphur potential of the
system. In the present situation, the formation of the
gaseous product C82 needs a higher sulphur potential than

the sulphur potential of the metal sulphide MS, because C82
gas decomposes rapidly at high temperatures into its basic
constituents. Thus, it is essential to reduce the sulphur
potential of the product by providing a thermodynamic sink.
This sink can be achieved by a variety of methods i.e. if the
gas phase is immediately removed from the system, the
reaction would never achieve equilibrium. On the other hand,
a method may be used to tie the sulphur within the system so
that the sulphur potential in the r.h.s. is lower than the
l.h.s. Although these two types of sinks are practically
possible the former one is not economically viable. The latter
may be achieved by the use of any basic oxide e.g.

Ca0, Mg0, Bal etc.
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The provisiun of the basic -ides as a sulphur sink

splits the chemical equilibrium (1) into two steps - the
exchange reaction during which 52 ions of MS is exchanged with
0 “ ions of basic oxides X0, and a reduction step during the
metal oxides are reduced to metal. These two steps are

represented as follows:-

a) The Exchange Reaction:-

MS (s) + X0 (s) = MO (s) + XS (s) (1.2).
The Reduction Reaction:-
b) MO (s) +C (g )} = ™M (s) + CO (g) (1.3)

In the present investigation, lime has been used as the
exchange medium. The choice of lime as an exchange medium
and carbon as a reducing agent has been exercised for the

following reasons:-

i. Calcium oxide forms a very stable sulphide CaS during the
exchange reaction and provides an 'insitu' sink for sulphur
which does not allow sulphur to escape as 802 or C82 into

the atmosphere.

ii. Both lime and carbon are extremely cheap and are available

in plentiful amounts.

iii Carbon is also the most efficient reducing agent as it
produces carbon monoxide gas which can either be used

as a fuel or as a reducing gas.

iv. The use of vacuum is uneconomical because of the high

running and maintenance cost of the vacuum system.

v. Also a vacuum system would not prevent environmental

pollution as C82 gas is more toxic than 802.
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In the present investigation, the reduction mechanism of
synthetic copper sulphide and i:n sulphide has been studicdg
and applied to understand the reduction mechanism of synthetic
chalcopyrite minerals. The present investigation also deals

with the optimum conditions for the reduction of these minerals.

1.C. Thermodynamic Calculations for the Carbothermic Reduction
of Sulphides.

It is understood that the carbothermic reduction of mineral
sulphides are not thermodynamically possible in the absence
of the exchange medium. From the free energy temperature
diagram for sulphides of metals, the reasons for the progress
of the reaction in the forward direction can be appreciated
by a large difference in the chemical potential of sulphur
between MS and XS see fig. (1.2)}. In addition to a knowledge
of the sulphide free energy temperature diagram it is
necessary that these metal oxides (MO) can be easily reduced
to metal carbon, see fig (1.3). On the basis of the
available thermodynamic data a free energy temperature
diagram has been constructed for the exchange reaction, the
reduction reaction and the combined reaction, see fig (1.4).
The relative stability of the metal sulphides and the metal
oxides are evident from this graph which at any temperature
gives the value of partial pressure of carbon monoxide

generated as a result of the carbothermic reduction.

From fig (1.4) it is evident that the standard free energy
change for the exchange reaction is almost independent of
the temperature and it shows that at any temperature, the
reaction is not thermodynamically feasible, but under
conditions where the activity of the product is lowered

the reaction will always move to the right. The free energy
(06°) vs temperature relationships shown in fig (1.4) are

drawn for the following sulphides.



a)

b)

c)

a)

b)

c)

a)

b)

c)

ATl units
CUZS (s} + Ca0 (s)
Cu,0 (s) + C (gr)
Cu,S (s} + C (gr)
NiS (s) + CaD (s) =
NiO (s) + C (gr) =
NiS (s) + CaO (s) +
FeS (s) + Cal0 (s)
FeO (s) + C (gr) =
FeS (s) + Ca0 (s) +

in calories per mole.

= Cu,0 (s) =+

> CaS (s)

0
AG(af 16120 - 12.56T + 6.227 log T
2Cu (s) +

Co (g) (1.4)

n

0 = -
AG (b) = 13100 - 37.83T

2Cu (s) + CaS (s)

+ CO (g)

AG®, | = 29220 - 50.39T + 6.22T log T

(c)

NiD (s) + CaS {(s)
AGS . = 740 + 2.8T
(a)
Ni (s) + CcO (g) (1.5)
o = -
AGyy = 29310 - 41.32T
C (gr) = Ni (s) + CaS (s) + CO (g)
AGY . = 30050 - 38.527
(c)
= FeO (s) + CaS (s)
AGY . = -5470 + 2.187
(a)
Fe (s) + CO (g) (1.6)
0 = -
AGY,y = 36610 36.57T
C (gr) = Fe (s) + CaS (s) + CO (g)

]

AGD 31140 - 34.39T
(c)
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1.0. Literature Rioview.

1.0(i) The Carbothermic Reduction of Metsal Sulphides

Most of the earlier studies on the carbothermic reduction of
metal sulphides has been carried out by the Russians and the

Japanese (1.5-1.12) on the recovery of lead from Galena ore.

Both the leanand the rich ores were treated with sodium
carbonate (soda ash) with a small amount of NaCl and NaZSD4
in the presence of carbon. The mixture was heated over a
range of temperature 900 - 1250°C to study the recovery of
the metal. Some workers (1.8-1.10) have used a mixture of

iron and Na,CO, or a mixture of pyrites and Na2C03 to

2773
desulphurise the galena ore in the presence of carbon. It has

been claimed that iron forms as an intermediate product,

when pyrite is used, and this metallic iron reacts with galena
ore to give metallic lead. It has been claimed by Pendar (1.13)
that volatilization losses do not occur on account of the

presence of chlorides.

Considering the situation, where pyrites was added during the

carbothermic smelting of the galena the possibel initial

reaction is:-
(1.7) FeS (s) + Na,COg (s) + 2 C (gr) = Fe (s) + Na,S + 3 CO (g

(1.8) FeS (s) + NaZD (s) + 2C (gr) = Fel(s) + Na28 (s) + CO (g)

As a result of these two equilibria, metallic iron is produced.
Since these two equilibria operate under the condition of
sulphur potential fixed by FeS-Fe; in parallel, the equilibrium
fixed by PbS-Pb would also operate to give metallic lead.

Hence these two reactions would compete with each other under
the given set of conditions. Once metallic iran is generated,
the desulphurisation rate of galena would occur due to the

following equilibrium.

(1.9) PLS (5) + Fe (s) = PbL (1) + FeS ()

AGY = 1670 - 6.5651



~13-
These reactions explain the reason for the use of pyrites
o1 metallic iron during the desulphurisation u: ralena.
The equilibria (1.7) to (1.9) are considered such that the
reactants and the products are at unit activity. The
relative magnitude of the equilibrium constants for these
equilibria would change if mutual dissolution of the

reactants and the products takes place.

Pendar (1.13) has quoted that the addition of NaCl during the
carbothermic smelting of galena with soda ash prevents
volatilization losses. Thermodynamically, the partial pressure
of lead vapour is almost insignificant in the range 300-1250°C,
At 1250°C Poy, = 47.3lmm = 0.062atm which is small.

The other notable weight loss due to volatilisation could

only be the evaporation of metallic sodium at this temperature

which would form as a result of the following reaction:-

(1.10) Na7S (s) = Pb (1) = PbS (s) + 2 Na (g).

The addition of NaCl to the mixture would act as a sink for
sodium vapour, as most of the alkali metals have been found
to be soluble in their halides (1.14). The most important
aspect of the addition of alkali halides is the generation of
a liquid phase which accelerates the exchange reaction

kinetics by increasing the surface area of the reaction.

The work on the carbothermic reduction of zinc sulphide has
been once again dominated by Russian workers (1.16,1.17)
using different types of exchange medium e.g. Cal, CaCO3
and CaCz. According to Skopov (1.16) the reaction

(1.11) ZnS (s) + CaO (s) + C (gr) = CaS (s) + Zn (g) + CO (g).

6° = 58720 - 58.33T + 4.6T log T ¢1+-4)
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proceeds at 570 - 600°C and accelurates above a temperature
of 860°C and finally undergoes completion ot 1250°C. A

JU0pct stoichiometv: iv cocess of Leth Cad and carbon

(acetylene black) enchances the reaction rate but decreases
the recovery of zinc from the reaction mixture into the
gaseous phase. A further increase of Ca0 and .,pponie an
excess of 20 to 60pct results in a decrease in the reaction
rate. The apparent activation energy of the reaction at
800-1050°C is 29-35 Kcal per mole. The reduction of zinc with
CaCO3J proceeds with the preliminary dissolution of CaCO3.

The addition of fpctc Na2C03 accelerates the reaction at 800°C
due to the appearance of a liquid phase enabling better
contact between the reacting components. The same system has
been investigated by Y.K. Rao (1.17) and quite a different
value for the activation energy has been quoted. According

to this work in the range of 920° to 1080°C the apparent
activation energy was found to be (50.1 + 4.0) Kcal/mole.

The effect of catalysts has also been investigated. With the
use of a sodium catalyst during the reaction, the apparent
activation energy was (42.5 + 4.5) Kcal/mole for Na2C03

and (36.0 + 4.0) Kcal/mole for NaZSD4 catalyst. Both

workers (1.16,1.17) have mentioned the appearance of a

liquid phase when NaZCD3 and Na2804 were used as catalysts.
Neither of these works explain the mechanism of the reduction
and particularly the electrochemical mechanism of Ra0 (1.17)

leads to a concept which is very confusing.

Lapin (1.18) et al have observed that ZnS mineral when heated
with lime, forms a liquid phase with the formation of
compounds belonging to Zn-Ca-S-0 system which appear in the
columnar and accicular form on solidification. They have
proposed a mechanism of dissolution process identical to
reaction (1.2). The oxysulphides obtained differ in the
physical properties. This matter will be dealt with in

greater length later.



In the presence of such quaternary tiguid and quaternary

compounds the reduction mechanism can be quite different.

It is speculated that such liquid and compounds are quite

prevalent in the temperature range 800~9000C, and in this

liquid it is quite likely that sulphates, carbonates and

fluorides of sodium might be soluble. These alkali metal

compounds were added in very small quantities such that in

the liquid phase their behaviour would probably be Henrian

and in this dilute solution of these alkali metal compounds

their electro-chemical contribution to the carbothermic
reduction of ZnS would be purely decided by their activity

about which no information is available. There is no

supporting evidence for the existence of any intermediate

phases e.g. NaZS, Na20 etc. Therefore, it is evident that
there is little contribution of these alkali halides to the

electro-chemical mechanism suggested by Rao, rather their

influence can be seen as a catalyst to enhance the Boudouard

Chemical Reaction and in providing liquid by depressing the

melting point which eventually accelarates the exchange

reaction of 0_2 ion and 8_2 ion. Later in the thesis a

separate section is devoted to illustrate the catalytic

effect of alkali-metal compounds and the possible mechansim

involved during the carbon gasification by COZ'

In the absence of a detailed information on the reduction

mechanism of zinc sulphide, and with the supporting evidence

of Ra0 (1.17) and Skopov (1.16), the assumption that the

Boudouard Reaction is the rate controlling step may be reasonable.

If this is so, the difference in the apparent activation energy

(Ea) observed by these two workers could be related to the

following reasons:-

a)

bl

Two different types of carbon were used. Acetylene black was
used by Skopov and Carbon black of fixed carbon 99.5 pct
an average particle diameter 0.256um, and surface area

of 12.9m2/gm by Rao.

The problem of analysis of the data, which was found by
Rao in determining the slopes of the rate curve, as any

error in slopes would drastically change the value of (Ea).
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Even in the presence of catalysts the activation energies
poposrtend by Haeo oerv onol in agreement with those of Skopov.
It is therefore recommended that a more systematic study

of the reduction mechanism of zinc sulphide is necessary.

Panfilov's (1.15) investigations were based on the use of
calcium carbide and the suggested mechanism for the various

metal sulphides is given below: -
(1.12) M™MS (s) + CaCZ(S) = CaS (s) + M (s) + 2 C (gr).

The value of standard free energy change AG° for Cuprous
sulphide has been calculated according to equilibrium (1.12)

using the standard state of calcium vapour.

Therefore for cuprous sulphide the equilibrium (1.12) reduces

to:

(1.13) CUZS (s} + CaC, (s) = CaS (s) + 2 Cu (s) + 2 C (gr)

A = -B2975 + 4.68T + 6.227 log T.

0
®13
From the standard free energy change for the equilibrium (1.13)
it is evident that the reaction is extremely exothermic and

it is expected that a large qugntity of heat might be

penerated at the reaction front. At T = 873°K, the value of

+15

eouilibrium constant K = 5.6586 x 10 For this reason

initiation of reaction wai3observed at 878°K. However, once
the reaction proceeds in the solid state CaC2 and MS will be
seperated by a solid layer of CaS and metal respectively such
that any further reaction should, in principle, be governed
by some diffusion mechanism. It has been observed by

Panfilov that a maximum of 71.8 pct reduction was recorded

at 1200°C after 60 minutes. Any further reaction at 1200°c
would continue to proceed because of the liguefaction. gof
CUZS which could maintain contact with CaCz. Once, the liquid
matte is isolated, the reaction would not proceed any further.
There is a considerable doubt whether the reaction proceeds
because of the decomposition of CaC2 in the presence of metal
sulphides to calcium and carbeon. The calcium would evaporate

and react with metal sulphide to form CaS. The thermodynamic
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data shows that *he vaepour preccure of calcium aver pure
solid and liguid calcium 1is very small at thesc temperatures.
Thus only logical explanation for the continuation of the
reaction at low temperature is the exothermic heat generated
at the reaction front which probably causes incipient

melting of sulphide to maintain contact with CaCz.

1. D (ii) Hydrogen Reduction of Metal Sulphides in the

Presence of Alkaline Oxides.

Several workers (1.19-1.22) have studied the hydrogen reduction
of metal sulphides in the presence of basic oxides. All these
workers have carried out the reduction of metal sulphides

both in the presence of the basic oxides and in their absence.
The thermodynamic feasibility of reduction of metal sulphides

has been summarized in Tablel-2.

lable 1.2 Equilibrium Constants for the Hydrogen
Reduction of Metal Sulphides (1.139).

Cal (s) + HZS (g) = CaS (s) + H20 (g) (a)
CuZS + H2 (g) = 2 Cu (s) + HZS (g) (b)
NixS (s) + H, (g) = x Ni (s) + H,S (g) (c)
Co S(s) + H, (g) =y Co (s} + HZS (g) (d)
Fe_ S (s) + H, (g} = z Fe (s) + HS (g) (e).

The equilibrium constants for the combined reactions (a) and
(b), (a) and (c), (a) and (d) and (a) and (e), equal to the

gas ratioPHﬂ-/p over the system at equilibrium are:-
2 H
2
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L& va m “a x Kb ve Xa = ke . Ka vg “p e x ra
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800 1.22x10° 7.13.10 A.68 7.05x10 6.99 ,.20x10 6.
v e.uswan’ 1.19a10" a.u. 1agx0 2 aon 2.2m1073 5.0 ':.l,ﬂ-)ﬂ-; 2.2
JUUL 1.70x10° 1.7x1073 2.96 200x107° 3.9 6.65x10"3 11.31 1.21-‘10.3 2.06
o 441107 sovnn Lo 2.90x1073 2.4) 1apm™ Vi .'.i'wm.' 1.
1200 <.56x10° 2.95%1077 1.35 3.60x1077 1.6% WMl ro PRI ; 1.0
oc 2.76x10° 5.50x0073 .98 4.19x1073 118 200107 b2 $.00<10 3 1.6
L6400 §L 79107 a15x10"" 0.74 4.60x10"7  0.024 2.22x1077 3.96 7.30.10" 1.3
1500 1.23x10° a.72x1073 0.56 4.95x1073 J.ulb 2.30x107¢ 2.89 8.20x107> 1.01

The values of the equilibrium constant products show that

the hydrogen reduction of metal sulphides is thermodynamically
less feasible Eompared to carbothermic reduction at higher
temperatures.

(1.14) Hz(g] + 3 02 (g) = HZO (g) 4G = -58800 + 13.1T.

o
14
The work of Cech and Tiemann's (1.19) has been mainly

devoted to a study of the maechanism of the filamentary growth
of metal fibres from metal sulphides during the reduction

with hydrogen. A separate chapter will be devoted later to
elaborate the knowledge of the mechanism of whisker and
filamentary growth. Habashi and Dugdale (1.20) studied

the reduction kinetics of copper and iron base sulphide
minerals and their morphological observations were in agreement

with those of Cech and Tiemann.

Habashi and Dugdale (1.20) have also shown in the absence
of Ca0, approximately 80pct of iron and 26pct of sulphur
can be removed by H2 reduction at 800°C from ° pornite

see fig (1.5a). When the reduction of pornite mineral was

carried out with lime at 800°C, in presence of hydrogen, the

removal of iron was found to decrease when maore than 0.2gm of
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Ca0 fnr cach gram of bornite were used. In addition,
supprisingly, at 800°C the rem sl of sulphur without

lime was found to be about 33pct. The discrepancy in the
two results of 'S' removal is not explained see fig 1.5(b).
Stoichiometrically, for complete reduction of bornite to
iron and copper, 0.4% gm of Cal is necessary for each gram
of bornite. Theoretically, the sulphur equivalent for FeS
in bornite is 6.38pct and needs 11.17pct of lime to remove
sulphur and ireon as experimentally observed in their work.
Their observations show that an increase in lime decreases
the iron elimination has not been properly explained. The
reason for the decrease in elimination with increasing lime
will be presented in a later chapter where the phase
correlations in Fe-Ca-So system will be discussed. Habashi
and Dugdale have also found that the metallization of copper
is possible by heating cuprous sulphide with lime over a
range of temperatures (400 + 800°C) in 1 hours. They have
also observed the presence of cupric oxide Cu0 over this

temperature range; a matter which is rather disputable.

Their observations (1.20) on the reduction of chalcopyrite
mineral leaves some doubts about the independent nature

of iron elimination in the presence and in the absence of
lime with H2 as reactant; see fig (1.6b) where sulphur
elimination has been considerably affected by the presence
of lime, see fig (1.6a). As the heat treatment of the
chalcopyrite at any temperature above 500°C results in

decomposition to bornite, Pyrriotite and geseous . sulphur.

Therefore,essentially it is the mineral bornite which is reduced
in the presence of lime and hydrogen and yet their results
on chalcopyrite were found to disagree with those for
bornite (compare fig (1.5) and fig (1.6). These discrepancies
need clarification which would be dealt with later in this
thesis with the results and discussions on the reduction of

chalcopyrite mineral.
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Ford (1.21) and Prasad (1. 0} v fanicelly devoted their
time to understanding the kinetics of the hydrogen reduction
of metal sulphides with lime. The detailed information on

the rate of reduction of cobalt sulphides can be seen in

ref. 1.23 ‘where a reaction rate model is developed. Most of
the literature available on the hydrogen reduction of metal
sulphides have been surveyed by Prasad (1.22) and he has
summarized the rate data for the HZS reaction with lime and
the kinetic studies on the direct reduction of metal sulphides
carried out by several authors. These two sets of rate data

are summarized in Table 1.3 and Table 1.4.

Makinen (1.24) has studied the effect of the non-stoichiometry
of cuprous sulphide on the reduction rate. According to him,

a small deviation in the stoichiometry affects only the
initial rate where as large deviations affect both the

initial and the final stage of the reduction, see fig (1.7).
However, the rate of reduction of these non-stoichiometric
sulphides was affected only slightly by the temperature.
Assuming that the deviation from stoichiometry leads to the
equivalent amount of cationic vacancies in the sulphide lattice
under the given set of conditions, the chemical diffusivity
(Dc) of the cation Cu+1 should be related to the self-
diffusivity (D*) and the stoichiometric deviation (§) by

the following relation:

¢ p = 32 pr (1.15).
c
$
Using the stoichiometric deviation data on Cul 758 and
Cu S, it is evident that chemical diffusivity of Cu+1

1.87°°
in Cu1'758 is half the value observed for Cu1.878. I+ the

activation energy for the ionic diffusion is considered, the
reaction rate in Cu1-87S should be twice as fast as Cu1.758.
Also, cationic vacancies should have shown a considerable

dependence on the temperature, yet it has been claimed that

the temperature effects are very small. It is evident that the



Table 1.3

Summary of studies on H,

reduction of mestal suphides.

Tcmpcmuré Activation .
Tovestigators Scavenger - Rc:(\}c.l;m range of Eqrt:lcion Bacrgy, K. Maia Conclurions
Study (*C) cals per mole
Gavrilova & Ca0 0.2-0.45%, 500-1100 — 3.3.4.5 Diffwion-controlled reaction. -
Altschulepit, 10 U H,S (bal. N,) .
Ca0O, MO, ool — — - Order of sbiorbing power CaO>
1:1Ca0+4MgO, H, C10+MgO> Kaolin>MgO
Kaolin . . _
Habashi & Mikhailts CaO only 470-800 Parabolic 16.0 Gascous diffwion through product
H,S layer,
Habashi & Dugdale'* Ca0O, BaO and H,S 800 — — BaO a1 good a3 CaO in enhancing
MgO in the H, formed . the reduction ratc; MgO is not
reduction of CwsS  in situ cflecdve,
Vestal & Jobnston Calcined’ 0.1% H,S —_ — 38.0 First order reaction.
dolomite (bal. He) .
Pelin & Pell & Co- Calcined -— 475-950 —_ —_ Homogeneous first order reaction
workeratt, dolomite w.r.t. CaO; MgO bebaved m3an
\ inert filler.
Gavrilova® MO~ 0.27% 550-800 Liacar —_ First ‘order reaction: 99% desul~

pburisation at 40-509 reagent effi-

. ciency.




Table 1.4: Kinetic Studies on Direct Hydrogen Reduction of Sulphides (1.27).

Temperature (°C)

Suichics range of study Dbserved Energy Activation energy Rate Determining steg (s).
Investigators) (observed criticcl rote equation Kcals per g at %
hydrogen flow rate
cc min~1)
FUS dises 450-750 Linear up to over (i) 42.8 o (i) <450°C: H, chenizorpticn at
Tinaxe =t al) (2100) 45% conversion (<4507C) the interface '
LEene =R el (ii) 4.7 5 (11) >450°C: H,S diffusion throus
(450-7507C) product “layer.
-t ctzoz 3 oouder 500-1000 (i) Linear up to (a) 33.4 o (i) <580°C: Chemice. reacticn
ikinent (823) 60% conversion (500-580°C) control. (H, acsaorption 2t
s (600-7800C) (b) 15.5 o reaction ingerface).
- B - Or. € ~iI8 e
i 0 (c) 4.8 through prodic: Cuwnis=s:
(800-10007) (>780°¢) o
for disc samples (1i11)>7807C: H.,S dif“usicn throug
amp preduct “Cu crustes,
~gs clscs 300-500 - 22.7 -
(Taneka 2 Shibayema) ’
NiS posader 500-625 Linear 21.9 Sparse absorption of H2 on
(Té;a;augbAbe) (600) the reaction interface.

/0~
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Teble 1.4 Contd..

Sulphice
(Investigators)

Temperature (°C)
range of study
(observed critical
hydrogen flow rate
cc min~1)

Observed Energy
rate equation

Activation Energy
Kcals per g at %

Rate Determing step (s)

FeS (Maexawa & Tanaka) - Linear up to 18.3 Chemical control
40% conversion
~eS discs (Kapur et al) 650-300
(1500 twice crit. value) Linear 31.6 Chemical conzrol o
Pyrrhotite 600-3800 - - Mass transfer control
Spheroids (Kor) (21 STP) (counter currant k, .nZS
diffusion throuzh peorcus
iron product & zas bounc
layer)
F2 Ni S Synthetic 550-750 Linsar after 0.5 hr 5.9 HS diffusion through
Pellets (Shah & Ruzzi) (400-600) boundary layer.
oS5 powdsr bed 0.2-3.36mm 900-1100 Rate drops steeply with .
ceep. (Sinadinovic & (1000) - - the depth from 0.1-1.0mm T2ro
Ourkovic.
Molten Sulphides of Cu,Pb 1080-1340 - 20.6 for FeS Metal catalysed reactior
Fe & Ni (Byerley et al ) (High) 23.8 for CoS of atomicelly dissolved
20.1 for Ni3Sy hydrogen with sulphur.
26.5

~~

for CusS



Table 1.4 Contd..

Temperature (°C)

Sulphice range of study Observed Energy Activation energy Rate Determininz step (s).
(Investigators) (observed critical rate equation Kcals per g at %

hydrogen flow rate

cc min-1)
2iS powder 475-630 Linear 38.8 Chemical contrel unreected
{(Chida & Ford) (1000) core model applicable up

0 . -
to 530°C above which Zo
whiskers are forrez.

CeS (Pennatier et al) 495-586 - 32.0 Nucleation process centro:
rate.
6503-734 - 24.0 Chemical Control.
oS pellest & powder 600-800 Linear 2.71 for pellets Chemical contrgl in ths
(Fahim % Ford) (2500 for pellets (600-800°C) & region 600-7377C; Above
1000 for powder) 27.8 for powder 7800C pellet swelling &
(600-7379C) rupture due to Co whisker
formation.
Co & Ni sulphides - Linear - Formation on non-corcact

(Chizhikov et al) product layer on the

sulphides.



extent of non-stoichiometry olso determines the cupri.o

to cuprous ratio in the sulpbide during the hydrogen reduction
of these non-stoichiometric sulphides, where the activity of
Cu% in the compound is low,decomposition would occur by

the evolution of 52 gas. This could be the reason why at

a larger councentration of excess sulphur, the rates are

faster and logically as the Cu+2/ Cu+1 ratioc decreases, the
rate of reaction should match the rate of reduction of pure
Cu,S. This is not quite comprehensible from the data of

Fig (1.7)(1-24)

composition of sulphide should approach CUPS, which should

, as sulphur is remogved from the system, the
reduce at a constant rate. Also point (al in fig (1.7)

represents the compound Cu] 978, not Cu,S.

From the aforementioned reviews on the carbothermic and
the hydrogen reduction of metal sulphides, it is aevident
that little is known about the possible phase correlations
during the course of reduction and it is difficult to

determine absolute reaction rates.

* ok ok Kk Kk K ok ok k ok b X kX % ok
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2. Phase Relationships Important During the

Carbothermic Reduction of Metal Sulphides.

2.a Copper-Sulphur (Cu-S) System.:-

The copper-sulphur phase diagram has been investigated by
Kullerd (2.1]) and is shown in fig (2.1la) which shows the
existence of two eutectics between Cu and CUZS at 1067°C

and another eutectic at 813°C between CuS and S. The liquid
at 813°C between CuS sulphur exists under a partial pressure
of sulphur Pg, > 1.00atm. A more elaborate phase diagram

has been worked out by Elliott (2.2) which shows the related
sulphur partial pressures in equilibrium with the condensed
phase, see fig(2.1b). Little appears to be known about the
equilibrium partial pressure of sulphur across the

non-stoichiometric range of Cuzs.

2.b Iron-Sulphur (Fe-S) system.

The iron-sulphur equilibrium diagram has been constructed
by Kullerd (2.3) and it is in complete agreement with

Chang and Sharma’s (2.4) recent solution model to describe
the thermodynamic behaviour of Fe-S liquid. The model
assumes the existence FeS species in addition to Fe and S
in the liquid. With two solution parameters for each of the
binaries Fe-'FeS' and 'FeS'-S this model accounts for the
compositional dependence of the thermodynamic properties

of Fe-5 liquid from pure Fe to pure S over a wide range of
temperature. Using this model for the liquid phase and a
defect thermodynamic model for the pyrrohtite phase, the
Fe-5 phase diagrom is calculated and is in excellent agreemoent

with the uxperimental data accounting for the range of
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homogenity of pyrrohtite at all temperatures, see fig

W]
{2.2a) and (2.208)

2.c. Nickel-Sulphur (Ni-S) system

Kullerd (2.5) and Chang {2.6) have studied the nickel-sulphur
system but the latter’s work is more up to date with the
related sulphur partial nressures in equilibrium with the

9]

condensed phases see fig (2.3a) and(2.3b). Chang's work

reviews all the studies carried out.

2.d. Copper-Sulphur-Iron (Cu-Fe-S) system.

Related to the pyrometallurgy of the copper-iron matte, most
of the thermodynamic analyses on this system have been carried
out above 1100°C. This system has been studied by Releaux (2.7).
Schlegal and Schiiller (2.8) and more recently Krivsky and
Schumann (2.9) in the temperature range of 1150° to 1350°C.

In the present investigation all the experiments were carried
out below the melting point of copper, hence the thermodynamic
information available for this system above 1083°C is of

little interest.

The Cu-fFe-S system is extremely complicated in the low
temperature range, which is important for the carbothermic
reduction of chalocopyrite and bornite minerals and the
following phase diagrams are referred, fig (2.4). In this
system, 1t has also been shown that there is a wide range of
solid-solubility between CUZS and Feb with two compounds

2
see fig (”.5) (2.11)
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2.e. Copper-Sulphur-Oxygen (Lu-. U) system.

Most of the investigations in this system have been devoted
to the phase relationships related to roasting which is
carried out between 500-800°C or smelting and refining.
Rosenquist  (2.12) has established a relationship between
oxygen potential and the temperature on the basis of
available literature data. A plot between log py, and /7

is shown in fig (2.6) which shows various univariant and
invariant phase field over a range of 350° to 1000°C.

Elliot has reviewed various work 1in the temperature range of
750° to 1300°C and has established a correlation between the
activity coefficient of Cu,0 in Cu,S at infinite dilution which

2 2
is valid for the temperature range of 1100° to 1300°C.

log Yoy 0 - 1708 - 1.271 (2.1)
T

According to Elliott (2.2) the CUZS‘CUZU system is close to
ideal in its behaviour. In this review, Elliott has not
mentioned the existence of any liquid phase between 750°

to 1050°C.

The solubility of oxygen and sulphur in liquid copper in
equilibrium with liquid CUZS‘and the solubility of oxygen

in liquid CUZS in equilibrium in the liquid metallic copper
has been investigated by Schmiedl (2.13). The variation of
solubility with the pressure of SO2 at different temperatures
is shown in fig (2.7). From his measurements it is apparent
that no detectable level of '0' was observed in the liquid
CUZS below pSo2 = 0.276 atm at which an oxygen solubility

of 0.86 wt pct was measured. According to Schmiedl (2.13)

the empirical relationship for the solubility of oxygen is:
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Metal Phase. |

(a) wt% '0' = 10 (-1.37684 - (1277.67/7T))x p
802
(2.2) (b)) wt% 'Cu’' = 10 (1.978393 + (23.8886/T))
(c) wt% 'S'" = 100 - wt % 0 - wt % Cu

Sulphide Phase.

O wi-

(a) Wt% O 10 (-1.95989 + (1013.2/T)) «x Pq

2

12 4

(2.3) (b) Wt% Cu 79.685 + 0.26042 x 10 T

(c) Wt% S 100 - wt % 0 - wt % Cu

Although all these workers (2.2, 2.12, 2.13) have indirectly
referred to Kauxmann and Benecke's (2.14) work to establish
phase relationships and to measure and calculate thermodynamic
properties, none of them reported the existence of any
oxysulphide ligquid below 1100°C, which is quite evident from

their predicted diagram.

The pressure-temperature-composition diagram shown in fig (2.8)
shows that there is a eutectic between CUZS and Cu20 at

NCUZS = 0.6 and T = 840°C. The eutectic temperature calculated
theoretically also explains the observation by Schimiedl of

a significant minimum oxygen solubility in liquid CUZS at
1100°C. This can be explained in terms of an invariant phase
field in the three component (Cu-S-0) system. At T = 1100°C,
from the Cqu- Cu20 pseudo binary section it is evident that

up to NCUZO = 5.40 mole pct, the only phase combination
possible is (L + Cqu]. In this invariant phase field the

activity of oxygen or CuzO is constant. From the equilibrium



phase relationshiy

(2.4) Cu2S (s) + 2 Cu20 (s) = 6Cu (1) + SO2 (g)

AGOT = 40930 - 79.637T
+ 14.06771log T

(2.5) a  [pen T?
CUZO = 802
K
. th .
where a; - activity of 1 species
K - equilibrium constant.

At the unit activity of metal and metal sulphide and

= o = - 35,
at T l1100°¢C, aCUZU 0.1251 andz*'CUZU 2.32;
which indicates the melt behaves more like a regular solution

with a repulsive interaction. The nature of interaction also
shows that there is a possibility of eutectic transformation.
From Kauxmann and Benecke's prediction and Schmiedl's
measurement using equation (2.4) it is evident that at

T = 1100°C, the equilibrium PS0, = 0.27 atm at which the
liquid phase exists. Therefore it can be inferred that higher
equilibrium partial pressures of 502 would be expected at

lower temperatures.

2.F. Iron-Sulphur-Oxygen (Fe-S-0) System.

Vogel and Fulling (2.15) investigated the Fe0-FeS diagram
but their observations indicated that the oxide component

approximated Fe rather than Fe0 which shows that the

0
374
system is not truely binary. Although in their observations,
the eutectic was observed at 920°C, there was a great deal
of doubt about the precise location of the critical point

ie the miscibility pgap which was reported close to the
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Fe-S edge at 1320°C. This was disputed by Hilty and Craft
(2.16), who has investigated the ternary system and
essentially is an improvement of the diagram constructed by
Vogel et al. Darken and Gurry (2.17) constructed the
FeS-FeO binary see fig (2.9) and reported the eutectic
temperature at 908°C. Turkdogan and Kor's (2.18) work is
more analytical and covers the entire range of temperatures
with all possible univariants and invariants. Their work
was based on the theprem developed by Roozeboom and
Schreinemakers on the relation of the invariant curves
intersecting at an invariant point in a pressure vs temperature
(P-T) plot for ternary system. Darken modified this theorem
after Morey and Williamscn's extension on the multicomponent
system, and he gave a constructive illustration of this theorem
to ternary ' systems. Bog and Rosengvist (2.18) on the other
hand studied the activity relationship in the entire molten
range where the melts were equilibrated with (H2 + HZS + HZU)
to determine the °Zs = DHZS/DH and °0 = PH,0, o

2 2

On the basis of Turkdogan and Kor's work it can be concluded
that by applying Darken's modification of the Morey-
Williamson theorem on univariant curves intersecting at

an invariant point the elthalpy of formation of liquid
oxysulphide is estimated for Fe-S-0 system e.g.

-43.5 Kcal per gm of Fe at the eutectic invariant 915°C and
36.4 Kcal per gm atom Fe at the peritecticinvariant 9420C.
The ternary sections and the relevant phase fields on the

basis of above calculations are shown in fig (2.10)
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2.6. Copper-Iron- Sulphur-Oxygen (Cu-Fe-5-0) system.

Related to matte smelting of complex copper-iron sulphide

and to the roasting of complex copper-iron sulphide concentrate
the phase predominance diagrams have been constructed by
several workers. (2.2, 2.12, 2.13, 2.20, 2.21) but once

again the existence of any possible Qquaternary 1liquid phase

in the temperature range of 750°C to 1000°C has been
overlooked. Although Rosenqvist (2.12) in his review paper

has mentioned the occurence of incipient melting above 300°¢

in certain parts of system but this has been ignored in

order to present a simplified phase relationships over a

wide range of temperature (see fig (2.12)).

Invoking the existence of a eutectic and a peritectic invariant
in Fe-S-0 system at 915°C and 942°C (2.18) and a eutectic
invariant in Cu-S-0 system at 840°C (2.14), it is possible
according to the glausius <~ Clapeyron Relationship to
estimate correctly the quaternary - liquid or any other
possible invariants. This can alsoc be estimated by Darken's
Modified Morey - Williamson theorem- for multicomponent
univariants. Recently, Wagner (2.22) has devised an

analytical method based on the Gibbs-Duhem Relationship and on
the basis of experimentally determined data, to calculate

the activity of various components in the Cu-Fe-5-0 mattes.
Although his model has been focussed to determine the activity
of components in the matte phase along 1IODOC, it can be

applied to lower temperatures leading to the determination of

the liquidus surface.
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Related to the roasting of sulphide minerals, some excellent
observations have been made by 'lenderson  (2,.23) and Thornhill
and Pidgeon (2.24). Using the optical Microscope | and
X-ray diffraction, they have shown during complex sulphide
rossting there is a segregation of copper to the centre and
iron to the outer region of the particle known as ggrpel
Roasting. It has been summarized as a phenomena with combined
thermodynamic and kinetic effects. Wustite and magnetite are
formed first in the early stages of the oxidation of
chalcopyrite.Since copper sulphides and oxides have negligible
solubilities in iron oxide there is a preferential diffusion
of iron in the oxide phase and copper in the sulphide phase
away from the chalcopyrite-wustite interface. This counter
current diffusion results in the accumulation g copper at the
centre of particle forming chalcocite (EUZS)OP digenite
(CugSS)while iron oxide free of copper sccumulates On the

periphery of the particle..

Thornhill and Pidgeon (2.24) have presented their results
based on X-ray diffraction analysis where they have explained
the breaking of chalcopyrite,bornite and pentlandite minerals
into parent high temperature sulphides. The development of
structure, localized zones of shrinkage,

Widmanstatten
apparently conforming to certain crystallographic planes
resulting in the formation of gaps between primary and
secondary oxide layer and in some cases between oxide and
sulphides. However, there is no justification given which
explains the presence of any preferential crystallographic

planes.

On the other hand, Henderson (2.23) in his work has shown in
micro-graphs the presence of an intermediary liquid phase
prevalent under the conditions of oxidation. In the case of
the roasting of fused copper sulphides containing (79.5 pct Cu,

0.12pct Fe and 20.4pct S), a inner layer of CUZO was
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enveloped by a layer of Lol At Ut oo 5-Cu,l interface,
metallic copper was uvbscived at 8y0-c énd l;Pger quantities
were observed at 965°C. There is no information given on

the morphology of the copper but according to Kauxmann and
Benecke (2.14),copper should have formed from a liquid phase
in equilibrium with 802 which might isolate the oxide from
any further contact, as well as preventing the entry of

the oxidizing gas to come into direct contact with sulphide.
The abrupt increase in the growth of the oxide layer is due
to the channel formation and the exposing of fresh surfaces
to the oxidizing gas. The mechanism of segregation roasting

will be dealt with at greater length.

2.H. Calcium-Sulphur-Oxygen (Ca-5-0) System.

The univariant equilibria in this system have been investigated
by Rosenqvist (2.12) and Glasson and 0'Neill (2.25) and

they have shown with decreasing partial pressure of 502, the
predominance area of lime increases, see fig (2.11). This
system will be discussed in greater length in a seperate
section in which the mechanism of inert and reduction

calcination of calcium sulphate will be considered.

2.I1. Calcium-Copper-Sulphur-Oxygen (Ca-Cu-S-0) System.

The existence of various univariant equilibria with

temperature has been summarized by Rosengvist (2.12) see

fig (2.12). From this, it is evident that conditions can be
created to produce desirable products by treating metal sulphid
with lime, which could be suitable for processes based on

aqueous or pyrometallurgy.
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2.J. Iron-Calcium-Sulphur-Oxygen (Fe-Ca-5-0) System.

Most of the investigations carried out in this system falls
in the temperature range of iron and steel making. Vert and
Kamentsev (2.26) studied the FeS-Ca0 system according to

the following chemical equilibrium given by equation (1.6a)

FeS (s) + Ca0 (s) = FeO (s) + CaS (s) (1.6a)

and observed changes over a range of temperature 400-1225°C.
The products of the reaction above 840°C formed a melt.

A plot between percentage CaS formed and the temperature has
been drawn from which the extent of CaS formation at any
temperature can be determined and hence phase correlation
can be studied, see fig (2.13). The frequent changes in the
percentage of CaS shows that the exchange reaction represented
by equation (1.6a) is not the main equilibrium prevailing

in the system, but it shows the formation and decomposition
of a number of compounds. The formation of CaS begins at
400°C and it rises with temperature reaching 25pct at 550°C.
At 630°C, a shallow minimum is observed after which the
quantity of CaS in the mixture increases again up to 715°¢
which is the maximum yield recorded. Any further increase in
the temperature results into a sharp decrease in the amount
of CaS. At 840°C, a melt forms which has also been observed
by tapin (1.18). Lapin's investigation based on microscopic
analysis suggests that columnar andaccicular phases were
found during the cooling which belong to compounds in the
Fe-Ca-S-0 system. It has also been proved that the presence
of Ca0 lowers the temperature of primary recrystallization of
Fel_xS and expands the solidification range from 820°C to
the solidus. A maximum drop in the primary recrystallization
temperature was observed at 35 pct Ca0 which rises rapidly

up to 1050°C between 35 - 50 pct CaO.



The investigation of Yarigin et al (2.27) in this system
relates to the structural studies of the compounds, and

they have reported that these oxysulphide compounds may have
crystal lattice of low symmetry either orthorhombic or

monoclinic.

Rosenqvist (2.12) on the other hand has reviewed the work

of various authors and has produced a reciprocal system
considering FeO0-CaS-FeS-Cal0 and has divided the diagram

into three three-phase areas and a two phase area where CaS$S
coexists with FeO0 containing a varying range of Ca0, see

fig (2.14). It is evident that the oxysulphides would occur
only at a very low oxygen potential and their presence would

introduce more three phase fields.

The diagram becomes more compliceted at intermediate and higher
oxygen potentials where various types of calcium ferrites
appear. A eutectic in the ternary section CaS-FeD-FeS exists

at 880°C in the presenceof iron which does not agree with

other workers (1.6,2.26,2.27). Various invariant equilibria
prevailing at different temperatures and at different p02

have been shown in reference (2.12) which does not include

either oxysulphides in the system nor the liquid phase.

Tromel et al (2.28) have reported the existence of two
oxysulphide phases in the quateérnary  and it has also been
established that these oxysulphides decompose peritecticly.
Various phase combinations in the quaternary ' at 900°C are
shown in fig (2.15) and on the basis of their observations a
pseudo binary Fe0-CaS diagram has been constructed, from

which it can be appreciated that these two compounds melt

incongruently.
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No literature is available on the pentnary Ca-Cu-Fe-S5-0
system from which any possible phase combinations can be
discussed; except by the superimposition of various
ternary and quarternary univariant equilibria established
after Rosengvist (2.12), some positive inferences can be
drawn in relation to the prevailing oxygen partial

pressures and temperature, see fig (2.16).
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3. Thermal Stability of Sulphides.

Most of mineral sulphides exhibit physical or chemical changes
with temperature. The stability of sulphides at any
temperature can be studied either from the phase diagram or the
Ellingham diagram. The thermodynamic stabilities of sulphides
such as Cu, Ni and Fe are well known and can be understood

in great detail from the metal - metal sulphide Ellingham

diagram.

These sulphides are very non-stoichiometric and across the
range of stoichiometry, there are large differences in

sulphur potential in equilibrium with the sulphide.

In this section, the stability of complex copper-iron sulphides

will be reviewed and the focus will be mainly on chalcopyrite

and related minerals. Chalcopyrite mineral when heat treated

in a closed system undergoes two phase transformations at

550°C and 657°C due to a loss of sulphur as a vapour phase.

The transformation at 550°C is related with the breakdown of

the tetragonal network ( o chalcopyrite) and formation of a

cubic structure B chalcopyrite.
550°C

CuFeS, (o) ————= CuFeSj

2 (?) + XS (3.1)

-X

Habashi (3.1) has reviewed the changes occuring during the
heat-treatment of chalcopyrite, and has reported an enthalpy
change of 3.83 Kcal per mole with a weight loss of less than

1 pct. This irreversible transformation is very sensitive to the



amount of 'S' present in the B phase and hence the stability
range of the B phase depends on the value of x varying

from 0.144 to 0.260. There appears to be some anamolies
concerning the crystal structure of non-stoichiometric
chalcopyrite. Mooihoekite (CugFegsls) is a non-stoichiometric
sulphide where x = 0.222 which has been reported by several
workers (3.2, 3.3) to have a tetragonal structure, whereas
Pearson (3.4) indicates that the B8 phase has a cubic
structure. From the review of crystallographic data, it
appears that Pearson's data deserves more credibility.
Considering the range of stoichiometry for the B phase

the Moohoekite composition falls into this composition range
and the weight loss for this change is 3.87 pct a value

which does not agree with Habashi's review on the weight loss

associated with the change.

The second transition found at 657°C was taken to be the
Neel Temperature (3.1) ie an antiferromagnetic transition
temperature. The chalcopyrite mineral on heating in an

open system loses sulphur and converts into bornite mineral.
5 CuFeSz(s) = CUSFESA(S) + 4 FeS(s) + Sz(g) (3.2)

According to most work it has been shown that bornite is the
most stable phase. The low temperature form of bornite has

a tetragonal cell a = 10.94OA, c = 21.880A which appears

to be a stacking arragement of two cubic cells of bornite

as C/a = 2.0. The change in the lattice parameter with the
annealing temperature of bornite has been reported by

Pearsaon (3.4).

Various sulphides close to the bornite composition have been
reported in reference 3.2. Habashi (3.1) has reviewed the
thermochemical properties of these two sulphides and has
reported the vapour pressure of sulphur over chalcopyrite

and bornite mineral as chalcopyrite.
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Chalcopyrite

log p = 178873.3 + 21.9 - (23)
T in mm of Hg
Bornite
log p = -8072.9 + B8.84 - (24)
T in mm of Hg

but these equations do not agree with the thermochemical
data compiled in the INCRA Monograph II (3.5). The vapour
pressures in the invariant fields of Cu-Fe-S system are
given in ref 3.2. The growth of metallic copper and metallic
iron during heat treatments of bornite and chalcopyrite has

been reported by Leavenworth et al (3.6)

* k k k Kk Kk k %k k Kk %k k K %k X X ¥ ¥k X
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4., Experimental Techniques.

4A(i) Kinetic Studies in a Flowing Gas Stream.

Kinetic studies of the carbothermic reduction of sulphides
were carried out employing a thermogravimetric analysis
technique. A schematic diagram of the apparatus used for
the rate of reaction study is shown in fig (4.1). The
sulphides were mixed with freshly calcined lime and spec
pure graphite or coal containing only about 13pct volatile
matter in an agate mortar and pestle in their respective
stoichiometric amounts and mixed overnight on a roll mixer.
The mixed powder was pelletized in a steel die by applying
constant load into a cylindrical geometry. The pellet was
suspended from the extension lead of a load cell (A) inside
an alumina crucible or on a platinum pan (B). The load cell
was based on the principle of a strain transducer which had
a d.c. output of 2mv per gram on its pan. The d.c. out put
was fed to the chart recorder (C) which was calibrated
against the load cell out put. In this way any weight change
in the pellet could be monitored continuously. The alumina
crucible (B) was protected from oxygen pick-up during the
heating of the pellet using a double wall borosilicate
glass reaction tube (R) which was connected with a cone and
socket joint to the load cell assembly. The load cell
assembly was mounted on a water cooled platform (D) to avoid

excessive heating by radiation. A continuous flow or argon was
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also maintained thrucph the load coeli auoonmbly Tn order

to avoid the entry of hot rising currents of argon and

the product gas into the load cell assembly. All these
protective measures were taken in order to harness the
best operation of load cell and to avoid disruption in its

operation because of the temperature changes.

The silica reaction tube was flushed with a stream of

argon. The flow of argon was maintained during the heating
of the pellet in order to sweep the product gas away from the
reaction tube so that the reverse reaction would not
influence the progress of the reaction. The stream of argon
before entering the reactor tube was decarburised using soda
asbestos (E) dehydrated in the column containing magnesium
perchlorate (F) and finally deoxidized using a hot bed of
titanium at 950°C (G). The flow was maintained at a constant
rate of 150ml/per minute using a di-butyl pthalate manometer
(M). A similar technique was used for carbon monoxide. In
order to maintain a constant pressure drop between gas
cylinder (H) and the reactor tube, in the gas flow train,

a tube filled with glass shots was connected in series (I).

This technique is often used for mixing gases.

A kanthal wound resistance furnace (J) was used which was
seated on a platform operated on a counter balance and a
pulley arrangement (P). The furnace temperature and the
temperature of the pellet inside the reaction tube was
measured using a Pt-Pt-13.5pct Rh thermocouple (K). The power
supplied to the furnace was controlled by a eurotherm (L)

and an ammeter. The furnace had a constant temperature zone
of 4cms between 750°C to 1100°C. The error involved in the
measurement of the temperature was 10°C. In order to
monitor the isolated conditions maintained during the reaction
the millivolt output from the furnace was fed to the second

channel of the chart recorder.
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iu start the reaction, the furnace was raisoe In order to
bring the sample into the constant temperature zone.

Any weight change occuring during the reaction was
monitored on the chart recorder. The error involved in the
measurement was * 0.001 gm. The completion of the reaction
was anticipated when the pen of the chart recorder did not
show any change over a fairly long duration of time. An
approximate estimate of possible weight change was also made
by cansidering the expected chemical mass balance in any
particular reaction and once this stage was achieved the
furnace was lowered and the sample was allowed to cool in

a flowing stream of argon while the outside of the reaction
tube was cooled by air. The weight of the pellet before

and after the reaction was measured using an analytical
balance and it was always found that the two results of the

weight changes were in very good agreement.

After the reduction a representative part of the sample was
used for X-ray diffraction analysis in order to identify the
phases. A Guinier Focussing Camera was used for the diffraction
analysis. The other half of the pellet was used for optical
and the electron microscopic examination to investigate the
morphological and structural changes. Most of the optical
microscopic studies were carried out using the Reichert
Microscope employing both the bright and dark fields In order
to understand the intimate deteils of the phase changes,
polarized light was frequently used. The morphological
studies related to the phase changes were carried out on

the 7200 Scanning Electron Microscope where both the back
scattered and the secondary electron emission techniques were
used. The instrument was also capable of Energy Dispersive
X-ray (EDX) analysis which was used as a tool for qualitative
and semiquantitative analysis. The latter was performed by
calibrating the peak heights of the elements with their

relative amounts in their respective compounds.
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All elements witi. iomi . Luiibcis pieater than sodium in the

Element Periodic Table could be analysed using EDX technique

with the T200 microscope.

Elemental mapping and Electron Microprobe analyses were
carried out on the JEOL Scanning Microscope 35 particularly
for the pyrrhotite and chalcopyrite minerals. Using

Elemental Mapnine Techniques» the distribution of a particular
element on & specific area could be determined and using

EPMA technique the precise composition was established. This
microscope alike 7200, had limitations in the analysis of
lighter elements of the periodic table. Therefore, no
estimates were made on the relative amount of oxygen and
carbon in the system. The amount of oxygen was computed by

difference knowing the percentage of the heavier elements.

Using mass balance analysis, the phase analysis based on X-ray
diffraction and the microscopic analysis it was possible to

derive the path of the reaction during the reduction of

metal sulphide.

4.A.
(ii) Kinetic Studies with Controlled Atmospheric

Conditions.

The apparatus used for the kinetic studies of the
carbothermic reduction of sulphides is shown in figure (4.2)
where a manostat was used to control the atmospheric pressure
in the silica reaction tube. Inside the silica reaction

tube, an arrangement of the saffil insulators and an alumina
tube was made to heat the pellet in a graphite crucible.

The isotherm was measured using Pt-Pt-30pct Rh thermocouple
contacted at the bottom of the crucible. The whole system

was made leak proof. The cylindrical pellet was dropped in the

graphite crucible using a magnet and a push rod. The reaction
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tube was heated with radio frecuency coil, since @ graphite
susceptor was used, the sample and the crucible temperature

could be controlled very efficiently using a potentiometer.

The reaction tube was evacuated before the experiment and then
a desired pressure was maintained after introducing the gas.
The pressure in the reaction tube was measured using a
mercury manometer. Once the pressure of half an atmosphere
was maintained, the system was isolated from the gas
cylinder. During the course of reduction any gas generated in
the closed system would increase the pressure and thus using
a8 Cartesian manostat a constant pressure was maintained as
any extra gas was allowed to leave the system. It is

evident from the nature of the experiment that at the end

of the experiment, the total pressure would comprise the

partial pressures of the starting gas and the product geas.

Using this design, the system can be studied under the
influence of some back reaction. The progress of the reaction
was monitored with the mercury manometer where the pressure
change was recorded. The volume of gas evolved was known

from the pressure changes and to wunderstand the kinetics of
reaction at a certain time interval the pressure change was
complete, the power of the radio frequency induction furnace
was turned down and the sample was allowed to cool inside

the reaction tube. At the beginning and at the end of reduction
sample weight was measured using analytical balance. The
weight change according to the pressure change, was in very
good agreement with that determined by weighing. The sample
after reduction was studied using X-ray diffraction and

microscopic analysis discussed earlier in the section 4.A. (i)
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4.8. Synthesis of Sulphides.

Technical grade cupric sulphide containing 25 pct amorphous
sulphur was first washed with carbon disulphide solution.

The washing was carried out in a batch until all the sulphur
was removed. To reuse the carbon disulphide, the solution
loaded with sulphur was boiled on the waterbath at 50°C and
the vapor of carbon disulphide was passed through a condenser
to collect the liquid. The sulphur produced in the process

was very crystalline and it was used for the synthesis of
other sulphides. A known weight of washed cupric sulphide

was taken and it was oxidized in air. The residue was treated
with a known strength of dil. H2804. The residue was digested
and it was then diluted to 200ml. About 5ml of this solution
was further diluted to 50ml and this solution was used for
atomic absorption spectrometric analysis from which the

amount of copper was estimated. Part of the residue was used
for X-ray diffraction anaysis from which it was confirmed

the burnt residue was cupric oxide and the amount of copper
analysed was in agreement with the amount of copper in

washed cupric sulphide. The whole sequence of analysis showed
that the washing treatment yielded a pure cupric sulphide free
of amorphous sulphur. To verify this further, the washed sample
was rapidly heat treated in an inert atmosphere and the weight
loss was recorded. The weight loss recorded gave a value of
898.5 pct of that expected for the conversion of cupric sulphide
to cuprous sulphide. The phase analysis after the heat-treatment
showed the sulphide was PUre Cuz_xS where x = 0.03 to 0.17
Cunrous sulphide was made by distilling off the sulphur

of cupric sulphide in an inert atmosphere
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for the synthesis of pyrrhotite, carbonyl iron of 99.9 pct
purity was first dried in a flowing stream of hydrogen at
400°C and then the stoichiometric amount of the metal was
taken and mixed with stoichiometric amount of spec pure
crystalline sulphur. The cylindrical pellets of this mixture
was kept in a silica tube which was evacuated and flushed
with argon several times to remove oxygen and finally the
tube was evacuated and sealed off. The silica tube was then
placed in a muffle furnace at room temperature and the
furnace was slowly heated to 250°C at a rate of 1°C

per minute (ie 30°C per half an hour) to ensure that the sample
had reacted. The reaction between iron and sulphur is very
exothermic and hence a careful hsat treatment cycle was
required to avoid any explosion. Afterwards the temperature
was raised at a rate of 100°C per hour up to 1000°C. The
sample was left for homogenization for about 15 hours and
the temperature was lowered to 500°¢C by switching the power
off. The sample was then quenched in an ice bath.fFor the
confirmation of the phase, the sample was analysed using the
X-ray diffraction technique. In the sample there was only
pyrrhotite (Fel-xS) with no trpgilite (FeS). To make troilite
a slight excess of iron was used because from the Fe-Sulphur
phase diagram, trpjlite 1s unstable in the absence of iron

where the prevalent sulphide is pyrrhotite.

Nickel sulphide (NiSl+X) was synthesised by reducing NiO
powder in hydrogen to metallic Ni and mixing Ni powder

with spec pure sulphur. The aformentioned sequence was
followed to syn{hesise the sulphide. In order to make
chalcopyrite (tetragonal) the identical process was used
except the mixture was made up of CUZS, sulphur and metallic
iron. This particular mixture was chosen in order to avoid
explosions. Mixtures of metallic copper and iron with sulphur
were heat-treated but resulted in explosions. Chalcopyrite can
also be synthesised using CuS and FeS but a similar problem

was faced. The advantage in using CuZS. Fe and sulphur mixture
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was that the sulphur wvapor pressure never increassad

rapidly because of the presence of moicliiic iron which
immediately converted into FeS and at that stage there

was still sulphur left which could react with the CUZS -

FeS mixture to produce chalcopyrite. During the synthesis of
chalcopyrite it was realised the quenching temperature had

a great influence on the structure of chalcopyrite. Therefore
to obtain tetragonal chalcopyrite, the sample was held at
900°C for 15 hours and then the temperature was brought down
to 500°C at which it was held for 6 hours followed by a
furnace cooling to room temperature . This way the tetragonal

chalcopyrite was synthesised.

For all the experiments, no control of particle size was
exercised. The particle size in most of the experiments of
the reduction of sulphides was -104y to +50p. In the
reduction experiments, it was realised that liquid phases
formed and hence the effect of particle size had a

negligible effect on the subsequent rate of reduction.
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Chapter 5.

5.A. Reduction of Copper Sulphide Minerals:

(i). Results

The reduction of sulphide minerals is based on the
thermodynamic principles presented in Chapter 1. The
reduction of both cupric and cuprous sulphide minerals

was carried out with stoichiometric additions of lime and
carbon at different temperatures. Ouring the reduction of
cupric sulphides, distillation of sulphur was observed

which was attributed to the decomposition of cupric sulphide
to the stable cuprous sulphide. On the basis of mass

balance analysis, the rate of reduction curves were plotted and
in these rate curves for cupric sulphide, an allowance is made
for the distillation of pure sulphur vapour. From the

weight loss data calculated on the basis of the following
chemical mass balance equation the percentage reduction

was calculated:

CUZS(S) + Cal(s) + Clgr) = 2Culs) + CaS(s) + CO(g) (5.1)

Thus the percentage reduction 'R' = AW x 100 (5.2)
W y
where AW = weight change at any time 't'
W = initial weight of sample
v = theoretical percentage weight loss

calculated from equation (5.1).

The mass balance analysis together with X-ray diffraction
analysis data for the carbothermic reduction of copper
sulphides with graphite are arranged in Table 5A.1. The rate
of reduction curves for copper sulphides are shown in

fig (5A.1) and (5A.2) from which it is evident that the rate



Table SA.1: Summary of data on the Carbothermic Reduction of Copper Sulphides.
MASS BALANCE X-ray diffraction analysis
MIXTURE TEMPERA ATMOS
COMPOSITION -IgRE wtptgss Rzgﬁc- -PHERE CUp_,S Ca0 CuS CaS  Cu, O Cu0 Gr Cu Caso.
tion
1) CuS:Ca0:C=1:1:2 1000°C 15.65* 95.05 Argon W W - N - - W -
2) Cu,S:Ca0:C=1:1:2 1000°C 890 75-96 Argon " S - Vs VW - VW -
3) CuS:Ca0:C=1:1:2 1000°C 9.14+ 367 Argon " ') - S VW VW W WM -
second stage .
3a)CuS:Ca0:C=1:1:2 1000°C 4.84* - Argon M N - M W VW WM - -
first stage
4) Cu,S:Ca0:C=1:1:2 1000°C 4.54 38.7 Argon M VS - VS W VW M WM -
Partial Red
5) Cu,S:Cal=1:1 1000°C 535 24.62 Argon S ' - VVH M YW - WM w é}
6) Cu,S:Ca0:C=1:1:2" 1000°C 9.00 76+85 Argon W W - ') - - VW 1S - {J
7) CusS 1000°C 16.07 95.90 Argon MS - - - - - - - -
8) CuS:Ca0=1:1 1000°C  10-64* - Argon M S - Vs W Wo- - -
9) CuS:Ca0:C=1:1:2 950°C 13-82* 865 Argon M S - ') VVW - N M -
10) CuS:Ca0:C=1:1:2 900°C 11.42* 37.00 Argon M VS - VS VH - - W W
11) Cu,S:Cul=1:1 100°C 12.42 46 .30 Argon 'S - - - Med WM - ' -
12) CuS:Cu,0=1:1 1000°C 13.43* 50.05 Argon M - - - WM WM - D -
11b) (11)+Graphite 1000°C 1-726 - Argon ' - - - WH W4 M VS -
12b) (12)+Graphite 1000°C 0.57 - Argon M - - - WM W W VS -
11c) (11b)+Ca0+Gr 1000°C 463 - Argon - M - M - - WM VS -
12¢) (12b)+Ca0+Gr 1000°C 6433 - Argon - H - S - - - D) -
13) CuS:Ca0:C QSO:C 14:62* 726 Argon W M - ') VVW - W S -
= 1:1 55:2 900°C 752+ 383 Argon M 'D - S W VW WM Wi N
14) CuS:Ca.O:C QOO:C 4+24 20-0 Argon M VS - M W W WM VW WM
= 1:2:2 950°C 15.28* 947 Argon VU WM - VW - - W MS -
15) CuS:Ca0:C=1:1:3 1000°C 12432 82+5 Argon Vi W - Vs - - W VS -



Table SA.1:

Summary of data on the Carbothermic

Reduction of Copper Sulphides. Continued....

X-ray diffraction analysis

MIXTURE TEMPERA MASS BALAKNCE ATHMOS
-TURE Pct Pct r )
COMPOSITION o
c e Remr.  <PHERE Cu, S CaG  Cus CaS  Cu, 0 CuO G Cu CaSO.
tion

16) CuS:Ca0:C=1:2:3 1000°C 10:61 92.3 Argon VW M - VS - - W VS -
17) CuS:Ca0:C=1:2:3 850°C 4.45 387 Argon M - VS VW VW - WM -
18) Cu,S:Ca0:C=1:2:3 1000°C 8.25 90.05 Argon VVW M - VS - - WM VS -

*

4+

Incorporates sulphur weight loss

Preheat treated Mixtures

¥S - Very strong
MS - Medium strong

S - Strong

M - Medium

WH - Weak medium
W - Weak

VW - Very weak
VVW - Very very weak

-DZ_
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of reduction increases with temperature but the reaction
appears to follow a complicated route. A momentary
cessation of reaction takes place at temperatures above
950°C whereas below this temperature, reaction ceases
completely. To understand the mechanism of reduction of
copper sulphides the reaction sequence was stopped at
several stages at 1000°C and the partially reduced

pellets were examined using optical microscopy and X-ray
diffraction. For cupric sulphides, it is evident that the
relative amount of oxides of copper varies depending

upon the extent of reaction but it appears that CuO
formation is preferred to CUZO; a situation which is
unexpected thermodynamically, see Table 5A.1 Further
evidence of the coexistence of these two copper oxides

was also found during the partial reduction of cuprous
sulphide at 1000°C. However, the optical microscopic
analysis carried out on the partially reduced pellets of
cupric sulphide clearly shows the decomposed cupric sulphide
particles see plate.5A.1(a). In the subsequent stage, a
liquid phase is present which is surrounded either by well
grown copper nuclei or by a copper of different morphology
see plate 5A.1(c). The morphology of the product phases
shows the presence of a liquid whose composition and
thermodynamic properties are not known at this stage.

The cellular network of copper and the liquid matte shown
in plates 5A.1(b) and (c) is separated by another phase
which might have isolated the reactants during the course

reaction.

The microscopic analyses, the presence of cupric oxide
and the liquid phase demanded further investigation to
diagnose the reaction mechanism. In the initial stage of
this diagnosis, pure cupric sulphide was heated in a
flowing argon stream at 1000°C. The sulphur distillation

was observed during the course of heat treatment and X-ray
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diffraction analysis of the product showed Lhe presence

of non-stoichiometric cuprous sulphide which is the

only thermodynamically expected phase. Apart from this
evidence of liquid phase was observed which was subsequently
confirmed from the copper and sulphur phase diagram

see fig (2.la). The presence of liquid according to this
phase diagram is only possible at a partial pressure of
sulphur Ps2 > 1.0 atm, which must have prevailed during

the decomposition of CuS. Thermodynamically a partial
pressure of 1 atmosphere is possible at 500°C and this

pressure increases exponentially with increasing temperature.

In the next stage of investigation a 1:1 stoichiometric
mixtures of CuS and Cu28 with lime were prepared and

heat treated in flowing stream of argon at 1000°C. In both
cases, a weilght loss was observed and from the X-ray
diffraction analysis, it is obvious that a relatively
larger quantity of copper oxide was formed as a result

of the exchange reaction. The weight loss observed in

the case of CUZS must be associated with copper deposition
which 1is only possible when 802 is liberated from the
mixture. The other significant information obtained from
the phase analysis is the presence of calcium sulphate

and almost insignificant quantity of CaS which means that
the formation of CaSD4 is pre?erred to CaS which is only
possible under sufficiently oxidizing conditions see
Table 5A.2.This must have occured during the experiment
and is indicated from the evidence that a sufficient
quantity of Cu20 remains at the end of 18 hours heat-
treatment. A physical examination of this pellet showed
that metallic copper was deposited at the gas-solid
interface ie on those areas from which 802 could easily

escape into the atmaosphere.



Plate 5A.1

_75_

PLATE 5A.1

o x 1000

Reduction of CuS with lime and graphite at
1000°C. (S:0:C = 1:1:2).

(a) Decomposition of CuS particle

(b) Liquid Matte and Copper

(c) Matte surrounded by CaS after cooling
the sample
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However, necither metallic copper nor CaSD[1 was observed
during the heat tratment of cupric sulphide with lime at
1000°C. The evidence of liquid phase formation was
confirmed in both of these heat treatment experiments,
which indicates that the exchange reaction does take place
during the course of heat treatment and the liguefaction
process commences later. It appears in the case of cupric
sulphide heat treatment the liquefaction begins because
of CuS decomposition. A complete disappearances of oxides
and sulphate was observed when the preheat treated pellet
of Cu28 with Ca0 was reduced with graphite. But neither of
these experiments throw any light on the presence of the
higher oxide of copper in preference to CuZO nor does it

give an explanation for the presence of sulphate.

In order to characterise the nature of the liquid formed
during the course of sulphide reduction mixtures of

Cu,S - Cul and CuS - Cu,0 in 1:1 stoichiometric ratio
were prepared and heat treated at 1000°C in an argon

atmosphere, see Table 5A.2. Stoichiometrically , a half

mole of SD2 would be liberated to generate copper which
would correspaond to 26.83pct loss in weight of the pellet.
But experimental observations on the heat-treatment of these
pellets, which was carried out for 3 hours, show that at the
end of the reaction (as indicated by no further weight change
on the chart recorder) a significant amount of oxide is left
see plates (5A.3-A.5) . Also in the latter mixtures

although there was no Cul at the beginning of reaction it
was observed after the heat treatment see table 5.1. Neither
a significant weight loss nor change in the relative
intensities of the oxides of copper were observed after
these preheated oxysulphide mixtures were reduced with
graphite. But addition of lime and graphite resulted in the
complete disappearance of both oxides and sulphide. The
percentage weight loss vs time curves for these experiments
are shown in fig (5A.3) and (5A.4)., and the two rate curves

are identical to the rate curves for CUZS reduction. The most
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3

striking {inatures of these hwo hood

that there was evidence of a liquid phase and that the

Preationl SUl'lee gpre

oxides precipitates from this liquid. Thus there is a

thermodynamic barrier associated with the reduction of
oxides in this liquid. These observations indicate that
the liquid present during the course of reduction is a

ternary liquid belonging to the Cu-S-0 system.

At this stage it was considered necessary to characterise
this ternary liquid. The characterisation of this liquid
was carried out by heat-treating several stoichiometric
mixtures of copper sulphides and copper oxides at 1000°C
in a flowing stream of argon for 3 hours. From the mass
balance and X-ray diffraction analysis an isothermal
ternary phase diagram was constructed. The mass balance
analysis together with the X-ray diffraction results for
the heat treatment of oxysulphide mixtures all shown 1in
Table 5A.2 From this ternary diagram at 1000°C, see fig
(5A.5),it can be seen that a liquid phase exists along the
CUZS—CuzO pseudo binary section and it is from this liquid
that Cu0 is precipitated upon cooling. Therefore, during the
reduction process conditions prevail, such that a liquid
phase belonging to the Cu—CUZS-CuO ternary system forms and

probably plays a very significant role during the course of

reduction.

In the literature revieQ covered in Chapter 2 under the
heading Cu-S-0 equilibrium relationships a several investiga-
tions (2.14-2.14) have been reviewed.. From these reviews
where the occurrence of a eutectic invariant exists in which
the liquid behaves more like a regular solution with
repulsive interaction, a higher partial pressure of 502
would be expected than that for ideal behaviour. In general
geutectic invariants are associated with non-ideal interactions
with a positive heat of mixing. From Schmiedl's (2.13) and
Kauxmann and Benecke's (2.14) work, the eutectic liquid
composition exists at 840°C and NCU7D = 0.4, the compos-
ition of the invariant phase fields in the phase diagram was
established. These two invariant phase fields are

(L + Cu + CUZS) beginning at N“ = 8.5 mole pct and
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(L + Cu + CUZO) at NU = 33.3 mole pct. These resulis determine
the nature of the liquid surface within the pseudo binary
section. In the ternary diagram the projection of a

eutectic invariant is defined by point E. These results are
also verified by integrating the Clausius - Clapeyron.

relationship ie

lnai = AHM, (Tmi-T ) (5.3)
RT Tm.
i
where ai - Activity of component i in the psuedo binary
section.

Tm.- Melting point of the component i in degree Kelvin

i
T - Arbitrary temperature in degree Kelvin
AHmi— Enthalpy of fusion of component i in Cal gm—mole_1
R - Gas constant in Cal deg-l gm - mole~1
Using equation (5.3) and the experimentally determined
enthalpy of fusion data, the computed eutectic composition
is at 20 mole pct CUZO and 850°C which disagrees with
Kauxmann and Benecke's (2.14) result. Applying Richard's
Rule for the estimation of the enthalpy of fusion and
using equation (5.3) gives the composition of the eutectic
at 845°C and at 60 mole pct CUZO. Applying the Richard's Rule
for the determination of enthalpy of fusion for CUZU it was
found that the discrepancy had arisen because of a oo
H

large deviation of the experimentally determine value m 2

from that of the estimated value using Richard's Rule.This
pseudo binary eutectic and the invariant (L + CUZS + Cu) provide

a reason for the difficulty in the measurement of a

solubility of oxygen in liquid matte at 1100°C below

wt pct 0 = 0.869 . At this temperature for the given
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solubility of oxygen in the liquid in equilibrium with
liquid metallic copper and CUZS, the pressure of 802= 0.27atm.
This condition determines an invariant field where at

a particular temperature the activities are constant. For
determining the activity of oxygen in the system, Schmiedl's
results were used in conjunction with the equilibrium

defined by equations (2.4) and (2.5) given in Chapter 2.
Although the oxygen activities calculated form Schmiedl's
result only apply to the invariant (L + Cu + CUZS],

his results can be used to draw a univariant at different
partial pressures of 802 for different temperatures which
would establish the stability range of the liquid phase
existing in this ternary. Using this principle, a univariant
has been drawn at pSO2 = 1.0 atm. and is shown in fig (5A.6).
This univariant is not shown by Rosenqvist (2.712)and exists
between pure CUZS and pure Cu. Using the slope of the curve
RT 1nPo, vs V1" in fig (5A.6) the enthalpy change for this
invariant is calculated and activity of oxygen in the

entire range can be calculated using Morey-Williamson's

theorem modified by Darken as shown below:-

d (in ap) NI OND O aM!
_—_— = 1 1
d (1/TJ 2 2 2
| NN AH
D
N; N; AH3
[l) (5.4)
RTInD N2 1
1 1
Nf Nf 1
N3 OON3 1
1 1
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H

where Ng mole fraction of component {r = i, j, k)

in condensed phase (p = 1,2,3).

a . = activity of component r

aHP = enthalpy of fusion of condensed phase p
T = temperature in degree Kelvin
R = gas constant in cal deg_1 gm mole -1
p = pressure in atmosphere which is constant

A detailed analysis of this equation (5.4) can be seen in
chapter 2 of the Reference no 6.9. The calculation of
activities in the various phase fields related to the
reduction of copper sulphide will be dealt with in

the next section where its importance with respect to

reduction of sulphides will be highlighted.

The existence of a liquid phase during the course of
reduction of copper sulphide takes place in the following

sequence: -

i. the decomposition of cupric sulphide to CUZS
ii. the 1jquefaction ' of sulphide as a result of
disproportionation.
iii (a) the exchange reaction between liquid sulphide and
lime
(b} the exchange reaction between solid Cu28 and CaO

iv. the formation of an oxysulphide liquid

v. the reduction of oxide dissolved in the oxysulphide

liquid .

From the rate of reduction curves shown in fig(5A.1) and

(5A.2)it is evident that the rates are dramatically different.
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Table 5A.2

Heat-treatment of Oxysulphide Mixtures at 1000°C in Argon.

Mass Balance

X-ray Diffraction Analyses.

Mixture Temper- Pct wt  Pct Atmos

Ccmposition ature. loss Red. phere Cu CUvaS CUZ—xO Cub CuS CaS Cal CaSQ,
CuD:CuS== 3:1 1000°C 19.33 Argon Ms - VS -

CuD:CuS = 2:1 1000°C 23.01 Argon Vs W - -

CuO:CuS = 1:1 1000°C 21.22 Argon S S S M

Cul:CuS = 1:2 1000°C 15.67 Argon W VS WM W

Cu0:CuS = 1:2 1000°¢ 15.29 Argon - S W W

CuS:Cup0 = 1:2  1000°C 10.01 Argon VS W S -

CupS:Cup0 = 1:1  1000°C g.76 Argon VS oW W -

CupS:Cul = 1:2 1000°C 17.52 Argon Vs M W -

CupS:Cul = 1:1 1000°C 12.01 Argon VR s WM

CupS:Cul = 1:1:5  1000°C 9.26 Argon VS WM Wi - - -
CuzS:Cu0 = 2:1 1000°C 7.43 Argon VS WM VM - - -
CusS:Cul = 3:1 1000°C 5,73 Argon VS VS Wi VM - - -
CupS:Cul = 1:1 1000°C 4,37 Argon S VS WM WM - - -
Cuy0:CasS = 4:1 1000°C 11.02  86.29  Argon VS W S - - MW
CuyS:Cal = 1:1 1000°C 5.35 Argon WM S M VWU VWWVS WL

[
<]
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Cu + CuZS

L + Cu + CUZS
L+ CUZS

L + Cu

L + Cu + Cu20
Cu + Cu,0

2
Cul + CUZO
L + CuD + CUZO
L+ CUZO

L + Cu0

. Liquid.

Fig (5A.5)

— Mol pct 'O

Cu-S-0 partial equilibrium ternary
diagram at 1000°C. The e's are

respective binary eutectics.
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PLATe SA2

" P

(b) X430

Reduction of CU7§ with lime and
spaphite @t 1000 BlS:0:sC=1s17:2]

a) Eutectic liquid cooled and growth
af Cuw Ffram The liguid matte.

b} CaS rejected from the liquid during
cooling process.
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PLATE SA-3

@) PLANE LYGH T X420

(b) PoLARIZED LIGHT X420

Plate 5A.3: Fermation of coppefr and *A* rich matte
during the heatreatment of Cu,S:Cu D g
at 1000°C in the flowing argofi.



PLATE 5A4

- 4
T gy e

b X420 POLARIZED LIGH

Plate 5A.4:Heat tegatment of Cqu and Cu_.0 mixtures
at 1000°C. .

a) Matte phase and copper phase(S:0=1:1)

b) Matte phase from which Cu,S and CUZD have
precinated. A—CUZO. B—Cuzé.
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PLATIE 5A:5

b X420

Plate 5A.5: Heat treatment of CuS and Cul at 100008
in argon.

a)JCuS:CulB=2:1 Copper oxide precipitation
in the matrix of CUZS.

b)JCuS:Cu0=3:1 Copper oxide precipitation
in the matrix of Cu28.
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“uring the oooose of reductioe, partiatly o cooihoed samples were
examined using X-ray diffraction analysis which confirmed
the presence of oxides of copper before liguefaction

or the formation of oxysulphide liquid takes place.

Copper oxides were reduced with graphite in their
stoichiometric ratio at 1000°C in a flowing stream of argon
and the rate of reduction of the pure oxides was compared
with the initial slopes of the rate of reduction of copper
sulphides. The rates of reduction of pure copper oxide

are superimposed on the rates of reduction of sulphides

in figs (5A.1) and (5A.2).

In order to investigate the effect of active carbon, reduction
of both copper sulphides was carried out with partially
volatilizecd coal at different temperatures. The plateaux
were observed for shorter durations at lower temperatures

in the case of CuS, whereas no plateaux were abserved in the
tase of CUZS at any temperature. The results were found to
increase with increasing temperature and were much

faster than the rate of reduction with graphite. see

fig (5A.7) and fig (5A.8). However, the initial rates of
reduction of CuS with coal are identical with those for
graphite but then initial rates are slightly slower in the

case of CUZS.

During the direct reduction of sulphide, it is evident that
the dominant gaseous product is carbon monoxide, which can
also play a significant role in assisting the reduction
reaction. To understand the role of carbon monoxide on the
rates of reduction of sulphides stoichiometric mixtures

of lime and sulphide (1:1) were prepared and these pellets
were heated to attain an isothermal condition in inert gas.
Once the isotherm was attained, the reduction was carried
out by introducing dry de-carbonated carbon monoxide. The

rates of reduction of CuS and CUZS with CO are shown in
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fig (5A.9) and fig (5A.10) respectivelyv. lhe rate of
reduction of CuS with CO was almost independent of
temperature above 800°C, but the extent of reduction
achieved varied with temperature. At BDOOC, the rate

of reduction of CuS with CO wes significantly lower than
that observed at higher temperature. However, the rates of
reduction of CUZS with CO was very different at every
temperature, when compared with CuS. Suprisingly the reaction
proceeded to a less extent abaove 950°C. At the end of the
reaction, at higher temperatures liquid drainage from the
pellet was observed. There was no evidence of plateaux in
the case of reduction of CuS with 00 but below 950°C,
plateaux: were observed in the case of CUZS reduction.
Although the initial rates of reduction of CUZS were
comparable with those of CuS, for time after the establish-
ment of plateaux, the reaction is extremely slow and takes

about 14 hours to proceed to completion.

From above observations on the rate of reduction of sulphides,
it can be concluded that the exchange reaction plays a very
significant role, which means that any alteration of the ‘
conditions for the exchange reaction could affect the

overall reaction rate.

One way to influence the exchange reaction is to alter the
reaction interfacial area.This change can be achieved simply
using a higher proportion of lime in the mixture. In order to
determine the effect of increased exchange reaction area on
the rates of reduction,experiments with increased lime to
sulphide ratios were carried out and these rate of reduction
curves are shown in fig(5A.11) and fig(5A.12).

In the case of CuS, below 1000°C long plateaux
were observed after which the reaction recommenced in the case
of $:0 = 1:1.55 but not at 900°C with S:0 = 1:2 after
2.5 hours. The rate of reduction after the plateau was much
slower than in the case of S:0 = 1:1. The rate of reduction

of Cu,S with enhanced lime was found to be significantly

2
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improved at 106120 but was slow ob 350°C. From these
observatiuvns, it is evident that the rates are adversely
affected by increasing the amount of lime. This observation
means that there must be an optimum ratio of lime and carbon
to sulphide which would result in the fastest rate and

the greatest extent of the reaction.

The optimum proportions of lime and graphite (carbon) to
sulphide in the mixture was investigated by carrying out
experiments with enhanced graphite to Ca0O, graphite to
sulphide and lime to sulphide ratios, keeping one fixed

at a particular composition. The results obtained from
these experiments were remarkably different. A complete
disappearance of the plateau, enhanced reduction rates and

a relatively higher yield were observed at 1000°C in the
case of both CUZS and.CuS. However,at 850°C, the extent and
the rate of reaction were significantly reduced. The
combination of phases under these conditions was confirmed
by X-ray diffraction analysis and is presented in Table
5A.1.The existence of CaSD4 under reducing conditions was
cbserved in the case of CUZS :Cal:C = 1:2:2 at 900°C.

The rate of reduction curves obtained under these conditons

are shown in fig (5A.11) and fig (5A.12).

The reduction of copper sulphide yields a gaseous product
during the course of reduction which means removal of the
produbt gas affects the equilibrium towards the r.h.s.

To see the effect of reduced pressure of CO i.e. Peg * 0.5 atm.
on the reduction rate, experiments with CUZS in different
stoichiometric proportions were carried outat different
temperatures. The rate of reduction curves were determined

by measuring the volume of the gaseous product. The rate

of reduction curves under different conditions are shown

in fig (5A.15) and fig (5A.16). It is evident from
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the rate curves that the reduction with graphite proceeds
with several temporary arrests whereas with coal no
arrest was observed. The fastest rate was abserved with

coal at a stoichiometric ratio of S:0 = 1:2 at 1000°C.

5A (ii) Discussions of the Results of Copper Sulphide

Reduction.

{a) The Direct Reduction

The equilibrium phase relationships and the kinetic
curves have shown that the reduction of copper sulphide
proceeds through an oxysulphide liquid intermediary whose
composition falls in the (L + Cu + CUZS) invariant phase

field.

It was shown by Kauxmann and Benecke (2.14) that the
eutectic invariant exists across the PSEUUC pipary section
Cu28~Cu20 at 840°C and at 60 mole pct CuZS. With the use

of Schmeidl’'s (2.13) oxygen solubility data for the

matte phase in equilibrium with liquid copper, the activity
of CuZO in the melt has been calculated. The calculated
values are tabulated below using the equations (2.3-2.5)
considering equilibrium between metallic copper and CUZO

using pure 02 gas as a standard state.
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Table 5A.3

Mixture

Reduction of Copper Sulphide under Reduced Pressure
Pco = 0.5atm.

of Carbon Monoxide.

Temp

Mass Balance

X-ray diffraction analysis.

, 0 Pct pct Atmos~ _ -
Composition C Wt loss red. phere Cu,S Cal Gr Cas Cu Cu20 Cu0 “uaSO4
o o Pra30.5
Cu,S:Cad:C =  1000°C  10.14 86,55 co W moooWM VS VS W W -
1:1:2
CupS:Cal €= 1g50°%  8.83  75.38 Ar Y mMooWwM VS OMS W W -
1:1:2
Cugs:Ce0:C = ygp’c 913 7848 Poo™0 MoooWM VS VS W W -
1:1:2
Cups:CaD:il = 1gse% 10,81 9238 PootP - moooWM VS Vs - - -
1:1:2
CugS:Cal:br = gpe®c 630 s3.78 P00 w MSowW M VS - - -
1:2:2
CugS:balil= ygsg’c 757 7975 Peold MoooW1 VS VS VW WM -

1:2:2

SNy
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Table 5A.4. Thermodynamic DOata on the Ternary Liquid.

Temp 9K Wt %0 ey 0 K, 4 Cuy Log Pg, (-)RTIn Py cal mole -1
1163 2.247 0.2006 1.00  1.00 -7.969 42260.4
1173 2.209 0.1973 1.052  0.975 -7.89 42351.3
1223 2.037 0.1819 2.287  0.661 -7.52 42085.8
1273 1.889 0.1687 4.67  0.463 -7.17 41767.5
1323 1.7634  0.1574 3.067  0.332 -6.86 41531.3
1373 1.6537  0.1476  16.744  0.244 -6.57 41278.9

Plotting (-) RTln Pg, vs 'T’ the enthalpy of formation of
this liquid was determined graphically, see fig (5A.6). On
the basis of the Clausius- Clapeyron Relationship; the
nseudo binary section CuZS - CUZD is shown in fig (5A.15);.
From the enthalpy data on CUZS, Cu20 and the liquid per mole
of Cu,and from equation (5.4) at the aforementioned
temperatures, the relationship between the slope

d  (RTln ag) and temperature shows a maximum at 850°C

dT
after which it decreases rapldly approaching the Cu-S

binary section a@symptotically see fig (Y/W.16)}. This

curve intrinsically shows the variation of the heat
capacity (ACp) with temperature to be non-linear in

nature. A non-linear variation of ACp with temperature was
also observed by Turkdogan and Kor (2.18) in the Fe-S-0
system. In fig (5416} the slope —Tz (RTlnay) is zero

at the maximum ie the ACp for the liquid is maximum at that
temperature. Thus, ths existence of the oxysulphide liquid

is thermodynamically justified.
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Dealing with the kinetics of the carbotheiwic reduction

of sulphide, it is pertinent at this stage to mention

that a solid layer of CaS around Ca0 does not exist during
the course of exchange reaction. Had this been the case,
the reaction might have been expected to slow down gquickly
after the initial stage of chemical reaction. The
continuation of reaction would have reached completion

via a diffusion mechanism ie the counter diffusion of

8_2 and 0—2 ions through the CaS lattice. The relative sizes
of these anions indicate that energetically such a process
would demand a much higher activation energy. It seems
reasonable to accept from the raete of reduction curves

that the exchange reaction is sustained during the course
of reaction because of the presence of an oxysulphide
liquid, which is saturated with CaS. The thermodynamics of
this complex melt are not known bui microscopic examinations
have proved that calcium sulphide precipitates from the
matte phase during the cooling process (plate 5A.1l(c)).

As laong as the presence of this liquid is maintained the
exchange reaction would not cease. It has been proved on
the basis of experimental evidence that the exchange reaction
copes with the reduction reaction during the course of
overall reaction. Under the circumstances when the exchange
reaction is faster than the reduction reaction ie when the
oxygen removal from the melt is slowér, there will be a
build up of oxygen concentration in the CaS saturated
oxysulphide liquid in the vicintiy of lime. The

enrichment of oxygen in the calcium sulphide saturated
oxysulphide liquid would increase the activity of oxygen

up to a critical level. Once this level with respect to
oxygen activity in the melt is attained. the high oxygen
potential of liquid decreases by forming CaSO4 by the
oxidation of calcium sulphide. The formation of CaSOa
results in its precipitation on the unreacted lime particles.
The precipitation of CaSD4 on the lime particles isolates
the contact between the lime surface and the oxygen

depleted oxysulphide liquid. This reaction results in the



cestationn of the oyohange renction, which is the snurce of
oxygen supply demanded by the reduction step. in addition

the transport direction for the 0-2 ions on the carbon

surface 1is reversed away from the carbon surface towards

the CaS(1) - CaSD4 interface. This phenomenon is confirmed

by the experimental evidence in which CaSD4 is observed in

the reduced pellet as confirmed by X-ray diffraction.
Furthermore the relative amounts of copper oxide observed
after the oxidation of CaS are consistent with this concept.
The related equilibria at the plateau of the rate of reduction

curve can be represented as follows:-

4 (CuB )+ CaS(1l) = 4Cuf(s) =+ CaSU4(s) {(5.5)
matte
AG° = -73250 - 6.28T7
5.5
4 (Cu,0) + CaS(l) = BCul(s) + CaSD4(5) (5.6)
matte
0
AG = -57810 + 7.27T7
5.6

In the above situation,the transport direction for the oxygen
ions from the oxysulphide liquid to the carbon surface

does not resume unless equilibrium between CaS—CaSD4-CaD

and the liquid phase is attained. The establishment of

such an equilibrium means that the concentration of the

oxide phase in the matte continuously decreases along the
length of the plateau and hence the length of time of
existence of a plateau decides the time to acquire an
equilibrium state w.r.t. oxygen. The respective oxide
activities conditions forunit activities of Cas, CaSD4 and

metallic copper, at 1000°C are: -

- I -4 = -3
dqcun - 3.25 x 10 and a[:u20 8.16 x 10
Substituting the activity of CUZD in the equation (2.5) results
in a partial pressure of SO, ie p502= lD_4 atm and
Py = B.016x l[]_G atm under these condtions. Thus
thermodynamically it is Jjustified that under these conditions

CaSD4 is stable. The recommencement of the reaction takes
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place because of calcination of CaSO4 in the presence
of CaS (a chapter has been devoted to this aspect, see
chapter 6). From the available literature under the
prevailing conditions, CaSDa decomposition can take

place by two mechanisms:-

i). The sulphate being reduced by CaS to give lime and

802 according to the following equilibrium:-

3CaS0,(s) + CaS(s) = 4Cal(s) + SDZ(g) (5.7)

Any 50, liberated might redissolve in the matte phase
or mayhoxidise carbon to produce CO gas. Once CO gas
is nucleated, the reduction of oxysulphide matte can
proceed. The fresh lime regenerated in this way
initiates the exchange reaction once again and the

reduction proceeds.

ii). Any CO generated would assist both the reduction of

matte and the reduction of CaSD4

CaSOQ(S) + CO(g) = CaO(s) + SDz(g) + CDZ(g) (5.8)

Thermodynamically, the reduction of matte with CO can be
justified as the standard free energy change for this

reaction at such a high temperature is negative.

In the light of this hypothesis, the appearance of

plateaux in the rate of reduction of sulphide with enhanced
lime ratio is expected. The increase in the quantity of lime
increases the surface area for the exchange reaction and in the
event of a slow reduction step, thermodynamic conditions for
the oxidation of calcium sulphide to calcium sulphate are
expected. Thus, it is evident that any parameter which

directly or indirectly influences the reduction reaction
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affects the time span of existcnce ur a plateau. One

way to alter the rate of the reduction reaction is to

alter the surface area for reduction reaction by increasing
the carbon to sulphide ratio or using more reactive carbon.
It is for this reason that plateaux were not observed in the
case of reduction of sulphides with coal at temperatures
above 950°C. Below this temperature, pleteaux were only
observed with CuS, where the quantity of CaS formed per
mole of copper is increased because of sulphur distillation.
Later in this thesis a correlation between the length of
plateaux » the temperature and the relative amount of

sulphur per mole of copper has been established.

In order to Verify this hypothesis, experiments with
higher carbon to sulphide and lime to sulphide ratios

were carried out at 1000°C and these results are shown

in figs (5A.177) and (5A.18). From these results it

can be appreciated that the surface area of carbon has a
greater effect on the rate of reduction and it leads to
complete disappearance of the plateau. The variations in
the rate of reduction curves in these figures in the case
of the enhanced lime to carbon ratio is attributed to the
faster exchange reaction leading to the slightly higher
oxidizing conditions in the liquid oxysulphide. At 850°¢,
the initial rate of reduction is very fast and is
essentially due to the reduction of pure copper oxide.

It is also waorth remembering that the volume of the liquid
formed at 850°C is small and effects the continuation of
the overall reaction. This is one of the reasons why at
lower temperatures the extent of reaction is less than
that observed at higher temperatures and supports the idea
that the isolation of the oxysulphide liquid fromthe carbon

surface becomes the critical step.
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coduction can also be aoiwrsdl by the use aof
coal and a catalyst. These effects have also been
investigated and the results are shown in fig (5A.19). No
plateaux were observed in any of these situations except at
950°C where momentarily the rate of the exchange reaction
has overtaken the rate of reduction reaction. The rate of
reduction curves also show that a LiZCD3 catalyst has a
greater effect than the temperature, because the rate
of reduction of CuZS at 900°C is slower than that at 850°C
with the catalyst addition, the latter ratio is comparable
to the rate at 950°C without catalyst. These investigations

show two very important features:-

a). The rate of reduction after the appearance of a
plateau is always slower than that observed in the
situation of an equivalent weight loss. When a

nlateauv does not appear.

b) To obtain the highest rate, a balance between
temperature, the rate of exchange reaction and the

rate of the reduction reaction is absolutely essential.

To prove that the rate of carbothermic reduction of
sulphide is governed by the volume of liquid generated, an
experiment was designed where CuS:Ca0 = 1:1 mixture pellet
was heat-treated at 1000°C in argon. At this temperature
the pellet was held for half an hour to ensure that

liquid was formed as a result of the exchange reaction
after which the temperature was reduced to 800°C and

the pellet was reduced with CO. The percentage weight loss
vs time curve for the entire treatment is shown in

fig (5A.20) where the 1lst stage indicates the rapid
distillation of sulphur vapour from the pellet and the
second stage relates to SD2 loss from the pellet and to

generation of metallic copper followed by an arrest. Along



Lhe arrest for times up to 4o minutes the toemperatagre

was maintained at 1000°C and the sample temperature

was reduced tao 800°C within 20 minutes. From the 60th

minute reduction with CO was carried out. The rate of
reduction is extremely slow as the oxides are essentially
precipitated in a matrix of sulphides e.g. see plate (5A.5)
Thus the oxides, at 800°C are separated from the CO
atmosphere and the only probable mechanism for the reduction
reaction is the diffusion of D—2 ion towards the pellet - gas
surface and the movement of Cu+2 ion inwards from the pellet-
gas periphery. From the slope of the curve, it is apparent
that the rate is extremely slow and hence the &xistence of

a solid state diffusion mechanism is probable.

In another situation heat-treated pellets of oxide-sulphide
mixtures whose microstructures are shown in plates {5A.3 and
5A.5) in a graphite crucible with and without lime at 1000°cC.
The microstructure of one of the reduced pellets (from which
the difference in the extent of the reaction at the periphery
and in the core of the pellet can be observed) is shown in
plate(ga.i)). The rate of reduction curve in the absence of
lime with mixtures containing high 'S’ content were

extremely slow and can be explained in terms of the small
amount of oxygen present in the mixture before reduction.

In the presence of lime, the rate of reduction resembles the
the rate of reduction of Cqu at 1000°C, but it does not
reach completion. A limited amount of reaction only takes
place at the contact surface and the gaseous product does not
seem to make any contribution to the reduction process. It
appears as soon as CO is generated at the contact surface, it
immediately leaves the pellet. The rate of reduction curves

are shown in fieg(5.21la-/9¢c).
)
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PLALE bDA.o0

PERIPHERY

Plate 5A.6 Heat treated CuS:CuO = 3:1 mixture mixed with
lime and reduced in graphite crucible at 1000°C

(a) A large number of small Cu nuclei near the
periphery

(b) The area magnified showing the evidence of
eutectic liquid

(c) Grown copper from liquid matte and rejected
Cas from the ligquid
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10 2-0 30 Lo 5-0 6-0
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1 1

0.0 60.0 120.0 180.0 — 240.0

Fig (5A.21a) Rate of reduction of Cu$:Cu0 = 3:1 prehecat-treated mixture

at 1000°C in argon under different:conditiens.
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in argon under different conditions.
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Fig (5A.21C) Rate of rcduction of CuS:Cu0 = 1:3 preheat-treated

mixture in argon at 1000°C in graphite crucible.
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However, the '0’' rich mixture when reduced at 1000°C in a
graphite crucible proceeded remarkably well and from the
rate of reduction curve it is evident that the overall rate
is divided into two distinct regimes. The initial stage, see
figl5A.21)) can be ascribed to the reduction of oxide with
carbon whereas the subsequent reduction was accompanied by
the diffusion of 0_2 ions, present in the liquid state, to
the carbon surface. A complete agreement of the theoretical
weight loss with the experiment observations shows that all
the oxides are reduced. The appearance of the linear

regime in this case and in the case of those mixtures with
lime, indicates that the reduction of the oxysulphide
liquid progresses by means of diffusion of 0-2 ions in

the liquid phase.

b. The indirect Reduction.

The indirect reduction of copper sulphides with CO in

general is faster than that observed with coal or graphite.
From the rate of reduction curves for CuS shown in fig (5A.9)
it is obvious that there is little difference in the rates of
reaction from 850°C to 1000°C. Whereas a remarkable difference
in the reaction rate at 800°C is apparent. This difference

is related to the absence of oxysulphide liquid at 800°C and
it appears that the reduction is gas-solid in nature. It can
also be concluded that the product layer of metal, if

formed at the sample surface, is not dense and does not

hinder the contact of the reducing gas with the oxide

formed as aresult of the exchange reaction becomes

difficult in the later stages when the reactants are isolated
by the product layer. In addition, it seems possible that

a thick layer of CaS around the lime particles might have

caused the cessation of the reaction at BUOOC.



Abuve 8UUYL, where little change in the slopes of the

rate of reduction curves has been observed, a small
activation energy is consistent at these temperatures.

In general, the activation energy associated with chemical
reactions and diffusion controlled reactions are
significantly affected by change in temperature.In the
present situation, it thus, appears that the rate controlling
step is pore diffusion of the gaseous species for which

the activation energy is of the order of 8-10Kcal per mole.
At IUOODC, the rate of reduction of CuS with CO is comparable

with that using coal as a reductant.

There is little similarity between the rates of reduction of
CuS and CUZS with CO at any temperature. Comparing the
rates in figs 5A.10(a) and 5A.10(b), it is evident that

the rates are faster at higher temperatures but the extent
of reaction is much too small in comparison to its rate.
Invoking the temperature cycles used during the course of
reduction of CUZS, it is evident that at temperatures well
above the eutectic temperature in the psuedo binary section
of CUZS- CuZO, the volume of oxysulphide liquid would
increase with increasing temperature.A stage is reached
where the liquid volume can no longer be held inside the
pellet and it drains away leaving the bulk material. Under
this condition the exchange reaction can no longer continue
between the drained liquid and the Ca0 held in the bulk
material. The rate curves shown in fig 5A.10(a) shows a
linear regime at 950°C and 1000°C which occurs immediately
after the initial reaction. The termination of the initial
stage of the reaction is a function of the temperature. In
the later stage, the rate follows a linear relationship with
time which can be attributed to the capillary diffusion of
the drained liquid to the bulk material. By the mechanism of
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capillary diffusion, the drained liquid would cuiie in
contact with lime to resume the supply of oxygen and hence
the subsequent reduction step would continue. Thus the
extent of the reaction is purely decided by the extent to
which capillary diffusion of liquid can take place. 0On the
other hand, when no prior heat treatment was given ie the
pellet was held in CO as the temperature was raised from
the room temperature a higher percentage reduction was
observed at 950°C. Once again a sudden cessation of the
reaction can be attributed to the drainage of the liquid,

see fig (5A.10a).

This proposed mechanism is not necessarily valid for experiments
at 900°C. The pellet at this temperature was held in

reducing gas from room temperature and the reduction was the
slowest observed. An explanation of this reaction condition

can be made in terms of the volume of the oxysulphide

liquid generated. The liquid in this case, is certainly

held within the pellet and does not drain away. After a

fast initial stage of the reaction, a temporary cessation occurs
for which an explanation has already been given. In the

later stages ie beyond the plateau, the reaction rate

is governed by the removal of oxygen from the encapsulated
liquid. It is for this reason that the rate is extremely

slow. A careful examination of the nature of the rate of
reduction curve shows that the rate is parabolic in

nature and decreases very slowly with time. In this situation
because of the limited surface area of reaction, the

reduction proceeds very slowly towards its completion.



At BSOOC, which is just above the eutectic temperature
the rate of reaction appears to proceed in steps ie

after an initial stage the rate is totally governed by
the very small volume of liquid generated. This is the
reason why the reaction ceases immediately after the

appearance of the first plateau. It is worth noting at
this point that the stability of CaSO4 increases with

decreasing temperature.

The rate of reduction curve at 800°C indicates that the
rate is faster than that observed at 850°C and 900°C

which is related to the reduction of pure copper oxide
with CO. At this temperature 800°C the reaction terminates
very gquickly because of the absence of the oxysulphide
liquid. Thus, it can be stated briefly that for the carbon
monoxide reduction of CUZS the presence of a volume of

liquid phase at any temperature plays a dominant role.

c. The Reduction Under Reduced Pressure.

The purpose of this aspect of the present investigation is to
determine the dependence of the indirect ,CO, reduction on the
direct ,C, reduction. The necessary conditions were simulated
using PCO = 0.5 atm where, CUZS pellets mixed with lime and
graphite (or coal) in different stoichiometric proportions
were reduced at different temperetures. In general, the rate
of reduction of CUZS was much faster than the rate of reduction
of CUZS with graphite at the same temperature. The rates

are faster than those observed in argon atmospheres because
of the presence of CO gas but the appearance of the

plateaux is evidently related to the retarded oxygen removal
rate in the presence of graphite. Such problems can easily be

overcome if coal replaces graphite and the results prove

this conclusively.



Therw ©s one instance with coal wher - he overall oo -tion
of sulphide proceeded beyond 100pct. This discrepancy can
be explained by the formation of SO2 see fig(fipa.13). It is
also worth remembering at this point that at the end of
reduction there is a significant quantity of C02 generated
in the system which has a pronounced effect on the length
of the plateaux. The length of the plateaux are longer with
time because of the continuously decreasing reducing

condtions.

d) Relation between the length of plateau, temperature

and composition

OQuring the course of reduction of sulphide with graphite

the length of plateaux was found to be deperdent on the

following factors:-

i. It is inversely proportional to the temperature.

ii. It is directly proportional to the initial sulphur
to carbon ratio and oxygen to carbon ratio.

iii It is also dependent on the reactivity of the carbon

surface.

iv. The increase in the partial pressure of CD7 in the system

increases the length of plateau.

* ok k ok ok kR Kk ok kK K K X k K Kk K Kk Kk ¥ %



Reduction of Iron Sulphide Minerals.

w
[ws)

(i) Results

The reduction mechanism of iron sulphide {Fel_xS] was
investigated by the determination of rate of reduction
curves together with X-ray diffraction and optical
microscopic analyses. The rate of reduction curves
were produced using a chemical mass balance relation
derived from the stoichiometry of the reaction and the
amount of weight loss observed. Equation (5.2) was
used to estimate the percentage reduction occuring at
any time. The chemical mass balance equation governing

the reduction of pyrrhotite is given below.

o) rnatils)Cls) = Ul-x)Fels)+Cab(s)vbuly). (5.9)

The reduction was carried out with various stoichiometric
mixtures of lime, graphite (or coall and pyrrhotite over

a range of temperatures. The rate of reduction of
pyrrhotite with graphite is shown in fig 5B(1) and from
the rate curves it is evident that there exists a large
temperature dependence for the reaction .For these conditions
the reaction was incomplete at all temperatures. The
reaction products at different temperatures were analysed
using X-ray diffraction techniques. The results of X-ray
diffraction analysis in terms of relative amounts of CaS,
iron and graphite were consistent but the powder pattern
for pyrrhotite and lime were virtually absent which was
inconsistent if the reaction was incomplete. From the
diffraction pattern, a large number of reflexions remained
unidentified. These were discovered later to be associated
with oxysulphide compounds formed during the reaction, see
Table 5B.1. These oxysulphide compounds are essentially

constituted from FeS and Ca0. A detailed description with
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ponssible phase abinations in
illustrated in Appendix 1 where an attempt to establish
all possible phase relationships has been made. The
appenitic also covers the X-ray diffraction information

of the unidentified oxysulphide compounds. From Appendix 1
it is obvious that a liquid phase exists above 835°C which
agrees with the work of Lapin (1.18), whereas the first
liquid observed in the reciprocal system FeO-CaS appears

at 880°C and about 77 mole pct of FeO (2.28). The liquid
formed under this condition is not the Fe-5-0 liquid as
observed by a few workers (2.15-2.18). If that would have
been the case the liquid on cooling would have eutectically
decomposed at 915°C and would have formed FeO and FeS at
room temperature. The formation of such a liquid at 850°C

is also ruled out.

The sulphide was reduced with coal over a range of
temperatures and the rates of reduction of sulphides are
shown in fig 5B(2). With increasing temperature, both the
extent and the rate of reaction were found to increase.
Contrary to reduction with graphite, at 800°¢C significant
reduction was observed with coal. Several of the reaction
products were analysed using the X-ray diffraction
technique and the results show that between six to

seven phase combinations are possible at one temperature.
In a five component system,such phase combinations are
impossible according to Gibbs Phase Rule. Depending upon
conditions, oxysulphides were found in the presence of
lime, FeS, CaS and iron. The reduced samples were examined
using the optical microscope and evidence of a liquid
phase above 850°C was discovered by inspecting the
morpholopgy of the product formed. The microstructure also
shows, see plate 5B.1, the nucleation of iron in the matrix
which was analysed using Energy Oispersive X-ray Spectral

Technique and was found to be an oxysulphide compound.
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PLATE 5B.1

c x 300

Plate 5B.1 Reduction of iron sulphide with lime (S:0:C = 1:2:2)
(a) Small nuclei of iron growing from oxysulphide
phase during the reduction at 850° with coal
(b) Formation of oxysulphide at 850°C
(c) Variation in iron nuclei size in the reduced
sulphide at 900°C with coal



Temporary arrests of 5 minutes and 45 minutes were observed
. o 0 .

in the rate curves at 8950 C and 800 C respectively. Such

a feature was completely absent during the reduction

of pyrrhotite with graphite.

The overall reduction reaction is governed by two steps -
the exchange reaction and the reduction reaction. Since
the rate of the exchange reaction can be altered by
altering the quantity of lime in the pellet which governs
the .surface area of lime on the overall reaction,
experiments were carried out with an increased lime to
sulphide ratio. The effect of ceal and graphite was
investigated and the rates of reduction under these
conditions are shown in figs 5B8(3a) and 58(3bl}. Although

a complete reduction was observed in the case of graphite
and ahove 900°C it is evident that the reduction reaction
was incomplete as confirmed by X-ray diffraction data. A
higher weight loss was observed due to the presence of
carbonated lime which on heating liberated CDZ. The reduction
was also incomplete in the case of coal. The failure of the
reaction to reach completion indicates that in the later
stages problems associated with the physical separation
of the reactants may be responsible for the permanent
cessation. However, no microstructural evidence of the
physical Separation of reactants was observed. From the
comparison of the rate of reduction curves, it is evident
that above 900°C the rates are adversely affected by

the presence of the increased ratioc of lime to sulphide.

A possible explanation for the relative retardation of the
reaction can be given by invoking the physical changes
observed during the heat-treatment of FeS and Cal

mixtures, illustrated in Appendix 1. Complete ligueiaction



of the mixture wis observed when the mixture FeS:Ca0 = 1:)]

was heated in an argon atmosphere at SOOOC, whernas no
such change was observed in the case of Fe5-Cal0 = 1:2

at 900°C. The mixture, after heat-treatment contained

a solid phase with only about 10-15pct of liquid phase

by volume. Such gonditions prevail and it seems to be

the relative volume of the oxysulphide melt at that
temperature which determines the rate of reduction. A
large volume of liquid provides a relatively large surface

area for the reduction reaction.

The combined effect of enhanced proportions of lime and
graphite demonstrated that at lower temperatures, lime
has the significant effect on the rate of reduction of
pyrrhotite, for the same carbon to sulphide ratio. Little
difference in the rate of reaction was observed at higher
temperatures which proves that the presence of a large
volume of liquid has a dominant effect on the rate

when the lime to sulphide ratio is doubled.

Buring the course of direct reduction of sulphide carbon
monoxide gas 1s generated which is a potential reducing
agent. This gas also participates in the reduction process
and hence its effect on the rate of reduction of FeS was
investigated. Stoichiometric mixtures of FeS and Ca0 in
the form of cylindrical pellets were heated isothermally
in a flowing stream of argon. Once isothermal conditions
were attained, the reducing gas was introduced into the
apparatus. The rates of reduction for the ratios 1:1

and 1:2 of sulphide and lime are shown in fig 5B(5a) and
(5b). The rates of reduction of FeS with CO at temperatures
above 950°C were found to be shown than the rates observed
in the case of coal and graphite. At and below 900°C the

rate of reduction of FeS with Cg was faster than that
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observed with coal and graphite. This particular variation
of the rate of chemical reaction differs from the concept

Pus dependence an bhe temperature.
The Arrhenius Relationship for any chemical reaction is
a universally accepted fact, so0 it can be conclusively
said, that a change in rate controlling step occurs.
Microsctuctural examination of the reduced samples was
carried out and the typical results are shown in Piute 58.2
and 58.3. The morphological difference of iron particles
produced at different reducing temperatures can be seen.
It is worth noticing that the nucleation of iron i,y
around the pores at 850°C and this is significantly different
from observations at 950°C. At 950°C, the periphery of
pellet appears to be richer in iron than the core,
whereas at 1000°C, the reduced iron resembles a eutectic
cellular morphology. Above 950°C in the case of FeS:Cal = 1:1
a temporary arrest in the rate of reduction curve was
observed. The presence of the arrest in the rate curve
indicates that gas evolution has temporarily ceased. In order
to understand the mechanism of reduction along the arrest,
the reaction was stopped at the beginning of the arrest,
at the end of arrest, after the completion of oxygen loss
and after carbon deposition has commenced. The X-ray
diffraction date are summarized in Table 5B.1 and
the rate of reduction curves for various stages, are shown
in fig 5B(6). During the course of reduction of iron sulphide
with CO, varying proportions of cementite were observed in
the reduced sample. The relative amounts of cementite
indicate the extent of carburization iron even when the
reduction reaction was incomplete e.g at higher temperatures

where cementite is less stable it formation is very difficult.
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PLATE 5B.2

a x 300 b x 300

o x 500

Plate 5B.2 Reduction of iron sulphide with lime and carbon
monoxide.
(a) Eutectically formed iron at 1000°C
(b) Iron rich and iron depleted regions at 950°C
(c) Very small nuclei of iron around the pores
at 850°C
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PLATE 5B.3

a x 300 b x 300

(c x 800

plate 5B.3 FeS:Ca0 = 1:1 at 950°C with CO.
(a) Iron from reduced oxysulphide in the core
of the pellet
(b) Rim of iron formed on the periphery of
pellet
(c) The boundary of dense iron rim (left) and
core (right)



A very different and important physical change was observed
at 1000°C. The pellet was completely deformed and its
original geometry was lost. It was like a molten pool

which had solidified containing Lnany gas pores.

The reduced samples at 950°C and 1000°C were examined

using electron and optical microscopy. A great deal of
similarity in the microstructures was observed. The

scanning electron microscopic investigation shows the
formation of an oxysulphide phase around the lime

particles and the presence of some eutectic cellular
structure at 950°C with FeS:Ca0 = 1:1. The cellular

colonies and preferential precipitation of oxysulphide phase
was also observed in the heat-treated pellets of composition
FeS:Cal = 1:2 in argon at 300°C, see plates 5B.4, 5B8B.5

and SB.06.

The combined effect of direct and indirect reduction was
investigated by reducing FeS:Cal:Coal (or graphite)
mixtures under controlled pressures of CO, showing that

the rate of reduction is not affected by the relative
amounts of coal, graphite and lime at 1000°C. But at

850°C, the rate of reduction is very slow and does not

gp to completion, see fig 5B(7). With a pellet of increased
lime to sulphide ratio, several temporary arrests of short
intervals were observed on the rate curve for which an

explanation will be given in the next section.

None of these results provide a clear indication of the
mechanism of reduction. To investigate the mechanism of
reduction, mixtures of FeS and Ca0 in 1:1 and 1:2 ratios
were heat-treated at 950°C in an argon atmosphere and these
heat-treated pellets were reduced in a graphite crucible

with graphite and CO respectively at 800°C. The X-ray



diffraction results with mass balance analyses are shown

in Table 5B.1. The rate of reduction curves are

shown in figs 5B(8a) from which it can be seen that the
rate of reduction in the case of FeS:Cal0 = 1:1 with CO

is almost identical with that for FeS:Ca0 = 1:1 at 300°C
with graphite. The results for the rate of reduction of
this mixture in a graphite crucible and with graphite were
very similar in that both exhibit a long incubation period.
The rate of reaction with graphite proceeds with a temporary
arrest at 800°C. Comparing CO with graphite reduction

and reduction in a graphite crucible the former is much
faster. Buring the course of reduction, cementite

formation and carbon deposition were observed. On the

basis of mass balance analysis,the percentage weight

cain curve is drawn which evidently shows two regimes

cne linear and one non-linear.

The effect of the catalysed carbon oxidation reaction was
investigated by reducing FeS in the presence of Li2C03
(refer no: B18 and B42). The extent of reaction was found
to be affected by flow rate of the carrier gas. The flow
rate was the only parameter which was altered during these
two expeiments. In the former case where only 48pct
reduction was observed a flow rate of 500ml per minute

of argon was maintained where as the latter experiment

was carried out at 150ml per minute. The weight loss
observed in the latter case was much greater than the
expected theoretical weight loss. In addition, no LiZCD3
or LizO was abserved in the X-ray diffraction pattern
which means that all the carbonates were evaporated during
the course of reduction. No L12C03 or LiZU was observed
when the higher flow rate of argon was used. The rate of
reduction curve was plotted taking into account the weight

loss due to L12C03. The rate of reduction curve shows a
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PLATE 5B.4

a x 300 b x 300

& x 300

Plate 5B.4 Reduction of iron sulphide with lime.

(a) FeS:Ca0 = 1:2 at 900°C with CO
(b) FeS:CaO = 1:2 at 1000°C ppoy = 0.5 atm
(c) FeS:Ca0O = 1:2 at 950°C with CO



FeS:Ca0O

Plate 5B.S
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PLATE 5B.5

Scanning electron micrograph of FeS:Ca0O = 1:1
pellet reduced with CO at 950°C.

(a)

(b)
(c)

Oxysulphide phase around lime particles during
reduction.
Eutectic cellular structure grown in the pellet.

Eutectic colonies formed during the heat treatment
of FeS:Ca0 = 1:2 mixture in argon atmosphere at 900
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PLATE 5B.6

Plate 5B.6 Energy dispersive X-ray (ku) analysis of

FeS:Ca0 = 1:2 mixture heat treated at
900°C in argon atmosphere

(a)
(b)
(c)
(d)

'Fe' Elemental distribution
'S' Elemental distribution
'Ca' Elemental distribution
Sample area analysed
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plateau after an initial stage of reduction, see fig

5B(9). At a low flow rate of argon, the reaction

proceeds at a linear rate which abruptly changes at l4hrs
and the remainder of the reaction occurs within 4 hrs.

At a higher flow rate, the rate progresses very steadily

up to ““pect in 40 hours after which it does noet proceed

any further. From the X-ray diffraction analysis (no:B18
and B42) it rnan be seen that there is no oxysulphide compound
at 800°C in the presence of Li2C03 but a small quantity

of Fe0 was confirmed. A trace of lime and FeS was

observed at the end of reaction with the lower flow rate of
argon, which indicates that the reaction has proceeded

near to completion.

(i1} Discussion of the Results of Iron Sulphide

Reduction

a) Phase Relationships and Mechanism of Reaction:-

The phase relations of the reduced product show that
during the course of the reduction either the guaternary :
oxysulphide liquid or the compound CII is the dominant
phase. The compound CII lies in the FeS-Cal pseudo binary
section (reference appendix 1). The possibility of the
formation of iron as a result of the reaction between

FeO0 and FeS is ruled out because of a large positive free

energy for the reaction

FeS(s) + 2Fel(s) = 3Fels) + SDZ(g) (5.10)

AGT = 76380 - 28.02T
[he equilibrium partial pressure of 802 is of the order
of 10—7 atm at 1000°C. Considering the exchange reaction
between FeS and Cal which shows that Fe0 and CaS are the

cquilibrium phases.



FeS(s) + Ca0(s) FeO(s) + CaSl(s) (5.11)

AG? = -5470 + 2.187

According to equation (5.11) the reaction is thermodyna-
mically less feasible at higher temperatures. Using the
data of Turkdogan (6.9) the standard free energy

equation shows a negative enthalpy change and a positive
entropy change ie AG? = -4505 -0.35T. Evidently, the
reaction is thermodynamically possible at any temperature.
From the heat-treatment experiments of sulphide and oxide
it is seen that Fe0 and CaS are not the equilibrium phases
but a compound is formed which is in equilibrium with CaS.
By forming the compound CII' the activity of FeO is much
less than unity. Therefore, the reduction proceeds at

a much lower driving force. From the available literature
(5.1) there is a kinetic barrier for the reduction of
solid FeD with carbon at these temperatures, yet in the
present investigation the reaction was found to proceed

at a significant rate. Although in the present situation
the driving force for the reduction of the compound

CII is smaller than pure Fe0, the reason the reaction
proceeds is thus obviously kinetic in nature. The

presence of a liquid phase enhances the surface area of
reaction many fold. The kinetic barrier to the progress

of the reduction reaction can be appreciated from the
results where no liquid was present during reduction.

A quantitative estimate of driving force for the reduction
of iron sulphide via compound CII is not possible because
of the non-availability of data on the free-energy of
formation of the compound CII' However, this particular
observation indicates that the reaction proceeds despite

the fact that it is thermodynamically less feasible than

with the pure oxide.



The nhao 1. " the reciprocal binary cystems
Fe0-Cal and FeS-Cal are dealt with in Appendix 1 where

this work is compared with Tromel (2.28) and Lapin's (1.18)
work. Phase combinations observed during the heat-
treatment of reciprocal mixtures and the reduction of

iron sulphide can be explained using Tromel's phase

diagram. To explain the reduction mechanism of iron sulphide
it is essential to consider a suitable ternary section eg

mixture FeS:Ca0 = 1:1 after the heat-treatment lies in

the CI-CaS-CII

where this composition represents an equilibrium between

ternary area shown in fig 5B(10a)

CaS and compounds CI and CII' When oxygen is removed from
this mixture by reduction, the change in composition is
represented by an appropriate tie line, which is shown in
fig 5B8(10a)}. The composition in this ternary phase

field has been estimated on the basis of the X-ray
diffraction results which show that after heat-treatment
neither FeS nor Ca0 is present. The tie line through
composition (1) is drawn such that it is parallel tc

the Calb-CaS and Fe0-FeS edges which means that during the
course of reduction the composition moves away from the
oxygen rich corners of the auaternary . Suych a tie

line intersects the CII- CaS phase region at 1 where

it is in equilibrium with CaS and CII' Explaining the

mechanism in terms of a chemical equation then

3{CaS-Fe0) + C = 2(Ca0-FeS) + CaS + Fe + CO (5.12)
C
I CII
Such a reaction sequence is consistent with quaternary
section presented by Tromel (2.28). The liquid phase
field diminishes with decreasing temperature until the
compounds CI and CTI appear. The above phase relationships

show that compound CI is relatively unstable in the
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presence of a reducing atmosphere. This is the reason

why the quantity of CI diminishes as the mixture is

reduced and explains wnhy the quantity of CI reduces

in the prosence of Fe during the heat-treatment. All these
factors can be understood in terms of the higher activity
of Fe0 in compound CI compared to CII' 1t seems that the
presence of iron and carbon controls the oxygen partial
pressure in the system which leads to the stabilization of
the phase CII' The above invariant phase relations represented

by equation (5.12) show that under reducing conditions the

ternary peritectoid decomposition of compound CI takes

place. The recombination process is purely controlled by

kinetics and the appearance of compound CI at room

temperature is expected.

From the above phase relations and the experimental

evidence, compound CII reduces to iron and CaS
(CabD-FeS) + Clgr) = Fe + CaS + CO(g) (5.13)
CII

The above phase considerations represent the course of
reduction which operates as long as solid compounds are
present and the path of the reduction will be decided
according to the above mechanism. The reduction sequence

of preheatreated FeS-Cal mixtures at 800°¢C provides support
of this mechanism. Under conditions, when a liquid phase
exists with compounds CI and CII’ the reduction mechanism
is different. Once again CI would reduce to CII according
to the previously presented mechanism but at the same

time liquid also reduces. Later in the course of reduction
only CII and the liquid phase are present. The liquid phase
first forms at 835°C and NFeS: 0.65 so that, with
increasing temperature, the liquid phase field predominance

area in any isothermal section increases. It is worth
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noting that the liquid phase contains less Ca0 than the
compounds see fip 53(10b). This means that the liquid
phase is continuously supplied with Ca0 by the compound
CII under reducinp conditions and hence the reduction

process is sustained. This means when the reduction of

FeS commences in presence of lime, the liquid which forms
first has composition on the ab surface which moves along
this boundary until it establishes equilibrium with CI.

From this point onwards the path of reduction follows the
curve bc along which CI reduces to CII followed by cd along
which CII reduces. If this liquid cools down the
precipitation of these three phases takes place under
conditions where this liquid loses contact with the

compound CII the supply of oxygen ceases such that in

the limiting case when the activities of CaS and FeS

approach unity, the precipitation of FeS and CaS occur.

Proof of this mechanism can be appreciated from the

indirect reduction of iron sulphide with CO. Since the
compound CI melts congruently it decomposes into a

liquid and a solid phase CII which is typical in the case

of a peritectic transformation. Since most of the reduction
was carried out in the composition range close to

S:0 = 1:1, peritectic transformation plays a very significant
role during the reduction. A situation can occur where

the liquid is isolated with a layer of CII growing on CI
at any temperature between 1100°C and 880°C.

(b) The Kinetics of the Direct Reduction of Iron
Sulphides.
Under any conditions, the rate of reaction is . directly

relatod to the temperature according to the Arrhenius
Relationship. The significant difference in the slopes of

various rate curves can be attributed to the relative volume



P woesctinney nxysulphide liquid which determines the surfacs
area of reaction. The sudden cessation of the reaction
particularly at lower temperatures and with graphite

is related to the continuous decrease in the volume of
liquid and hence the isclation of liquid from the reducing
agent at that temperature. This effect is very dominant

at 900°C when the reaction cnters a linear regime.

The linear regime (in no B26 and B24) shows a steady

state of diffusion condition has been established across
which the concentration gradient is linear. In particular
this happens at QOOOC, as a result of the balanced

volume of liquid which is neither too high nor too low.
The weight loss analysis shows more than 100pct reduction
has been observed under this conditon which can be accounted
for due to drainage of the liquid. If the draeined liquid
maintains a pore diffusion mechanism to feed the

material on the reducing surface, a linear regime 1is
observed in the rate curve, otherwise it remains isolated
from the bulk. Conversely,this liquid might drain
completely from the pellet during the reaction giving

a higher weight loss even with incomplete reductiaon.

The weight loss due to drainage of the liquid can be
supressed by using an active reducing agent ie if the rate
of reduction is extremely fast, the liquid is reduced to

metallic iron before it can drain.

The X-ray diffraction results of the reduced sulphide show
that the existence of the compounds CI and CII is also
dependent upon the rate of the reduction reaction. If an
active reducing agent is used the decomposition of
compound CI controls the subsequent reduction of compound
at all temperatures. Two possible reasons for the ’

C
IT
coexistence of compounds CI and CII during reduction can be

given



i) If the compound C, decomposes Lo and Tinguid

and this is encnpiulatnd hy the coiéound EII’ it
would nolt be reduced directly by the reducing gas

or the solid reducing agent. The supply of

oxygen in this situation is maintained from the
compound CI through CII to the CIf'liquid interface.
This, the decomposition of CI would be governed by

a pure diffusion mechanism which is expected to be a

slow step.

ii) In the absence of liquid phase, CII can shield CI

from the reducing atmosphere and hence its existence

is expected.

Both these conditions for the coexistence of C; and Cyq
are governed by a single factor ie the concentration
gradients of 0_2 and 8_2 ions across the product

and the reactant layers. Under the conditions of the
combined effects of direct and indirect reduction which
prevails during the reduction of FeS-CaO-Gr (or coal)
pellets under a controlled atmosphere of CO ie

Peg 0.5 atm, the reaction rates are exceedingly high

at 1000°C because of the increased volume of liquid
present and the rate of reaction is also very fast
because of the presence of both CO and the, solid reducing

agent.

The catalysed reaction with L12C03 has been greatly
affected by variation in the flow rate of argon. Since
most of the lithium compounds which catalyse carbon
gasification reaction according to an oxidation mechanism
volatilize at low temperatures. A high flow rate of argon

enhances the volatilization of Li7CO3 which cannot



participste in the carbon gasification reaction. oo the
results, it appears that gasification was initiated very
slowly and has a pronounced effect on the rate of

reduction of the sulphide. A fast gasification reaction
precedes a fast reduction reaction and hence a sudden
increase in the rate of reaction has been observed.

In the situation where the reaction is incomplete in

the presence of Li2C03 at BDUOC, Fe0 was observed in the
partially reduced pellet. During the course of reaction
compound CI must have formed and been reduced by CO.

The reason why FeO remains stable in the presence of carbon
and catalysed gasification reaction is related to the
mechanism of the overall reaction. Since the reduction
reaction always follows the exchange reaction as a result
of which compounds CI, CII’ Fe0 and CaS form. Therefore,

it seems possible that during the course of reduction FeO
might have been isolated from the reducing gas and remained

unreduced.

(c) The Kinetics of Indirect Reduction of Iron

Sulphide

The indirect reduction of iron sulphide has been investigated
in order to determine its contribution during the course

of direct reduction. The rate of indirect reduction and

its extent were found to be dependent on two parameters -
temperature and the lime to sulphide ratio. In general,

the rates were found to be faster with increased lime

to sulphide ratio and the possible explanation for this

is the relatively higher oxygen potential at which

compound CI exists. If a composition is produced which

is in equilibrium with Fe0 and CI' the rate of reduction is
expected to be faster than when the equilibrium is determined
by CII' In the case of FeS:Ca0 = 1:1 the rate of reaction has

been affected by three factors:-



i) If the rate of reduction is slow the liquid reduces
slowly and it is possible under these circumstances
that the liquid drains from the pellet. Subsequent
reduction of this liquid is only possible when the
liquid is fed back to the pellet by a pore diffusion
mechanism where it re-establishes the exchange reaction.
This step is particularly effective in the temp-
erature range of 850°c - 300°C.

ii) In the case of intermediate reaction rates, the liquid
formed is encapsulated by the product iron layer
e.g. reduction at 950°C and hence drainage is
prevented. In this situation, the rate is governed
by pore diffusion of product gas through the
metallic iron shell where 0—2 ions are reduced by CO
to generate two electrons which are discharged in the

bulk to form metallic iron.

iii) At and above 988°C the material becomes completely
liquid and in this liquid the precipitation of iron
takes place. The reaction is extremely fast and
once it commences, the risk of loss of liquid from

the crucible is minimised.

The indirect reduction of iron sulphide above BSODC, is
consistent with the fact that during the course of reduction
the liquid composition moves along the different surfaces

as indicated in the previous section, see fig 5B(10b).

In the limiting case when oxygen supply to this liquid

the liquid composition moves to the corner 'e'.

ceases:’
During the cooling of this liquid precipitation of FeS
and CaS 1is expected. This is the reason why FeS was

observed in conjunction with CaS in the rim of iron at

950°C. The surface of the pellet reduces first and then



the reaction progresses slowly inwards. The X-ray

data for the reduction at 950°C indicates that the
transfer of oxygen from the bulk of material takes place
towards the shell and in the limiting condition of

oxygen solubility in the liquid, during cooling CaO
precipitates instead of forming compound CII' The reason
why Ca0 precipitates is evident from the relative stability

of Ca0 and compound CII'

The rejected material from the liquid inside the cellular
structure of iron at 1000°C is pure CaS, which can only
happen when iron sulphide is completely reduced ie the
liquidus surface has merged with CaS corner. Thus from the
above phase relationships and the existence of the

liquid phase, the whole reduction mechanism can be

explained.

d) Cementite Formation During Iron Sulphide Reduction.

During the reduction process, cementite formation was
observed and it seems that the mechanism of cementite
formation is not grossly affected by the sulphurous
atmosphere. Fruehan (5.2) has shown the effect of HZS

on the carburization of iren at 1000°C. The carburization
rate was found to be reduced by a factor of 10 at this
temperature with 0.2 pct H2S. Calculating the partial
pressure of sulphur inthe equilibrium gas mixture which
would change if sulphur starts occupying favourable sites

on the iron surface.
Hz[g] + 3 Sz[g) = H,S

= -21580 + 11.58T



K273 = LS - 14.93

2 0. ol
o (Ys.)¢
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From Fruehan's work at T = lDOOOC
n _ . -8
H,S/p = 0.4 p = 7.17 x 10 atm.
2 H., (—=), S
7z - 2
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H,S/p, = 0.005 n = 4,486 x 10 atm.
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2 50 2

This indicates a very smaell partial pressure of sulphur

is necessary to alter the course of carburization. In the
present system the partial pressure of sulphur is in
equilibrium with CaSsS. CI and CII where DSzis much lower
than the vaelues shown above which indicates a very low
coverage of sulphur at the preferred sites on the iron
surface and thus CO is allowed to commence the carburization
step. Cementite formation can take place at temperatures

up to the eutectic in the iron-carbon diagram. The

tendency of cementite formation is higher at lower
temperatures because of its relative stability and it is
expected to cease once the diffusion of carbon becomes
increasingly difficult to sustain the reaction. This effect
can be seen fig 5B(8a) where carbon deposition has

commenced immediately after the linear regime of cementite

formation.

* ok kR ok o &k ok K K % %k Kk K ¥ ¥ k K ¥ ¥ % %



5(z) Reduction nf Complex Iran- Copper Sulphide

Minerals:-

(1) Results.

The reduction mechanism of complex copper iron sulphide
minerals has been investigated using a basis the results

of copper sulphide and iron sulphide reduction. To investigate
the reduction mechanism of complex sulphides, chalcopyrite
and bornite minerals were chosen. The investigation was
initiated with a heat-treatment of chalcopyrite mineral

at 800°C in an argon atmosphere. The chalcopyrite decomposed
extremely slowly and at the end of 18 hours of heat-
treatment when the sample was quenched and analysed using
X-ray diffraction technique to identify the phases, high-
temperature forms of chalcopyrite and bornite solid
solutions were present in conjunction with FeS.

According to several workers (3.1,3.6) as discussed in
chapter 3, the decomposition of chalcopyrite results in the
formation of twoc stable condensed phases, bornite -

(CUSFeS4) and pyrrhotite (FeSx). But according to the
Cu.GS-Fes Phase diagram (chapter 2, fig (2.5)) a wide

range of solid solubility is expected of bornite with iron
sulphide and chalcopyrite with iron sulphide. In the
terminal range, where FeS saturation 1s attained, FeS
would exist as a pure phase and depending upon the
quenching rate, the solute will be held in solution
because of the depression of the solvus. Therefore, under
these conditions the bornite solid solution is the

phase expected from the phase diagram, see table 5C.1.

To identify these phases, the heat-treated pellet was
examined by optical microscopy after etching the sample with

luke warm acidified potassium dichromate. Two complex



sulphide phases were found, see plate 5C.3.

The carbothermic reduction of sulphides, proceeds in two
steps which are caomplementary to each nther ie the

exchange reaction and the reduction reaction. In order

to identify an& changes occuring during the exchange
reaction, heat-treated chalcopyrite, bornite mineral

and chalcopyrite minerals were mixed with lime in
stoichiometric proportions and then heat-treated over

a range of temperatures. Depending upon the heat-treatment
temperature and the type of mixture, different types

and quantities of products were observed and they are

shown in Table 5C.1. It is evident from the crystallographic
data that metallic copper is present and its quantity varies
with temperature and the type of the mixture.From the phease
combinations, it 1is evident the metallic iron is not present
in all cases except where heat-treated chalcopyrite was
treated with lime. The compound Cig (FeS- Cal type) was

in general absent and the stable compound from the

Fe-Ca-S-0 quaternal’y - was CI. On one occasion, F9304

was found in conjunction with Fe after heat-treatment.

A guinary compound possibly (FeS-Cal' - CU5F854] type

was found in conjunction with the (Fe0-CaS) compound.

The presence of magnetite with iron together with CI appears
consistent with the phase relationships illustrated in
Appendix 1. Thus, the heat-treatment experiments indicate
that the metallization of copper is possible even in the
absence of carbon and most of the iron in the system remains
present in the form of complex compounds. The formation of
copper cannot be justified without any evolution of SD2

from the system, which results in a weight loss.
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The mechanism of carbothermic reduction was investigated
by adding graphite to the above lime-sulphide mixtures.
The reduction was carried out in argon atmospheres. The
amount of carbon added to the mixtures was decided by
their initial stoichiometry. The weight loss observed
during reduction was correlated with the following

stoichiometric relations for chelcopyrite and bornite

minerals.

CuFeS7(s] + 2Ca0(s) + 3C(s) = Culs) + Fels) +
2Ca5(s) + 3C0(g) (5.15)

CUSFesa(s) + 4Cal(s) + 4C(gr) = 5Culs) + Fels) =+

4CaS(s) + 4C0(g) (5.16)

An excess of carbon was used in order to ensure the total
weight loss is only due to carbon monoxide and the
contribution of carbon dioxide is insignificant. On the
basis of the observed weight loss compared with the
stoichiometric weight loss, at any time a percentage
reduction was determined. The rate of reduction curve was
constructed by plotting percentage reduction against time,
and for the reduction of heat-treated lime-chalcopyrite
and lime-bornite mixtures, these curves are shown in fig
5C(1). The lime-bornite mixture was initially reduced at

300°C but after some initial reduction, the reaction ceased .

At the end of 100 minutes the temperature was raised to
950°C, when the reduction reaction resumed. A significant
progress in the reaction was observed which finally

ceased at about 28pct. From the phase analysis of the
product, it is evident that both iron and copper have formed
during the course of reduction but there is no evidence of
the presence of lime, quinary compound or -tyuabornary
compound, which were observed during the heat-treatment
step with lime. This indicates that most of these compounds

were reduced and any unreacted sulphide is present in the
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form of a hipgh . uperature bornite solid solution phasc.
Crystallographic data indicate that the reduction is
incomplete. The incompleteness of the reduction process
was also confirmed from mass balance analysis.

Contrary to the reduction of bornite lime mixtures,
chalcopyrite-lime mixture reduction was much faster at
900°C. It also continued uninterrupted at 900°C but was
deliberatly stopped in order to identify the intermediate
phases during reaction. From the crystallographic data

it is evident that there was no iron present in the
partially reduced pellet where as most of the CI

compound had converted to CII' This conversion was

already observed in the case of iron sulphide reduction,
which supports the present evidence. The quinary compound was
also found coexisting with CII' This indicates that during
the course of reduction of the chalcopyrite mineral, most
of the iron is distributed between CII and the quinary
compounds and it is from these two compounds, finally

iron is obtained. This is the reason why no iron was
observed in the partially reduced pellets. The reduction
mechanism of bornite mineral was investigated, because
bornite is the stables

atures in the Fe-Cu-S system as the other sulphides

4.
[

complex sulphide at higher temper-

decompose.

In view of the above investigation, the reduction of
synthetic chalcopyrite was carried out by mixing it with
lime and graphite (or coal) 1in stoichiometric proportions.
The rate of reduction curve with graphite is shown in

fig 5C(2). The rate was found to increase with increasing
temperature and it was delineated into different regimes,
an initial non-linear regime and an intermediate linear
regime which contributes significantly to the overall
reduction process., The analysis of these two repimes will

be dealt with in the next section where a discussion on
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X-ray
diffraction results show that Lhe quinary compuund ig
present at the end of the reduction and it is from this
phase, both iron and copper metals are generated. The
absence of CII and CI shows that the primary steps

in the reduction process have ceased.

The reduction with coal using the same lime to sulphide
ratio is much faster and proceeds to a higher extent.

The reaction under this conditon appears to proceed

in stages. With graphite, no temporary arrests were

observed on the rate curve whereas with coal at go00°

and 850°C arrests appeared consistently. Good agreement

in the length of the plateaux was observed during the
reduction of chalcopyrite in the presence of lime with

coal, figs S5C(1) & 5C(3) . Evidently the plateaux are

an indication of a physical barrier associated with chemical
reaction which needs further investigation. The microstructure
of partially reduced chalcopyrite with graphite is shown

in plate (5C.4), where theareas rich in copper and iron

can be appreciated. From the micrograph, it appears that
copper has grown from a liquid matte phase leaving an

iron rich matte yet to be reduced. Observing such noticeable
changes in the microstructure, selected areas were analysed
using Energy Dispersive X-ray Analysis. From this analysis
the elemental distribution maps were produced and are

shown in plates 5C.1 and 5C.2 and these elemental maps
confirm the optical microscopic observations. On a fewer
areas of the reduced pellet EPMA was carried out to
determine the quantities of individual components. These

values are summarized in Table 5C.Z2.
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Fig (5C.1) Rate of reduction of preheat-treated complex sulphides and lime mixture

with graphite. Atm-Argon. Reduction and heat-treatment temperature 900°C.
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Fig (5C.2) Rate of reduction of chalcopyrite (CchSZ:CaO:C = 1:2:3)

with graphite in presence of lime.
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PLATE 5C.1

CA

Energy dispersive X-ray (ka) analysis of
CuFe52:CaO:C = 1:2:2 reduced at 1000°C in
argon atmosphere

(a) 'Cu' Elemental distribution
(b) 'S' Elemental distribution
(c) 'Ca' Elemental distribution
(d) 'Fe' Elemental distribution
(e) Sample area analysed
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PLATE 5C.1

CA

Plate 5C.1 Energy dispersive X-ray (ka) analysis of

CuFeS2:CaO:C = 1:2:2 reduced at 1000°C in
argon atmosphere

(a) 'Cu' Elemental distribution
(b) 'S' Elemental distribution
(c) 'Ca' Elemental distribution
(d) 'Fe' Elemental distribution
(e) Sample area analysed
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PLATE 5C3

5E .Sz

a) Decomp051t10n of Chalcopyrite m: two
sulphides at 800°¢C in argon. Sample etched
with acidified K CLZ 7

b) Formation of copper during the heat

eratment of CufFeS, with l1ime.T=900 o
2
Atmosphere- Argon.
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PLATE 5C-4

B X 260

Plate 5C.4: Reduction of chalcopyrite with lime
and graphitel(2s:0:€=1:2:22].

a)950°C iron rich matte with copper.

b)1000°C iron rich matte with copper.
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Table 5C.2: Electron Prohe Micro - Analysis of
Chalcopyrite reduced with praphite
at lOOOOC.CuFeSU:CaU:Ur = 1:2:3 Atmosphere

Argon.
Selected Area Normalized Results, pct.
S Ca Fe Cu 0
Area 1 21.45% 0.281 12.22 53 33 12.72
Area 2 21.75 0.111 11.78 58.04 8.31
Area 3 21.59 0.01 11.38 57.18 9.87

These results are normalized in order to determine

pct '0' by difference in the selected areas. This has

been determined by deducting other elemerts quantities

from 100 pct. Using the normalized results, hence the
percentage of CUZO, CUZS, FeS, Fe0, CaD and CaS can be
determined. Since these areas were essentially those from
where caopper had grown from the matte phase, the EPMA results
also prove that the matte is richer in iron and metallic
copper formed 1is in equilibrium with this matte under the
prevailing conditions. A great deal of similarity was observed
in the two mattes produced under different conditions - a)
the matte produced during the heat treatment of chalcopyrite
with lime, b) the matte produced during the reduction of

chalcopyrite which indicates similar reaction sequences

might be occuring in the two situations.

The effect of indirect reduction on the rates of direct
reduction of sulphide was investigated by reducing chalcopy-
rite pellets in a carbon monoxide atmosphere. From the rate
of reduction curves shown in fig 5C(4), it 1s evident

that the reduction of chalcopyrite at temperatures 850°¢C,

300°C and 1000°¢ proceeds at a similar rate but the reduction
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kinetics at 950°C are much slower than the above. It also
proceeds producing several plateaux on its way to
completion. Optical microscopic investigation was

carried out on this pellet and it showed two well

defined regions, - a region rich in iron on the periphery
and a region which was depleted in iron with a few
scattered copper nuclei, see plate 5C(5). The iron rim
resembled very closely to those observed during the reduction
of iron sulphide with CO, see plate 5B(3). A rim of this
kind was observed at 1000°C also but it was located in a
very small section of the periphery. Geometrically, the
pellet after reduction at 1000°C was slightly deformed
indicating the presence of liquid. No such evidence was
observed at 850°C or 900°C. From the X-ray diffraction
results, a variable amount of CI and CII compounds in
conjunction with quinary compound was found which can be
correlated with the extent of reduction taking place at
any temperature. The crystallographic data does not agree
with the mass balance and the reasons why a higher
proportion of Cu is formed in preference to iron, can be
explained in terms of 802 evolution which accounts for the
higher weight loss. The presence of oxysulphide compounds
were observed in conjunction with metallic copper during
the heat-treatment of chalcopyrite and bronite in presence
of lime in argon atmosphere. Also no drainage of liquid was
observed during this heat-treatment which could possibly
account for a higher weight loss. If this would have
occured the relative amounts of copper and iron in the
remainder of the sample would have praportionately
decreased. Therefore, during the reduction of chalcopyrite
and bornite with CO it is the weight loss due to 502 which
gives a value of weight loss higher than the expected

stoichiometric value.
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Fig (5C.4) Rate of reduction of chalcopyrite with CO in presence

of lime (CUFCSZ:CHU = 1:2).
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PLAT E 5€<6

X 1265

Plate 5C.5: Reduction of CuFeS,:Ca0=1:2 at 1000°C
with CO. “

a) Formation of iron rich rim and eutectic
colonies.

b) Core slightly richer in metallic copper.
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(ii) Discussions:-

(a) Thermodynamics of the Reduction Mechanism.

The reduction of chalcopyrite mineral proceeds in the
presence of lime as an exchange medium. During the course

of reaction copper metal is produced by the exchange
reaction. Considering bornite is the stablest mineral at the
ogperating temperature, it can be written:-

Cu_Fe 34(5) + 6Cu70(s] = 17Culs) + FeS(s) +

5
3507(g] (5.17).

In the above equation, the standard state of copper oxide
has been considered as pure solid. The standard free
energy change for bornite (CUSFB 84], has been calculated
from INCRA reports and by drawing the best line whose
equation is AG2 = 45839 - 84.48T. The Standard Gibb's Free

T
Energy change for equation (5.17) is AG§7 = - 9011 -120.967 vels

gives -the value of the equilibrium constant as 5.74 1024
at 900°C for which the activity of CUZU at unit activity
of FeS and at a PSO, = 1.0 atm is °Cu,0 = 7.47 x 1077,
under this condition, & unit activity of FeS cannot be
expected because of the existence of a liquid phase which
has been observed during the experiment. Thus, under the
conditions of one atmosphere of 802 a more appropriate
relationship can be derived on the basis of above

equilibrium i.e.:-

6 log aCUZU - log es T T log K (5.18)



191-

At any temperature, if CIENS decreases, the value of aCu20

would also simultaneously decrease. In the present

situation, the activity of FeS is lowered in the presence

of lime to form compounds CI and CII or a liquid. Qualitatively,
it can be said, at the temperature where the quinary

compound or quinary liquid exists, a decrease in the

activity of Cu20 is expected. In the presence of carbon as a
reducing atmosphere, the value of aCUZO would decrease

further to form copper and carbon monoxide or carbon

dioxide gas. This equilibrium has already been discussed

earlier in this chapter.

{b) Related Phase Fields and the Path of Reduction.

From the observations made on the reduction of bornite and
chalcopyrite minerals it can be appreciated that the
campounds CI' CII and the quinary compound exist under
different sets of conditions. In order to illustrate their
presence it is essential to construct a relevant phase
diagram. A correlation between the phases is drawn in

Fig 5C(5). From the X-ray diffraction results, it is
evident that compounds CI and the quinary co-exist only

in the absence of any reducing agent. From the results of
iron sulphide and from Appendix 1, we know that the

existence of C. is possible in an oxidizing condition. It is

for this reasog CI’ the quinary and CaS co-exist together
during the heat-treatment when no reducing agent was
present. This also justifies the presence of magnetite and
iron during the heat-treatment of preheat-treated chalcopy-
rite with lime at 900°C. In this case, CI and the quinary
are present and are in equilibrium with CaS. The existence
of CaS in relatively high oxidizing conditions can be
interrogated but the reason why CaS is not oxidized to
CaSU[l is because of the presence of Fe which controls the
oxygen potential in the system. In the previous section it

has already been shown that compound CI is unstable under
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reducing conditions, hence “l oo omposes to CII and Cas.
From then onwards, the reduction of CII proceeds to give
iron and CaS as discussed earlier. From the crystallographic
data summarized in Appendix 1, the presence of the

compount C appears to produce conditions which stabilize

II
the quinary compound. The phase stabilization may be

related also to the similarity of the crystal structures of
Cr1-
cells which are basically tetragonal. By comparing the 'd’

spacings of CII’the quinary,and bornite,many similarities are

bornite and the quinary compound. THey all exhibit unit

observed. Once the quinary and CII are the only phases
present the two composition co-ordinates move concurrently
towards the CaS corner to give Fe,Cu and CO gas. Thus, it

can be summarized that in the initial stages copper is formed
as a result of the exchange reaction and during this

process FeO-CaS forms because of the higher oxygen potential
prevailing in the system. In the early intermediate stage

C, reduces to CII and finally CII and quinary compound

I
reduces together to give metals.

(c) The Rate Governing Steps.

The rate of reduction curves, shown in figs 5C(1) to 5C(3)
indicates clearly that different routes have been taken
during the course of reduction of the sulphides. If all

the rate curves for the direct reduction of sulphides are
considered the effect of the reactivity of the carbon seems
to be significant. The rate of reduction curves for graphite
can be divided into two regions the initial non-linear
region during which copper is generated purely as a result
of the exchange reaction. Also, in the initial stage, the
activity of Cu20 appears to be higher and is reduced by
generating 802. The linear intermediate stage represents

the reduction of the compounds or the relevant liquid - the
first to reduce is C, to CII (or liquid) and then the reduction

I
of CII (or liquid) commences simultaneously with that of the
quinary compound. From X-ray diffraction data it is evident
that the reduction of the quinary compound or liquid continues

until the reaction
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is complete, hence it is the reduction of the quinary
compound or liquid by carbon which governs the overall

rate of reduction. It is believed that the quinary

compound probably melts between 900-950°C and its

existence at room temperature is caused by its fermation
during cooling. The rate of reduction curve with coal can
only be compared in terms of relative rates of reduction.
Above 950°C, the rate of reduction of chalcopyrite with
coal is much faster than graphite but the overall reduction
is much slower with coal below 900°C. The reaction at 850°C
and 900°C proceeds by forming a plateau. The initial rates of
reduction above 900°C are comparable which indicates the
mechanism of reduction above 3800°C in the case of coal

and graphite, is identical. This is also evident from

the comparison of slopes of these rate curves that the
reasons for the appearance of plateaux could be the

following:

a) If the relative rates of reduction of compounds are
significantly different, in that situation, it may
be possible that CI and CII are easily reduced by
carbon, the quinary would not be produced hence

the reaction would temporarily cease.

b) If a layer of calcium sulphide has formed around Ca0,

the reaction might temporarily stop.

c) If the volume of liquid at a particular temperature
is relatively small in comparison to solid, the
reduction reaction would proceed relatively slowly
and a situation may arise during which the oxygen
transport mechanism is affected by the separation of

the liquid and the reducing solid surface.



Amongst the above reasons, the Jast appears more reasonable
because if the other two had been dominating the reaction,
they should definitely have been effective in the case

of reduction with graphite. The chances of existence of a
sulphide layer around lime particles is remote as

both the ternary Cu-S-0 and quatérnary Fe-Ca-S-0 liquid
exist above 840°C. It is also evident from the comparison

of the slopes of rate curves with graphite at 350°C and
QUOOC, which appear to be parallel indicating that the
mechanism of reaction is similar. Since the rate of reduction
with graphite is much slower than with coal the reduction
reaction would be sustained all the time without the formation
of the plateau as at any instant of time, a significant
volume of liquid will be present to maintain the transport

of oxygen to the carbon surface. Oxygen transport is
impossible if the reduction is fast enough to consume all

the liquid. The mechanism of reduction is slightly

different at 1000°C where a eutectic between iron and

iron sulphide exists. This might be the reason why the
reaction is extremely fast at 1000°C and is only altered

by the relative reactivity of the carbaon particles.

From the rate curves obtained for the reduction of preheat-
treated lime-chalcopyrite and lime-bornite mixtures, the
reaction proceeds in the former case whereas in the latter,

it stops and recommencement was only possible at higher
temperatures. From the X-ray data no iron was generated in the
former case but all CI has converted into CII' So the

partial reduction curve shows the primary step involved in

the production of iron. The cessation observed in the latter
case throws some light on the fact that the quinary

compound probably melts at 950°C and from then onwards the

reduction mechanism is altered.
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In the case of indi:icct reduction of chalcopyrite, it is
evident that the rate is independent of temperature except
at 950°C. The rate curves are parallel showing the
mechanism of reduction is identical. A similar observation
was made during the reduction of a cupric sulphide with
lime. The reaction appears to be controlled by a pore
diffusion mechanism and hence the rates are insignificantly
affected by the temperature. On the other hand, the rate
is drastically affected and is much slower at 950°C. It
proceeds by forming several plateaux. As discussed earlier
a solid layer of iron has formed around the periphery
indicating that the rate of removal of oxygen associated
with iron has a major affect on the overall reaction.

The plateaux in this situation indicates a sufficient

time is required to maintain a transport of 0—2 ion at the
gas-solid interface from the bulk. This aspect needs
further investigation as far as preferential depesition

of iron on the peripheral surface is concerned. From the
reduction curve it appears that cementite formation is
prevalent at all temperatures except 1000°C. With increasing
temperature cementite formation becomes more difficult

and in the present situation it is not affected by the
partial pressure of sulphur in the system. At lDODOC, no
cementite was observed because of the higher activity of
CUZU in the system which offers a higher pressure of CO
within the system. At other temperatures where relatively
large amounts of copper are produced, such a condition
does not prevail and cementite formation commence. At
QSOOC, most of the cementite formation has taken place

around the peripheral iron.
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NOTE:- The presence of quinary and tuaiernarys compounds
at 800°C shows that both iron and copper are tied up in
the form of compounds not as a pure sulphide phase.
Habashi and Dugdale (1.20) observed a decrease in iron
removal beyond 0.2gm of Cal per gram of bornite. From

the wuaternary  phase diagram on Fe-Ca-5-0 system it is
evident that the two compounds are possible and can

occur with the quinary. The amount of lime used for
bornite reduction at which 100 pct iron removal was
expected must be a critical value beyond which the
compound formation tendency commences. Hydrogen reduction
of such compounds is expected to be very difficult in the
solid state where product morphology might be the most
important factor to govern the rate of removal of iron.
These worker's results appear to be very anamolous because
in the same system where lime beyond 0.2gm/gm of bornite
appears to adversely affect the removal of iron from

the bornite at 800°C, it helps the removal of iron in

the case of chalcopyrite, see fig (1.5} and (1.6). These
results are not substantiated by the results of the
investigations carried out by above workers using hydrogen

as a reducing agent.
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Chapter 5.

5.1 P.C. Hayes Internal Reporl. Univ. of Strathclyde
1977

5.2 R.J. frueham Met. Trans vol. 4 1973 pp 2123 - 2132
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Chapter 6.

Calcination of Calcium Sulphate.

6.A. INTROBUCTION.

This chapter has been devoted to the investigation on
the mechanism of calcination of calcium sulphate in

both reducing and inert atmospheres. In addition to
being important with respect to the major subject of
study in this investigation, this subject has drawn
attention in the past pertaining to the desulphurization
of limestone (6.1,6.2). Pyrites is invariably associated
with natural lime stone, and during its calcination
process, it decomposes to pyrrhotite resulting in CaS,
SO0, and CO formation according to the following

chemical equlibrium:-

3FeS(s) + 3CaCD3(s) Fe304(5) + 3CaS(s)

+

Co(g) + ZCDZ(g) (6.1).

At the reaction front because of the generation of 52
vapour a gaseous reaction with 82 and CDZ may possibly

give rise to CO and SDZ' SO2 generated in this way reacts
with Cal to form CaSU4. It is likely that the decomposition
of pyrite to pyrrohtite may result in the conversion

of CaCD3
depending upon the temperature, it is possible that

to CaS according to equation (6.1). Also
FeS may form an oxysulphide matte as a result of S—2

ion exchange with lime. Little is known about the
existence of the oxysulphide phase (1.18,2.12,2.26,2.28),
in which CaS could dissolve. Consideration of results in
a recent publication of Turkdogan and Martonik (6.3)
clearly indicate that this liquid has a significant

solubility of CaS and on cooling it gives FeO, CaS & FeS.
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This aspect has been discussed at greater length

5 where the investigation of the

in Chapter
reduction mechanism of iron sulphide was considered.

The thermodynamics of calcination have been studied

by Darken and Wriedt (6.4). A detailed thermodynamic
investigation related to the phase diagram and the
possible univariants and invariants has been carried out
by several workers (6.5,6.6,6.7,6.8) at different
temperatures. From these thermodynamic investigations,
two probable mechanism for the calcination ofCalu,

t

anhydrite suggested as below:-

i

CaSD4(s] + CO(g) CaO(s) + SOz(g) * CDZ(g) (6.2)

o)

I

Cal(s) + S0,(g) + 3C0(g) (6.

CaS(s) + 3C02[g) 2

and the related equlibrium constants are:-

log Ky = log (Pco,/Pco), Pso, - 20325.3 -9.481 (6.4)
S —

log K, = log (Pco/Pco.), Tso, = -20,000 + 9.27 (6.5)
2 2 2 - 20,000

The calcination of sulphate has been investigated in order
to relate this reaction mechanism w!inP occurs diring
the carbothermic reduction of copper sulphide. Ouring
the reduction calcination of CaSO4 the equilibria are

represented by the following chemical equations (G.8}:

CaSDd(s] + 2C(s) = CaSl(s) + 2C02(g) (6.6)
o = -
AGG.G = 30230 75.06T
CaSDA(S) + 4C0(s) = CaSl(s) + 4C02(g] (6.7)
BGE = - 49740 + 7.27

6.7
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Once the sulphide is formed the calcination may proceed

according to the following reactions:
3Ca804(s) + CaS(s) = 4Cal(s) + 4802(g] (6.8)
AGg o = 222670 - 151.967

For the conversion of sulphate to lime in a reducing

atmosphere the governing chemical equilibria are:

Cas0,(s) + C(s) = CaO(s) + SO,(g) + CO(g) (6.9)
ac® = 83030 - 77.32T
6.9
Cas0,(s) + CO(g) = Cal + SO, + CO, (6.10)

0
6.10

AG 43220 - 36.197

In the investigation carried out by Turkdogan and Vinters,
on the reduction calcination of calcium sulphate, it
has been shown that the rate of reduction varies with

the reactivity of the carbon and hence reaction (6.8)
suffers accordingly limiting the rate of sulphur
elimination if the rate of oxygen removal from the system
is raepid. The calcination of the sulphate in the presence
of calcium sulphide appears to be gas diffusion controlled
ie when the reaction is carried out with a light 1inert
gas the desulphurization rate of the sulphate and sulphide
is enhanced. A relationship between temperature and the
rate of reaction has been shown that the theoretical
reaction rate and the observed rate vary by an order of
magnitude. The reason for this discrepancy lies in the
equilibrium value of the partial pressure of sulphur
dioxide calculated from the standard Gibbs FFree Energy
change for the reaction (6.8). The entropy change in the
free energy data appears to be very high and has been

confirmed by data from two sources (6.10,6.9). The variation
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of the rate of @+ : ' inn with temperature, when calculated
using the following rate equation (6.11) was found to be

in good agreement with that observed by Turkdogan and

Vinters.
e b
n = 2 (p - p ) (6.11)
SO2 RT 802 802

nSD2 = rate of 802 evolution
Z = proportionality constant
R = gas constant
T = temperature in degree Kelvin
pgo = pressure of 802 at the reaction front = equilibrium

2

pressure.

p bulk gas S0, partial pressure = 0
802 2

The rates calculated by Turkdogan and Vinters and those
calculated according to equation (6.11) are shown in

fig (6.1). Glasson and 0'Neil (2.25) have reviewed the
mechanism of reaction (6.8) and have studied the stability
of various phases. Considering the route of reaction via
an intermediate phase CaSD3 the modified equation can be

represented in the following form:-

3CaSO4 + CaS = 4Ca803 = 4Cal + 4802 (6.12)
The predominance area of CaSO3 and the equilibrium constant
for the decomposition of sulphite to oxide and 802, and its
disportionation to sulphate and sulphide are shown in
fig (6.2). It is evident that the sulphite is unstable
above 705°C and the predominance area contracts with
increasing temperature. On the other hand, from fig (2.11](2'12]
it is evident that the sulphate and sulphide can only
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coexist together only up to 700°C in agreement with

Glasson and 0'Neils calculation.

During the calcination of CaSD4 gither in the presence of
carbon O with 'Cas in inert atmosphere , the conversion
of sulphate to lime takes place presumably via a gaseous

species S0, in agreement with the predominance areea

3
diagram shown in fig (6.2) ie increasing 802 pressure
decreases the predominance area of Ca0. Thus according

to Glasson and 0'Neil:-

3CaSD4 = 3Cal0 + 3803 (6.12)

CaS + 3803 = Cal + 4802 (6.13)
The rates of these reactions are apparently fast and
according tao Turkdogan and Vinters (6.1) the activation
energy of the reaction is identical to the enthalpy
change involved in this reaction ie AH® = 55.9 Kcal/mole
of SDZ' The activation energy of such magnitude indicates
that the rate is not governed by pore diffusion of 50,
into the bulk gas phase. Such a activation energy Falis
in the range of 5-10 Kcals. This shows the anemaly of the
rate controlling step. From the value of activation energy
observed by Turkdogan and Vinters, it seems that heat
transfer from the surface to the reaction interface plays a

significant role and could give rise to a high activation

energy.

During the calcination of CaSU4 in the presence of carbon,
it may be possible that CaS is oxidized directly by CD2
according to reaction (6.3) which only happens if sufficient
C02 is generated within the system ie parallel progress

of reactions (6.2), (6.6), (6.7) and (6.10) is necessary.



Thus it iuilows that under the conditiun of high pCOZ/pCU.
the sulphate-oxide univariant would be prevalent which
agrees with the univariant relationship shown in fig

(6.3) (-9 Attempts have been made to elucidate the
mechanism of calcination (2.25) in terms of crystal
structure and bonding. The reaction (6.8) with CaS0,
intermediary is identical with the dissociation reaction and
involves the breaking of S5-0 bonds to release a 802
molecule. The stability diagram shown in fig (6.2) justifies
the decomposition thermodynamics and the remaining oxygen 1is
co-ordinated with the metal ion. The channel within the
structure are bounded by six Ca+2 ions each connected to
sulphite groups via oxygen. Arrangements of groups

around the channel is such that the pyramidal SOB—

species have their apical sulphur directed towards the
centre of the channel, thus oxygen can be bonded to this
sulphur to form tetrahedral 504_2 group, the oxygen is
donated by SO, molecule see fig (6.4). The resulting SO
could react with SD;2 to give sulphur. Both 802 and SO

have been found to be present in the effluent gas.

Thus the sulphur can:

a) associate with another sulphur atom to form a diatomic

molecule which could escape from the structure.

b) exchange with an oxygen attached to Ca+2 to form CaS

The complete mechanism suggested by Glasson and O0'Neil
is depicted in the form of a schematic diagram shown in

fig (6.4).
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6.B. EXPERIMENTAL TECHNLIOUL .

The experiments to investigate the kinetics of calcination
were carried out in a similar manner to the carbothermic
reduction experiments discussed in Chapter 4. The
investigation was carried out with A.R. Grade CaSD4
granules which were preheated in air at 1000°C to

liberate any water of crystallization present. The
calcined CaSO4 was then crushed and mixed with A.R. Grade
calcium sulphide (CaS) also dehydrated and calcined in

a dry intert atmosphere. To understand the kinetics of
calcination of CaSO4 in the presence of CaS, two types

of experiments were carried out:

a) with stoichiometric mixtures of CaSO4 and CaS according

to equation (6.8) in an inert atmosphere

b) with CaSD4 - CaS composite pellets in their respective

stoichiometric proportions in an inert atmosphere.

For reduction calcination of sulphate, the powder was mixed
with spec pure graphite. In addition, reduction with CO

was also carried out with CaSD4 pellets. For reduction of
CaSD4 pellets with CO a gas flow rate of 500 ml per

minute was maintained through the double wall silica tube.

6.C. RESULTS

i. The Reduction of €alcination of Calcium Sulphate

The investigation on the rate of reduction of calcium sulphate
in the presence of carbon was carried out using mass balance

analysis according to the following equilibrium:

CaSDA(S) + 4C(Gr) = CaS(s) + 4C0O(g) (6.14)



and plotting the weight loss observed at a particular

instant of time.
and from the X-ray diffraction analyses,

analysis was carried out.

The results

a complete

of the mass

From tha construction of rate curves

balance analysis and the X-ray diffraction analysis are

arranged in the Table 6.1.

Table 6.1:

Observations on the Reduction Calcination of

Calcium Sulphate.

Mass balance I - X-ray diffraction analysis.
amalysis
Mixture Temr Atmos. 40 Pct Pet N L )
Composition or Po,* 10, ;wt loss red- LaS  Lai)  taU LaSU, valO, Gr
%
6.1 raSO,:t + 1:4 1000% Ar 16.74 77.04 vs t
6.7 latugit e 1:4 oo ar 146,25 75.97 v M e ws B
f.‘ with Cu ' Cu-
’ . w
; '
i ;
“5.3 La50,:C + 1:4 50 Ar |«:5‘52 74.96 Vs W ~ _ _ f
1 !
To.a casg,iC ¢ 1:a 9509 Ar iax.sx 68.55 v oW . u n
B with Cu . Cu-w
i
6.5  CoSU, 950°r; 0 47,05 99.94 vs - - v - -
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The phase combinations saown in Table (6.1) are given

in terms of their relative intensities on the diffraction
pattern. Although the above mixtures were stoichiometri-
cally adjusted for the aformentioned chemical equation,
in the X-ray diffraction pattern calcium oxide and
caleium hydroxide(Ca(OH,were observed which could only
occur if the desulphurization of sulphate commenced
simultaneously according to equation (6.8). Turkdogan

and Vinters (6.1) in their investigations had observed
the desulphurisation of sulphate with stoichiometrically
inadequate amcunts of carbon, ie Ca804:C = 1:2. The rates
of reduction of CaSD4 at different temperatures are

shown in fig (6.5). From Turkdogan's work, it is evident
that the amount of sulphur converted to 802 is relatively
high with inactive carbon and the reaction is essentially
governed by the reactivity of the carbon surface. The
presence of catalysed carbon reduces the amount of SO2
evolution from the mixture. A comparison of sulphur

converted as S0, and as CaS is shown in fig (6.6) (6'1].

From the rate curve shown in fig (6.5), it is evident that
there is no effect on the rate of reaction at 1000°C with
copper additions whereas at 950°C the rate of reduction has
been significantly affected by the presence of copper.
Calcium carbonate was observed after reaction in the case
of direct reduction of sulphate. Although calcium carbonate
is unstable above 3900°C in the present situation possible
reasons for its existence will be discussed later in the text.
Furthermore, the reduction of sulphate with carbon monoxide
was found to be much faster than with graphite. It proves
that the faster removal of oxygen from the sulphate does
not allow the reaction (6.8) to proceed thus no lime nor

502 is generated as a result of reduction.
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ii Inert Atmosphere Calcination of Calcium Sulphate.

During the reduction calcination of sulphate, the presance
of lime showed that part of the desulphurization of the
mixture proceeds according to equation (6.8). This aspect
was snrparately analysed to understand the combined
mechanism of calcination. Following the equilibrium
represented by equation (6.8), the rate of calcination
curves were drawn on the basis of the stoichiometry of the
chemical reaction. The mass balance analyses together with
X-ray diffraction data on the stoichiometric mixtures of
sulphate and sulphide are arranged in Table 6.2 for the

different temperatures:

Table 6.2: Observations on the Inert Atmosphere

Calcination of Calcium Sulphate.

— _——
Mass balance
analysis X-ray diffrection analysis.
Hixture Yemp Atrmos -39 Pct wt Pct
Corpositior 2% 902 - 10 loss Red. Ca0 CaS CaS0, Ca((}ﬂz
6.1 | €aS0,:Cas + 3:1  900°C  Argon a1.83 | 78.4¢ n ur n n
6.7 | CaSO,:Ca5 » 3:1  950°C  Argon $1.33 | 96.24 u u w vs
6.8 | CaS0,:CaS « 3:1  1000°C Argon 38.41 | 72.02 - " s s
6.0 [ CaS0,:Cas « 3:1  1000°C Argon 38.93 | 73.01 - - - -
6.10 55504:CAS < 3:1 1000°¢ Argon 37.33 70.00 - - -
Terperature 1050°C  Argon 11.20 | 21.00 - - - -
raised to |
5.11|Ca50,Cas + 3:1 1050°C  Argon 51.09 | 95.80 - W W vs
6.12/CaS0,Ca5 + 3:1  1000°C Argon 29.75 | 93.29 | - - -
Coarse particle ;
of CoSOd- 193u
« 104u “
|
T




'that over- a range of tempepature goo°c to 1050 C Bhe:: . T
operative mechanism of overall Peactlon varies w1th .
temperature see figs (6.7) and (6.8). One mechanlsm

appears at 1000 C and 1050 C and the d1¥Ference 1n the

slope of the rate of ca101nat10n curves is. Pelated

apparent actlvatlon energy oF the reactlon in thlSl .
temperature range. The other notlceable fact From the'

rate curves, at these temperatures, is the extent: to ‘which
the reaction proceeds. At lQODéE; it is evident that;the
reaction has suddenly stopped.ane sudden cessatidnfd? the
reaction at 1000°C will be discussed later in theftext.

On the other hand, when a dual temperature treatment was
given to the mixture, the reaction at 1050°C proceeded

at much slower rates than expected from the results of the
1050 C 51ng1e treatment. From the observatlons made in thlS
temperature range, a 51gnlflcant dlfFerence 1n the rate
was observed with coarser partlcles of EaSD ( 153u + 104yu).
Th1s, once again proves that some parameter is 1nf1uen01ng

the overall rate to a large extent and 1is very sen51t1ve to

temperature and partlclev51ze.

A large difference in the slope of the rate{oF reactions
at 950°C and 1000°C was observed although, the initial

rates up to about 5% reductlon, at these two temperatures

were reasonably similar. An approx1mate comparlsofl':
a‘slopes at d1F¥ePent temperatujes is shown 1n fig | (
It is also ev1dent from the comparlson OF rates :a
dand 950°¢C, aFter the initial reactlon ‘that the reactlon

seems to follow a similar mechanlsm (a linear pOPtl n of these
two curves]): Followed by a short” parabollc regime. f??bm

then onwards at 900° C, the reaction proceeds at a linear’

rate. The quantitative mass balance is carried out in the'

P

A
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discussion section of this chapter where the significance

of different reaction regimes will be considered.

The influence of particle size, the sudden cessation of
reaction and its further progress at a slower rate at
1000°C suggests that the progress of chemical reaction is
probably inhibited in some ways which seems to be related

to sintering.

Microscopic analyses were carried out on the calcined samples
and the indications are the product layer grows from the
outside of the pellet to inside. Energy Dispersive

X-ray (EDX) analysis was carried out across the interface

of the product and the reactant. On the basis of EDX
analysis elemental distribution maps were produced. The
schematic diagram for the growth of product layer is shown
in fig (6.9). The morphological information obtained from
the Scanning Electron Microscopy and from the elemental
mapping of the calcined pellets show that the product layer
is very dense with very few pores, see plate (6.1la).

The microscopic analysis shows that a considerable amount of
densification of the product layer has taken place during
the course of calcination. In view of these observations,

a correlation involving the thickness of the product layer,
its densification characteristics, the rate of calcination
and the equilibrium partial pressure of 802 will be

discussed in the next section of this chapter.

Concerning the mechanism of the reaction at any temperature,
the reaction between calcium sulphide particle should stop
after some initial chemical reaction ie when a product lime
layer is formed at the CaSOa—CaS interface, but contrary to
this, the reaction proceeds at the same rate at higher

temperatures.
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At lower temperatures it undergoes completion with a

change in reaction regime. This results in a large
difference in the temperature coefficients of reaction,

as evident from the slopes, indicating that the various
mechanisms are extremely sensitive to temperature changes.
Assuming that the nature of the chemical reaction changes
after an initial stage and the subsequent reaction proceeds
with the decomposition of calcium sulphate with a product

gas intermediary ie:

CaS0,(s) = Cal(s) + SO0,(g) + 3 0,(g)-
4 2 2 (6.15)

AG$ = 110370 - 56.82T

For which the equilibrium constant for the unit activities

of lime and sulphate at T = 1273°K is:-

K 2.95 -/ = P S )’
(6.15) .95 x 10 = Pso, Fo, =2 (poz)
ie po2 = 2.78 x IU—Satm.
For the equilibrium
CaS(s) + 3 0,(g) = Cab(s) + SO,(g) (6.16)

For which the equilibrium partial pressure of oxygen at

T = 1275% is pO2 = 2.83 x lﬂ-zgatm. The equilibrium partial

pressures of oxygen for these two reactions (6.15) and (6.16)
show that the decomposition of CaSOA, under a stream of

—3Datm), would create conditions

purified argon (P92 = 10
for the oxidation of the sulphide to lime and as a result
desulphurisation could take place from the mixture. The
partial pressure of oxygen in the flowing stream of argon
makes conditions suitable for the decomposition of EaSU4

to 502 and 02.
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In line with these assumptions experiments were designed
to understand the possible operating mechanisms of
calcination. These experiments were carried out with
CaSOa~CaS composite pellets of various sizes under
identical conditions. The data obtained from these
experiments are summarized in Table 6.3. The following are
the most important features of the rate of calcination

CaSDa-CaS composite pellets:

i) The length of the incubation period for the calicination
is directly proportional to the amount of 63804
present in the composite ie the height of CaSD4

portion of the composite pellet.
ii) It is inversely proporticnal to the temperature

iii) The rate of the overall reaction is inversely propor-
tional to the height of the CaSD[1 portion of the

pellet at any temperature.

iv) The extent to which the calcination takes place is
inversely proportional to the height of CaSO4

pellet in the composite

V) Deposition of lime was observed only around the
periphery of C8804 pellet and not around the CaS
pellet.

vi) Once the product had formed at the CaS-CaSD4 interface

a loss of CaS was observed with increasing time.



Table 6.3:

Results o
(

f Composite Pellet Experiments

Argon Atm.

p = 10730 atm).
2
Experimental CaSO4 wt Temp % wh % red Incubation Calculated wi. of
Pellet Comp. T ratio deg C A B C D loss period in lime from volume
Min from velure (grems).

1 CaSC,-Cas b.66 950°¢ 0.31 0.275 0.22 - 7.38 13.84 480.0 0.0548
2 CaSt,-Cald-Cas 5.66 950°¢C 0.1075 00704 0.085 0.003 1.68 3.15 50.0 0.012¢&
3 CaSB;-Cas 3.032 1000°C 0.58 0.29 0.37 0.156 31.60 59.60 80.0 0.012S6 |
4 CaSda-fas 3.955 1000°C  0.56 0.59 0.39 0.185 19.93 37.37 140.0 0.1030 =
5 CasSO.-CesS 2.815 1000°¢C 0.45 0.29 0.435 0.047 20.11 37.67 65.0 D.0775 '
I 7.76 _ 14.56
€(CasSls E:g]m1x 1.345 1000°¢ ) ) } _ TG 1558 30.0 0.0187
7 Lablg-Cas 1.0649 1000°¢ 0.37 0.85 0.80 0.62 28.33 53.12 5.0 0.07¢
S (P aQr, o an Y 22.27 41.74 -

‘CaS9;-Tadmix 1.499 1000°C - - - - 338 .24 60.0 0.0852
S (£aS5-CaSGy 6.55 1100°C 1.23 0.25 0.415 0.06 14.32 26.66 120.0 0.1033
10 CaS-Casiy 3.321 1100°C 0.844 0.5 0.5 0.40 17.18 32.23 65.0 0.058¢E
11 CaS-Lat0y 1.683 1100°¢C Undefined layers  35.02 65.66 5. 0.03803
12 Ca5-Cal-CasSly 5.65 1100°C 0.638 - - - 8.64 16.18 - -
13 CaS0s-Cal)mi

3 C&89¢-Calimix 1.35 1000°c 0.6 0.625 0.625 0.55  8.97 18.68 20min -
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Fig (6.9) Schematic diagram of the product morphology after the

calcination of CaS-CaSOa mixtures.
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fig (6.10) Schematic diagram of product marphology after the calcination

of Cas-Cas0, composile pellets (contd).
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PLATE 6.1

SULPHUR

CALCIUM

(A)

B

x 110

(B)

Plate 6.1 Calcination of calcium sulphate

(a) CaSO,:CaS = 3:1 mixture at 900°C in argon
sulphur and calcium distribution shown

(b) CaSO, - CaS composite pellet at 1100°C in argon
sulphur distribution shown



The data for the extent of reaction, the amount of Ca804

in the composite and the amount of lime deposited around
the peripheral regions and at the original CaS - Ca804
interface are summarized in Table 6.3. The areas of lime
deposition on the periphery of the Casoq.pellet have

been defined and shown in the form of a schematic diagrams
in fig (6.10). Typical rate of calcination curves for
different temperatures and with different proportions of
sulphate are shown in figs (6.11la) and (6.11b). In one
experiment a composite pellet in which the CaS - CaSD4
interface was isolated with a lime layer was prepared and
the calcination was carried out at 950°C. It was found

that the length of the incubation period for calcination
had decreased considerably for the same geometry of CaSU4
pellet in the composite. A sharp decrease in the

incubation period for the reaction was subsequently
confirmed using a [CaSD4 - Cal mixture) - CaS composite
pellet. For calcincation of these pellets, the length of
the incubation period was inversely related to the

height of CaS0, pellet and the temperature see fig (6.11c).
It also appears although during the course of reaction
there is a presence of lime which otherwise would have
delayed the commencement of the reaction but still in those
situations the geometry of CaSD4 pellet with lime in the
mixture has an overwhelming effect in determining the speed
of reaction. The presence of lime eliminates the barrier
for nucleation. Another very important feature of these
rate of calcination curves., see fig (6.1lc), is the decrease
in rate of reduction with increase in the height of CaSD4
pellets. The preferential peripheral and interfacial
deposition of lime was once again observed in all experiments

carried out in the presence of lime. This is an indication



that lime deposition at the periphery is unaffected by

its presence as an external nucleating agent. Furthermore
non-uniform peripheral deposition of lime was observed with
the tallest CaS0, pellet at 1100°C ie a comparitively

thick layer of lime near to the original CaSO4—CaS interface.
To justify this evidence a composite and a mixture pellet
of lime and CaSD4 were made without CaS and heat-treated

at 1000°C. Microscopic observations indicate that the
peripheral deposition of lime has taken place around the
CaSO4 pellet whereas hetrogeneous pockets of lime were
observed in the case of the mixture see table (6.3).
Although these two experiments were similar,a considerable
difference in the incubation - period was observed see fig
(6.11d). The difference in the incubation period is
probably due to the area effect of the particle to

particle contact affecting the commencement of reaction.

It is also well known (6.5) that CaSO4 has a limited
solubility in CaO0 above 300°C so the necessary time to
establish this equilibrium of Ca0 with CaSD4 will also

affect the incubation pericd for calcination reaction.

In this investigation, the calcination of CaSU, was carried
out in pure and in impure argon atmospheres and a massive
weight loss was observed during the calcination of sulphate

10—30atm). The X-ray diffraction

in pure argon (pOZ =
analysis showed the relative amounts of lime and CaSD4 present

in the pellet. Whereas an insignificantly small weight loss

was observed when impure argon was used (DOZ = 1D_Batm].

The following observations were made:

i) The decomposition of CaSDAtﬁhfiﬂlml‘ in an argon
atmosphere according to equation (6.15).

ii) The extent and the rate of decomposition of CaSD4 is

. . ) .
inversely proportional to ‘07 in the gas phase.

iii} The rate of decomposition of CaSOA in the case of a

]
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mixture with Cal and with a Ca0 composite

is identical

iv) The incubation
Ca0 and in the
related to the

The incubation

period in these two expeiments with
case of decomposition of CaSD4 is
equilibration of lime with CaSD4.

period for the decomposition of

sulphate was smallest when no lime was used.

The lime formed during the reaction or the lime used in the

pellet as an external

nucleating agent tends to slow down

the overall calcination because of the limited solubility

of CaSDﬂ in Ca0. On the basis of these observations, it can

be <conclusively be said that the calcination of sulphate

and sulphide composites in a pure stream of argon proceeds

simultaneously in two

ways:

a) The calcination of CaSD4 in the presence of Ca$

according to equation (6.8)

b} The thermal decomposition of sulphate in pure argon

according to equation (6.15).

The deposition of lime at the CaS-CaSD4 interface is

confirmed by EDX Scan

analysis and the sulphur element

mapping is shown in plate (6.1b).
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Table 6.4: .Thickness of Lime on the CaS Pellet

Measured from Original Interface.

gzgigiméggal CaSOa wt ratio Temperature Thickness Remarks
- P CasS in mm

CaS—CaSO4 6.55 1100°¢C 939y = 0.0989

CaS‘CaSD4 3.321 1100°C 16.87py = 0.167 about 50-30p thicx
diffused layer.

CaS—Ca504 3.032 1000°C 145,00u = 0.145 at the interface, lime-CaS
was very diftused.

CaS—CaSD4 2.815 1000°¢C 125.5 u = 0.127 105u-185p diffuse: laver

CaS—CaSD4 3.955 1000°¢C 157.5 u = 0.157 150u-165y diffuse: layer

S2i-Cash, 1.648 1000°C 112.5 u = 0.1120 75u-105u diffused laysr.




Table 6.5: Thickness of Product Layer Ouring Calcination of

CaSO, with Lime in Oxygen Free Argon (10-30) and

Impure Argon [10—15)

Experimental  CaSO Argon - . 5 5 . .
Pellet Comp. 4 wt Atom Temp \hlckngss of Lime 5wt » red. ;nCUDatlon pericd
CaS Layer in mm loss in rm.
ratio A 5 C 0
) _ _ _ -
CaS0,-Ca0 - DOZ - 1030 1000°°C 17.64 28.28 £0.
mixt
Ce50,-Cal - Posy = 16°%  1000%C 0.C75 0.0437 0.37 0.325 37.42 64.46 240
casc, - P, = 18%° 1000 Mon Uniform Layer 30.74  51.68 40
CaS0, - %0, = 10> 1000% Non Uniform Layer 2.012  3.42 -

C2S0,-Cas 3.317 po2 = 10 1000°%C 0.375 0.10 0.20 0.025 13.98 26.19 15 minutes.




6.0). DISCUSSIONS

i) The Mechanism of the Calcination of Calcium

Sulphate in the inert atmosphere:-

The chemical equilibrium for the calcination of sulphate
represented by equation (6.8) shows that the reaction has
a large endothermic heat and a large entropy change
associated with it. Under the condition of unit activity
of all the condensed phases the equilibrium temperature
at which psoz = 1.0atm, ie AG® = 0 is T equilibrium = 1190°C.
The system reaches equilibrium at 1456°K. From our obser-
vations, it is evident that the reaction commences at
900°C. Using the equilibrium data at any temperature, the
equilibrium pressure of SO2 can be calculated from the
following relationships considering unit activity of all
the condensed phases.

equilibrium -ag%/ 0.25
RT)

(p ) = exp (
502 T

(6.17)

where AG® = 222670 - 151.96.7

The reason for the commencement of the reaction at a
temperature much below the equilibrium temperature can be
explained on the basis of Le Chatelire's Principle.

The calcination has been carried out in a flowing stream
of argon where DOZ = lO_BOatm, and this partial pressure
of oxygen is much lower than the equilibrium partial

-15 0

at 900 C.

This difference of 15 orders of magnitude in the partial

paressure of oxygen in the system po2 = 10

pressure of oxygen established a large chemical potential
gradient for the reaction to commence. The experimental
system never allows the product gas to accumulate and
influence the back reaction. This also explains the

decomposition of calcium sulphate in a stream of pure argon.



At this point, it is woril L ing tnat Lhe equilibrium
represented by equation (6.10) does not prevail as

the flowing stream of argon does not allow oxygen to

have a sufficient residence time to react with CaS to form
Cal and sulphur dioxide in the case of composite pellets.
However, these thermodynamic calculations do not

substantiate the mechanism of calcination.

From our results it is evident that the presence of lime is
essential and the nucleation.of lime is a barrier for the
commencement of the calcination reaction from the rate
data, it is evident that the incubation period is a
function of size and geometry of CaSO4 pellet in the
composite and is dependent on the temperature; which

means that the important factor is influenced by these

two parameters. From the data summarized in Table £.4,

it 1s evident that as the reaction progresses the

height of the CaS pellet in the composite diminishes.

The CaSO4 - Cal interface is mobile whereas Cal-CaS
interface is stationary with the thickness of CaS layer

in diminishing with time. This evidence together with the
parabolic nature of the rate curves justifies hypothesis

of diffusion of one of the reacting species being
influenced by these parameters.As mentioned earlier,the
calcination proceeds in two ways ie a chemical reaction
between CaS and CaSO4 and the pure decomposition of
sulphate to lime and SDZ’ it is evident from our observations
that the first mode of calcination is governed by the

diffusion of these participating ionic species.

Considering the data from the deposition of lime at the
periphery and at the interface and correlating the

observed weight loss with the thickness of product layer it
can be inferred that the ratio between the peripheral or
interfacial, lime to the total weight of lime generated is

slightly greater than 1:2. This means an equal proportion
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of lime generated at CaSOa/CaS and the CaSDq/gas interface
and the consistency suggests that they ought to be
connected in some stoichimetric manner which will
establish the mechanism. The possible mechanisms related

to the observed stoichiometry are shown below:

At the interface

2Cas0,(s) + CaS(s) = 2Cal(s) + S0,(g) + Ca*? + 2¢  (6.18)
At the periphery
Ca'? + 2e + CaSO,(s) = 2Cal(s) + SO,(g) (6.19)

Adding these two equations would give equation (6.8).

The equilibrium represented by equation (6.18) shows that
calcium ions and 802 are generated at the interface.

This mechanism is supported by the experimental observations
eg the nucleation of lime presents a barrier and the

height of the CaS04 pellet is an important factor in
governing the rate of reaction. For the continuation of the
interfacial reaction, it is necessary that the product is
removed from the interface. The gaseous product is liberated by
pore diffusion and is swept away by the inert gas, whereas
Ca+2 ions and electrons create a chemical potential gradient
for transport. Such a transport mechanism of those species
is essentially Chemical Diffusion and is much faster than
self-diffusion. This concept explains why the rate of
calcination is affected by the geometry of CaSD4 as the
diffusion distance governs the reaction rate. The electrons
can diffuse easily and their diffusion is not expected to

be the rate controlling step. Diffusion of Ca+zions

through the CaSO4 lattice is a much slower process while



S+6 ion diffusion is fast becausc of its small ionic
radius. In contrast, 0_2 ions are large in comparison to
Ca+2 ions, so that 62 ion transport would reduce calcination
reaction to a very slow process. Considering the crystal
structure of CaSDd, it is evident that 0_2 ions are
essentially distributed in a closed packed arrangements
with Ca+2 and S+6 ions occupying interstitial sites,
resulting in the easier movement for the latter ions.

Since during the transport process S+G ion movement does not
cccur, it is the diffusion of Ca+2 ions which govern the
rate of reaction. Therefore, once the conditions for
peripheral reaction are satisfied by the establishment of the
transport of ions, Ca0 generation and 802 evolution take
place according to equation (6.18). This mechanism explains
every possible variation in the reaction rate discussed.

In order to prove the validity of this mechanism

experiments were carried out in impure argon and the weight
losses and the thickness of the product lime layers were
correlated. These data were in agreement within the
experimental error mainly due to the formation of porous
lime. These experimental results are arranged in Table 6.5.

The rate curves are shown in fig (6.13a) and fig (6.13b).

Once the lime layer develops at the interface, the
mechanism of reaction alters. The growth of lime at the
interface separates the CaSD4 and CaS and the further
reaction only proceeds via diffusion of the sulphate and
sulphide ions through calcium oxide. Turkdogan et al (6.5)
have investigated the solubility of sulphate and sulphide
in lime and solubility data is shown in fig (6.12). The
partial solubility of 804'2 of 8_2 ions in lime have been

verified by EDX analysis, see plate (6.1b) where the
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presence of sulphur diffused into Cal can be seen.

This plate shows the penetration depth of 5-2 ion in CaO
during the course of reaction. The mechanism of calcination
of composite pellets indicates that the presence of lime
has a pronounced effect on the rate of calcination. The
rate of calcination of calcium sulphate is remarkably
affected by the way lime is made available inside the
pellet as an external nucleating agent. If lime-CaSO4
composite is made, the incubation period is much longer
than the case where lime is mixed with CaSO4 particles, see
fig (6.11c) and fig (6.11d). In presence of lime, it is

the total surface area of contact between CaSO4 and Cal
which governs the initiation of the reaction as the surface
area determines the area over which the equilibrium

between lime and CaSD4 is taking. This e?gilibrium is
essentially due to the solubility of 804 “ ions in Cal

at that temperature. Thus in case of composites where the
diffusion distance is relative larger the equilibration
time is also longer before the calcination reaction
commences. An approximate calculetion has been carried out
to determine the diffusivity of S+6 ion for the given

geometry of pellet.

For L = 1.1lmm, t = 3hrs = 3 x 3600 secs, and for an
unidirectional flux of S+6 ion towards the CaO pellet, the
3.00

1]

value of fraction saturation F

77 X% 10~b cmz/sec

it
n
[WH
®
(ow]

1"
[§N]

which means the diffusion of S+6 ion is extremely fast and
hence the saturation can be attained very quickly. A third
factor in addition to the diffusion of ionic species and

their solubilities in (Ca0, appears to influence the reaction.

ie the densification of the lime layer. This factor seems to
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have affected the overall reaection by bringing it to a
permanent halt. Sintering of the lime layer presents an
impervious layer through which 502 diffusion is retarded

in the later stage. This effect can be seen in fig (6.13)
where the reaction has suddenly stopped. From the rate data
at different temperature and sintering characteristics of
the lime layer it is apparent that the densification is

maximum at IOOUOC.

From our experimental results it is evident that calcination
is faster with small heights of CaSDa, and a correlation
between temperature and rate has been established. Thus, a
geometric factor (g) has been considered and is defined as
the area to volume ratio of Ca804 pellet (in mm—l) and
attempts have been made to correlate it with the initial
slope of the calcination reaction. The data are arranged

in the Table (6.6) and the correlation is shown in

fig (6.14). Plotting (-) log g% Vs g (mm 1) a

relationship was established for two temperatures. From this
graph, it is apparent that the mechanism is identica: ak
higher velue of 'g' where a different mechanism is operative.
Had there been no change in the mechanism, the curves

would have been parallel. Since the diffusion distance plays

a very important role in the reaction, the increase in the

volume to area ratio (1/g) causes the rate to decrease.

Considerations of the dependence of rate with the geometric
factor shows that both the diffusion process and the

partial pressure of 502 is exponentially related with the
temperature. The difference in the activation energy of the
diffusion process is related to the parallel portion of the
curve but an alteration of the mechanism can be seen at
lower temperatures with lower 'g'. If the diffusion distance

and the equilibrium partial pressure of 502 are affected



Table 6.6: Relation of CGeometric Factor (g) With Temperature.

Bzlizs Comp Temp ~C Interface Vol of Int. A Int. 'A' Calculated wt of P
AT in mm (rm)3 Mass in Grams lime at int. 'A’ igzatw.
from wt. loss.

CaSG, - CaS a50°¢ 0.31 9.82 0.032 0.0241 10730
CaSS, - CeS 1000°¢ 0.58 18.37 0.061 0.0567 10"3?
Casg, - CaS 1000°C 0.56 17.73 0.0586 0.0451 1070
CeSS, - CaS 1000°C 0. 466 14.76 0.0487 0.0340 19730
CaSC, - CaS 1000°C 0.37 11.71 0.0387 0.0333 1073¢
Casl, - CaS 1100°C 1.23 38.95 0.1285 0.0452 107"
Cas0, - CaS 1100°¢ 0.844 26.73 0.088 0.0300 107"
C2SC, - CaS 1000°C 0.375 11.86 0.039 0.0261 10718

-ubd
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by sinlcring a change in the mechanism may be expectiod. Thus,
a steeper slope at lower 'g' is observed at 1000°C and

is related to the sintering of lime. Also, the more

product produced around the periphery the greater is the
sintering tendency because it produces a lower number of
pores in a large volume by reducing the surface energy of
the particles in the bulk. The sintering of lime layer thus
alters the mechanism much more dramatically than any other
parameter. This results in virtual sealing of all pores
creating a greater and greater barrier for the pore

diffusion of SDZ'

(ii) The Mechanism of Calcination of CaSD4 and CaS

Mixtures.

On the basis of the results and discussions on composite
pellets reaction, the mechanism of calcination of CaSO4 in
the case of mixtures can be explained. The basic mechanism
of calcination remains the same except, all the individual
particles of CaSO4 and CaS represent a composite pellet

ie particle-to-particle contact. In a flowing stream of

3Oatm the calcination proceeds

argon having p02 = 10
according to equation (6.18) by generating Ca+2 ions and
electrons followed by their migration so that reaction (6.19)
can proceed producing time and 802. Both steps commence
simultaneously at the solid-gas interface which is

tentamount to saying that the reaction front moves from the
outside inwards. As the reaction commences, 802 is swept

away from the reaction front to maintain reaction in the
forward direction. Thus over a certain duration of time

one expects product interfacial movement.

The comparison of the incubation period and the rate of
calcination of sulphate in mixtures and composites are

remarkably different. The incubation period in the mixture



is very small compared o e oot 0 The rate, on

average is 3-4 times faster than that for composites.

One peculiar feature of the reaction in the mixture is that
it enters different regimes. Comparing the rate of reaction
in the mixtures at different temperature, it is evident

that the rate follows the Arrhenius Relationship. But the
extent of reaction at 1000°C is smaller than that at other
temperatures. Dual temperature treatment of a mixture pellet
was carried out at 1000°C when 70 pct calcination was
observed at which point the temperature was raised to

1050°C and the rate of calcination was smaller. The reaction
proceeded at a very slow rate. Microscopic examination
revealed Ca0, which was very dense in nature, around the
periphery of pellet and sealed off the pores eliminating gas
diffusion. The cessation of 502 removal became the critical
factor which brought the reaction to a halt. It is also
apparent from our investigation that sintering is an
extremely rapid process at 1000°C and it overtakes the
chemical reaction in the later stages. An increase in
temperature to 1050°C in the case of dual temperature
treatment, leads to an increase in pressure of 502 via

the pore diffusion mechanism.

At every temperature, there is a fast initial step which
prevails for a few minutes and is followed by a distinct
linear region at 950°C and 900°C see fig (6.7). The linear
stage terminates at 41 pct calcination and a parabolic
regime commences at these two temperatures but is absent

at 1000°C and 1050°C. There the rate curve is similar to an
'S’ curve broken into different regimes. The parabolic
regime is essentially related to the growth of the lime front
from the outside reducing the rate with time. In this

case a perfect balance of rate of sintering, the rate of
chemical diffusion and the equilibrium partial pressure of
802 is established allowing the reaction to proceed to

completion.



-243-

The rate of reaction proceeds in a slightly different
manner at 900°C. In the later stages of reaction

when the parabolic regime terminc:tes, the reaction again
enters a linear regime where the pore diffusion mechanism
was established for 802 removal and governed the overall
rate. The rate of sintering at this temperature was not
significant enough to provide a barrier to the reaction.
In this regime, the rate of reaction proceeds linearly
and calculating the flux of gas through the tores has been

estimated.

The linear rate equation for the flux of 802 across the
product layer can be represented in the following form with
a simplified picture of the reaction front. In reality,

the reaction front moves with time and such a flux equation
would be valid if an assumption of a stationary interface
is made for a certain duration of time ie a quasi steady

state condition.

De
J Ar-Sso ] b (6.20)
SO 2 1
Uy o — < (DSD DSO.,j
§.RT 2 ‘
~ -1
where JSDZ = Flux of S0, (mole sec )
Oe = Effective diffusivity of 802 into the
Ar-50 .
carrier gas argon
$ = Thickness of the product layer (cm)
R = Gas Constant (litre-atm (g mole—l) (K]—l]
- 82.05 cm°atm (g mole) 1 (DK)-1

T = Temperature (°K)
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To calculate the flux of 802 the effective diffusivity
has been calculated on the basis of Binary Diffusion

of S0, in Argon 1ie Dapr-s0 where

2 2
0.5
0.0018583 | T3 4+ 1 )
"ar Msg
N - 2 (6.21)
Ar-S0., 2
AP-SD2 AP—SD2
MAr, MSOZ - Molecular Weight
p - Total pressure (atm)
c— - Collision Diameter (Angstrom)
Ar-50.
2
00 - Dimensionless function of temperature

Using data (65.11),(6.8), the value of binary diffusion was

calculated at T = 1173°K. D - 1.144 cm? sec
AP‘SDz

From Turkdogan (6.12) et al data on the calcination of

Ar-
DBAF-807 an approximation has been made, the ratio of binary
diffusion of D2and SO in argon was used and 1t was assumed
that the retio is fixed for the effective diffusivity. the

limestone, 0Oe 0, at BBSOC = 0.30 cm2 sec—l. To determine

same geometry of pores and their distribution. With this

approximation and the temperature correction DeAr—SDz has
been calculated to be 0.147 cm2 sec_l. Substituting this
value into equation (6.20), we have JSO2 = 0.02 gm (hr)_l.

Jef =
and  Jeff, S0, Jgg. X De (6.22).

2 DAF—SDz

for which Jeff. 50, = 2.568 x 10—3 gm per hour. From

fipg (6.7) taking the average of the weight loss per hour

from 13 hours onwards, %% = weight change per hour =

7.783 x an‘3 gm per hour.
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The observed and the estimated values differ by a factor

of 3 which seems reasonable in the light of the assumptions
made and the axperimental errar. The relation given -in
equation (6.20) shows the linear dependence of the pressure
on flux of 802 and the pressure in the equation has been
assumed to be the equilibrium partial pressure given by
equation (6.17). If a quantitative estimate on the rate of
sintering with the particle size and the temperature is made
the overall rate equation for calcination can be formulized

with all factors taken into consideration.

A more rigorous analysis on the flux of SD2 across the
product layer can be carried out using a cylindrical flux
equation with moving interface boundary conditions. This
aspect of mathematical analysis of the present problem has

been left over because such an analysis 1is very laborious.

(iii) Mechanism of Calcination of Sulphate in Reducing

Atmosphere

Although investigation of the reduction of calcium sulphate
with different types of carbon has been carried out by
Turkdogan and Vinters (6.1) and according to these workers
the presence of lime during the course of reduction depends
solely upon the temperature and the amount of carbon present
in the mixture. The desulphurization of sulphate takes place
under conditions such that the rate of oxygen removal is
relatively slow so any CaS formed can react with the
remainder of the CaSOa to give lime and SDZ' It is evident
from Turkdogan and Vinters (6.1) results that under certain
conditions the desulphurisation and deoxidation reactions are
competitive and this has been confirmed in the present work.
The lime formed during the course of reaction was partially
converted into calcium hydroxide and calcium carbonate
because of prolonpged exposure in the atmosphere, subsequently

verified by X-ray diffraction results.



foom fhe rates of calcination shown in fiyp (6.5a) it

is apparent that carbon monoxide reduction of CaSD4 is

very fast. The equilibrium represented by equation (6.7) has
been attained during reduction and the rate controlling
step is the effective diffusivity of the product gas CDZ

ie DeCOZ through the product layer. The back reaction is
never involved because the product gas established an
unsteady state flux which is intrinsically governed by the
binary diffusion of the two gaseous species. An equilibrium
pCO2 = 69.27 atm is achieved at PCO = 1.0 atm. Since it is
an equimolar counter diffusion situation the bulk velocity

of the reducing gas CO would not alter such a rate.

The direct reduction of CaSD4 with graphite is very

different from indirect reduction. The overall reaction can

be considered as two equilibria ie:

CaS + 4CO0

CaSD4 + 4C0 5

4C02 + A4C = 8 CO (6.23)
At the start it is the direct reduction of CaSD4 which
prevails and it is feasible that both CO and C02 form
as a result of direct reduction but mechanistically direct
reduction cannot be sustained after contact between
graphite and sulphate particles is lost. Subsequent reduction

can only progress when N generation occurs according to the

solution loss or Boudouard Chemical Reaction(6.23).It is at

this stage when an active carbon surface can play a significant
role in promoting the reaction. Graphite being very

inactive takes a relatively long time to initiate the

oxidation of carbon as can be seen from the rate of calcination
curves. At 350°C the rate of calcination in the absence of
copper is much slower than the copper catalysed Boudouard
Reaction. Tt is also noteworthy that the effect of catalyst

is effective. According to the Electron Theory of catalysts,
metals accept electrons from the graphite surface destabilizing

the carbon-carbon bonds and stabilizing the carbon-oxygen
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bond. The oxygen occupies favourable sites to initiate
oxidation. The mechanism (CD.) + C —= (cO)" + c (0}~

2
represents the formation of a (L-0) bond and brackets
represent a strongly chemisorbed oxygen, and the parenthases

a weakly chemisorbed CO molecule. The formation of a
strongly chemisorbed negatively charged oxygen is
accompanied by the formation of a positively charged
chemisaorbed CO molecule. Thus, CTu metal accepts electrons
to initiate oxidation of graphite and is very sensitive to

temperature.

The rate curves for the direct reduction of sulphate indicates

that the reduction is incomplete but there is virtually no

Ca504 left. This is because of the simultaneous desulphurization

of CaSD4 to form lime which sinters very rapidly in this

temperature range. The rapidity of Ce0 sintering

influences the reaction and forces to cease due to lack of
passage of gas through the sintered layer. Thus, once again

sintering of lime affects the reduction process.

* %k ok ok Kk ok ok ok ok ok ok ok k ok % ok k ¥ %k k ¥ k ¥



=248~

Chapler 6.

6.1 €.7. Turkdogan and J.V. Vinters IMM Trans C.
1976 pp 117

6.2 £.7. Turkdogan and B.B. Rice. SME AIME Trans vol 254
1973 pp 28.

6.3 £.7. Turkdogan and L.J. Martonic J.I. Iron and Steel
of Japan Vol 83 pp B3.

6.4 L.S. Darken and H.A. Wriedt. SME AIME Trans vol 254
1973 pp 254.

6.5 £.7. Turkdogan et al Met Trans. vol 5 July 1974 pp 1527

6.6 F.D.Richardson and E.W. Dewing Trans Faraday Soc.
1959. vol 55 pp 611.

6.7 F.D. Richardson and C.J.B. Fincham Proc. Roy. Soc.
1954 vol. A223 pp 40-62.

6.8 T. Rosengvist Trans AIME Vol. 191 1951 pp 534-40

6.9 E.T7. Turkdogan The Physical Chemistry of High Temp Tech.
Academic Press, 1980.

6.10 0. Kubacheswki and C.B. Alcock - Metallurgical
Thermochemistry. Pergamon Press 1967

6.11 R.B. Bird, W.E. Steward and E.N. Lightfoot
Transport Phenomena Wiley Int. Edition 1960.

6.12 E.T. Turkdogan et al SME Trans Vol 254 1973 pp 9.



=244 -

Chapter 7

Mechanism of Growth of Bi-Partite Whiskers.

7.1 Introductioun.

The mechanism of whisker growth remains a fascinating area
to explore and in the past several theories have been
propounded to explain nucleation and growth mechanisms.
Broadly, these theories can be classified into two

major catagories:-

a) the mechanism of whisker growth during the vaporization
of metallic compounds, which involves the solid and

vapour phases.

b) whisker growth of products following chemical reaction
especially metals during the reduction of their oxides

and sulphides.

Whisker growth from the vapour phase has been thoroughly
investigated on the basis of rigorous theoretical model

and sound experimental proof.

Many discrepancies still exist in the explanation of whisker
growth during the reduction of oxides and sulphides of
metals. However there exists some similarities between

the two methods of whisker formation. G.W. Sears (7.1)
suggested that whisker growth commences under conditions of
supersaturation of the growing species insufficient for
two dimensional nucleation. He also proposed that whiskers
are perfect except that they contain a single axial screw
dislocation. Whisker growth assisted by a single screw
dislocation is thoroughly understood and has been observed
on many occasions. J.W. Cahn (7.2) has mathematically
analysed this situation and proved that enerpetically second
phase growth of this type occurs on a screw or edge

dislocation. An alternative mechanism of whisker growth
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iuv boood on growtn around Impurilty particles, where a
single screw dislocation is generated. Thic mecihanism
seems to operate in the casc of growth of potassium halide
(7.3) rods produced from aqueous solutions. Such crystals
circumventing a single screw dislocation grows at constant
radius to form @ rod. The production of crystal of fixed
radius, in such situations, is determined by the constant
Guantity of volume free energy dissipated to create

a new surface. Brenner and Sears (7.4) suggested that
there must be an initial critical supersaturation necessary
to produce a whisker from a screw dislocation,which has

a critical seperation distance from a neighbouring
dislocation. When screw dislocations are more closely
spaced the supersaturation necessary for growth increases.

4.

In other words, higher supersaturations are expected to
yield more closely spaced whiskers. This theory establishes
an upper limit for the supersaturation essential for a
whisker growth. A system of very closely spaced screw
dislocetions allows planar growth with respect to surface

rather than a grwoth in perpendicular direction.

Brenner (7.5) also investigated whisker growth by reduction
of metal salts. In this case, the growth takes place from
the tip and there seems little doubt that growth occurs

by condensation of freshly formed metal from the vapour.
Whisker grwoth with a wide variety of shapes and degrees of
perfection takes place under these conditions. Near

perfect whiskers which exhibit high strength are bounded

by smooth surfaces. Brenner claims that whiskers bigger than
8um are rarely perfect. Coleman and Sears (7.6) observed
the growth of zinc whiskers by vapour deposition of the
pure phase in the presence of an inert gas. Whiskers of
much greater length were obtained in the presence of a gas
atmosphere than by vacuum deposition. The diameters of

the whiskers were found to diminish with increasing inert gas
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pressure. The only reason for the diminition in the
diameter of whiskers in the presence of increasing
pressure of inert gas could be the mutual collisions
between metal gas vapour and the inert gas molecules. It
seems reasonable that this would reduce the probability

of condensation of the metal vapour on the metal surface.
This is logical because at higher pressures of inert gas
more molecules will be present reducing the mean free path

of the metal vapour in the system.

7.2 Existing Models on the Nucleation and Growth of
Whiskers during the Reduction of Metal Sulphides and

Metal Oxides.

The models and principles developed for whisker growth fraom
the vapour phase can be applied to whisker growth during

the reduction of metal oxides and metal sulphides. Brenner's
observation on the need for low supersaturation conditions
during whisker growth was also observed by Carl Wagner (7.7).
Wagner's mechanism is based on his investigation on the
reduction of transition metal oxides and sulphides. A

large number of these oxides and sulphides are non-
stoichiometric and with excess anions. During the course

of reduction, the activity of metal ions increases as

excess anions are removed from the compound lattice. Once
conditions of low supersaturation are attained, whiskers
nucleate around an active surface e.g. dislocations.

A very important question arises at this junction

concerning the views of various authors. Why is there a need
for low supersaturation conditions? Although this view

was first propounded by Brenner and Sears (7.4) it needs
further explanation. It is our view that the necessity

for low supersaturation is based on the classical theory



of nucleation, Cahn's (7.2) theory on the growth of second
phases on dislocations and the Brenner-Sears's view.

The degree of supersaturation in the system determines

the equivalent amount of volume free energy which can be
invested in creating new surface. The larger the volume

free energy the larger will be surface created to accomodate
the loss of this energy. A large surface energy, which is
equivalent to large volume free energy, would give rise

to large surface in forms of defects which would not happen
if the whole process commences with small volume free
energy. The other very important factor during the second
phase nucleation is its wetting on the . substrate which,

in case of two condensed phases (solid) is the matching
planes of the product and the substrate. The extent of
matching between these two planes of the substrate and the
product can be determined by the initial supersaturation and
the surface morphology of the substrate. Since perfect
matching of planes is never achieved, this means, a slight
mismatch would create dislocations, which later in the process
playa very significant role during the growth mechanism.

This is the reason why whiskers have very few defects
whereas the epitaxy which grows in a planar direction

leaves a lot of defects.

Wagner (7.7) determined the degree of supersaturation required
during the reduction of metal suiphides and oxides and it

is related with the chemical potential of anionic species in
the crystalline phase and the related gas molecule 1in the

gas phase.



The concepl that screw dislocations intersecting a

surface are responsible for the growth of crystals from the
vapour phase at very low supersaturation was made by

Frank (7.8), Burton and Cabrera (7.9) in 1943. The theory
based on the movement of a monomatomic ledge was propounded by
these authors (7.10, 7.11), who confirmed this

hypothesis during the growth process (7.12,7.13,7.14).
Ouring the process of whisker growth angular bends and twists
have been observed (7.15,7.16,7.17) and several reasans

have been suggested for these morphological charactristics
of a growing whisker. On the basis of the work carried out,
no significant conclusions can be drawn about the prevalent
mechanism. Wagners mechanism is the first relating to
whisker growth during the reduction of metal sulphides and
oxides. During the reduction of iron oxides, iron

whiskers have been observed by several workers and different
explanations have been presented. Wenzel (7.18) suggested
that iron whisker growth occured by the decomposition of a
sub-oxide to iron and oxygen. However, this theory was
discarded because no suboxides were found to exist in

the vapour phase.Finnstrom (7.18,7.20) suggested that
metallic whiskers can grow from the tip on the basis of
Gibbs-Thompson effect (7.21) which suggests that a curved
surface has higher energy than a flat surface. In the

case of whisker growth, a convex tip has a high surface
energy due to curvature and because of the presence of screw
dislocations, which makes the surface energetically unstable.
Thus, if the diffusing species can be carried to the tip
growth occurs from this point preferentially. Finnistrom
suggested that absorbed metal ions exist during the course
of metal oxide reduction and the favourable sites for such
adsorption is the surface of the oxide or the side of the

whisker. Between the two sites for metal ion adsorption, the
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former appears to be very reasoconable whereas, the latter
is less convincing as the most favourable site on a

whisker is the tip which 1is energeticelly unstable.

Observations made by Lu (7.22) on ireon whisker growth
mentioned the formation of 'Young' and 'Mature'’

whiskers. 'Young' whiskers are thin and short and become
thicker and longer with increasing time. His observations
on 'Mature' whiskers gave no indication that the tops

of these whiskers were always thinner than the base.

Lu also reported that the starting size of a nucleus of
metallic iron should be in the order of tens or hundreds

of angstroms. It is reassonable to expect that these nuclei
would grow laterally rather than upwards to become extremely
thin whiskers. The preference for lateral growth rather
than longitudinal growth is acceptable in relation to the
large initial surface area where several screw dislocations
exist. The main objection to Lu's work is that no reason

is given for the lack of lateral growth when whisker growth
is initiated. He concluded that growth may result from

the clustering of rejected impurities which originated

in the oxide phase. Considering the repetative nucleation
of whiskers on the substrate, such clustering of impurities
and hence the provision of heterogenous sites for
nucleation seems reasonable and is in accordance with his
observation. However, it gives rise to a serious objection
that if impurities all invariably present during whisker
growth processes what reason exists for whiskers grown by
vaporization of halides exhibiting a different morphology.
An explanation for the stubby growth of whiskers will be

given later.



The growth of metal fibres (7.23,7.24,7.25,7.26) was
observed during hydrogen reduction of non-ferrous metal
sulphides in the presence of lime. In case of nickel
sulphide (7.23) growth was suggested to proceed because of
the presence of a liquid Ni352 and Ni mixture and in all
other cases Wagner's mechanism seems to be responsible.
Similar explanations were given by several workers,Wagner's
mechanism vividly explains the nucleation mechanism of
whiskers on the energetically favourable sites but it does
not explain the mechanism of growth nor can an explanation
be offered for the morphology of whiskers. The energetics
of growth and the related morphology has been discussed
earlier, and explains how the volume free energy is

expended to give whisker growth of defined morphology.

In general, the fTavourable conditions for whisker growth

can be stated as follows (7.27):

a) structural anisotropy in the crystal lattice

b) additive-induced growth due to the presence of
impurities

c) active sites for nucleation (catalytic interfaces of

screw dislocations).

Whiskers started to grow in a number of distinct stages:-

a) an induction period resulting in nucleation
b} a primary growth stage known as leader growth,

sometimes followed by step (c) or directly by step (d)

c) @ secondary thickening or over growth

d) slowing down or cessation of growth
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These steps represented schematically in fig (7.1) have been
observed by Finnstrom (7.19) from direct observation

during reduction of wustite with CO/N7 = 40:60 mixture.

7.3 Conditions for Whisker Growth

In this section growth mechanisms influenced by various
factors are presented briefly to justify the conditions

for their growth as stated in the previous section.

a) Structural Anistropy:

The majority of crystaishave anistropic structures to a
varying degree so that the external crystal faces have
differing surface energies depending on the type of atomic

bonding and the extent of atomic packing.

b) Additive or Poison Induced Growth:

In this case, whisker growth results from impurities.
Two possible mechanisms have been suggested on the
basis of the surface of a crystal which could have either

surface vacancies or surface adatoms.

i) In case of a surface adatom, the presence of impurities
enhances the value of the surface diffusion coefficient
by providing a preferential site on a specific crystal
faces. Hence, it influences the development of other
planes by harnessing the existing anistropy of the
crystal besides creating additional anistropy.

Mathematically 1if DS is represented by an equation of

the type.
0

oo (B) 5 ()4, e (42)] 0.
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= is surface diffusion coefficient
= no. of adatom on a particular crystallographic

plane

= no. of favourable sites where adatoms can move

in the absence of impurities

enthalpy of formation of an adatom

1]

= temperature
= gas constant

= no of impurity atoms on the surface.

by providing impurities on the surface, the enthalpy

of adatom formation is reduced enhancing the value of DS

ie adatoms associate preferably with impurities to those

favourable sites on the crystallographic plane.

ii)

In the case of surface vacancies, the movement of a
vacancy is enhanced because of the presence of certain
impurities which are smaller in size -"than the substrate
atoms. The vacant site on any crystallographic plane
will move faster in the presence of such an impurity

as the impurity atoms would always have & tendency to
associate with atoms on that plane If 'B' is the
binding energy of the impurity atoms then the impurity
vacancy complex (nVI/NO) is related to the concentration

of free vacancy [nv/N ) and impurity concentration
o
(ny/Ng) by

[ ) = (nq) 7T
{PVI/N I exp{ . [ (7.2)
\ g No RT Na
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hence an increase in DS will result. This is essentially

true when there is a negative heat for absorption and the
impurity size is smaller than the substrate atom.

On the other hand, if the jump frequency of the vacarncy

or adatoms are sufficiently reduced because of the slow
movement of the impurity atoms (when the size of the impurity
atoms is bigger) then DS would significantly decrease.
Collins & Shewmon (7.28) and Gjostein (7.29) have given the
experimental proofs and theoretical model for this

aspect of surface diffusion.

c. Whisker Nucleation:

In whisker nucleation and in some mechanism of their
growth it is usually necessary to postulate an active
sites on the substrate, such as an existing screw
dislocation or the presence of impurities. Generally,
the mechanism of nucleation is governed by Wagner's

theory.

7.4. The Anistropy of Surface Free Energy - The Shape

and Faceting of Surfaces.

The surface of a crystalline solid is structurally
imperfect because of the existence of number of

'"broken bonds' and the surface energy of each crystalline
surface plane is related to the number of broken bonds
present on each plane. It is for this reason that the
surface energy of each plane varies leading to anistropic
values. By way of explanation, a two dimensional crystal
with chemical bonds associated with nearest neighbour atoms
has been considered and a rigorous analysis was presented

by Mullins.



A crystal surface substending an angle 8 to the crystal
plane (001) is made of a series of terraces and steps

with a minimum number of broken bonds. The surface has

been created from a region of a perfect crystal separation
from its intersecting surface for which the energy needed
is Uy times the number of broken bonds f(B) where f(8)

is the number of broken bonds on each surface corresponding
to a unit distance along the (001) base, see fig (7.2).

+ tan 8/a (7.3)

£ (e) - 2

where 'a' is the interatomic distance and the first term
in equation (7.3) represents the number of broken bonds
in an (001) plane. Whereas, the second term for the vertical

broken bonds is related to:-
o = the surface free energy = Ub £(8) (7.4)

8
2/C0S8

where 2/C058 is the total surface created in unit volume.
Substituting (7.3) in equation (7.4)

Up [g:+ tane]coss

O =
8 5 a a
- %P (COSB + SinBd) (7.5)
7 a
ie og = b (COS (g - a/4) (7.6)

1
al?)’
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which is the equation for a circle in polar co-ordinates
having diameterlgé subtending an angle 1I/4 to the
positive axis and passing through an origin ’0'. Calculations
have been carried out for three dimensional crystals

where different bond energies are considered for bath the
first and second nearest neighbours. Such calculations
provide a value of surface energy as a function of
orientation for different values of bond energy ratio f
where a graph of surface energy in these terms is called

.a o - plot. The polar o - plot allows a clear demonstration
of the Gibbs-Wulff theorem ie for any total surface free
energy represented by an area integral of the function

o dA, the solution of the theorem predicts an equilibrium

shape.

Investigations on the anistropy of surface free energy of
bcc and fcc metals were carried out by Sundquist (7.31).

As expected the faceting of planes (100} and (111) is seen
with fcc metal crystals (lum) and (110) and (100) facets
with bcec metals. Some of these equilibrium shapes are shown
in fig (7.3) and fig (7.4). Comparing Sundquist's

observed equilibrium shapes and theoretically predicted
shapes for fcc metal it can be concluded that the

observed and predicted shapes are in excellent agreement.

According to Gibbs, the adsoption of impurities can reduce
the surface energy, o, and the change in surface energy

associated with an impurity is given by:-

do = 75 d 1n a, (7.7)



where'ré is Lh surface excess of impurity romsonent and

a, is the activity of the impurity in the pas phase. In the
case of oxygen, as a gaseous impurity the activity is related
to the square root of partial pressure of the gas reaches

a maximum when a monoatomic layer is formed with adsorption.

This for a, = RT 1n P>

do = 7, RT d In p, (7.8)
2
ie T = - 2 do
2 BT [ aTnpz} T'pz (7.9)

This equation gives a value of the reduction in surface
energy due to a impurity adsorption and can be
experimentally determined if the observations on the
variation of the surface energy with partial pressure of
oxygen are made. On this basis, it has been found that

the lowest energy plane for copper is {110} contrary to the
observations of Sundquist who showed that the lowest

energy planes in fcc metals are {111} and {100j}.

Indeed, the faceting of a surface is the same problem as that
assocliated with the development of an equilibrium shape.

In general, faceting occurs with the production of
crystallographic planes close in orientation to low-energy

planes, such as {111} plane in silver.

In the present work, various aspects of structural changes
are covered where both surface energy and anisotropy of

surface energy appear to play a significant role.
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Fig (7.1) Schematic representation of whisker growth process.
a - Leader growth b - Secondary qgrowth

¢ - Cessation of growth.

Fig (7.2) (a) showing a surface plane at an overall angel @ to a
close packed plane (001) in a simple two dimensional cubic crystal
together with the 'matching' surface. (b) The expected variation of
surface encrqy as a function of @ bonds formed to nearest neighbours

only.



Fig. 7-3 Examples of (a) profiles and (b) typical replicas of small f.c.c. nickel
particles annealed in dry hydrogen at 1273 K for 100 hours. The cquilibrium
shape is faceted, but with rounded corners and edges. (After Sundquist 1964,
courtesy of Acta Met.)

0.831 «
(b)

0.870 095 097 0.956

Fig: 724 (a) Model of the experimentally dctcrr.ninc.d typica'l cquilit;num
shape of {.c.c. crystals. (b) The o-plot that ufould give rise to tfns. experimen-
tally determined shape, scaled for comparison wn‘h Sundquist’s calculated
model illustrated in fig. 4.8(d). The hexagonal faces in (a) are the (111} plancs
and square faces {100}. (After Sundquist 1964, courtesy of Acta Met.)
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7.5 Experimental Procedure.

The experimental apparatus used has already been described

in Chapter 4. The experiments were broadly divided into

twhy categories - the mixtures and the composites.
Stoichiometric mixtures of copper sulphides and copper

oxides were prepared and heat-treated in an argon atmosphere.
These mixtures were subsequently reduced at 1000°C in

argon atmospheres in a graphite crucible packed with graphite
as shown in fig (7.5). Any weight change which occured during
the reduction was recorded on the chart recorder and the
overall weight change using an analytical balance. Composite
pellets of cuprous oxide and cuprous sulphides were prepared
and heat-treated in argon atmospheres at 1000°C for different
lengths of time. The weight changes which occured were
recorded in a similar manner. The heat-treated oxysulphide
mixtures, ie the reduced pellets and the heat-treated
composites, were examined using optical and electron
microscopy to determine morphological changes which occured
during the course of reaction. The heat-treated

oxysulphide mixtures were also analysed using an X-ray

diffraction technqiue to identify the phases present.

On the JEOL Scanning Electron Microscope, semi-quantitative
analyses of the desired areas were carried out by
considering the relative intensities of the Energy
Dispersive X-ray spectra. A few experiments with sulphide
and lime mixtures in their stoichiometric ratios were

carried out at 1000°C with graphite and in CO atmospheres.



Argon

Argon

alumina

crucible

(b)

__ } Argon
1l§ ~Pell-et
N ~ graphite powder
,-51\ packing
3
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N
2N
N\
Graphite
Crucible

(a)

Fig (7.5 ) a) Arrangement of composite pellet inside alumina crucible

b) Arrangement of pellet in graphite crucible.
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7.5 Results.

-,

a) Whisker Growth in the Case of Oxysulphide Mixtures.

Oxysulphide mixtures heat-treated in argon atmosphere

were reduced in graphite crucibles at 1000°C. Prior to
reduction, the related phase relationships for different
compositions are shown in fig (5.5) in Chapter 5.

The mass balance analyses and X-ray diffraction results are
summarized in Table 7.1. Thermodynamic calculations
carried concerning equilibria which exist in ternary section
have been discussed in length in Chapter 5. During the course
of reduction of the mixtures presented in Table 7.1,
morphological changes were observed and these changes
together with weight losses are summarized in table 7.2.
From Tables 7.1 and 7.2 it is seen that the compositions

of oxysulphide mixtures lying in the (L + Cu CUZS) phase
field have undergone immense morphological changes. The
reduced pellet showed many thin, long fibres produced at
the gas-solid surface. The Scanning Electron Microscopic
results shown in plate 7.1 show that the extent to which
these fibres or whiskers grow is phenomenal in such a

small time. The length of these 'thin' whiskers was
measured to be greater than 5000p in length. The tips -of the
whiskers were examined using Scanning Electron Microscopy
and ere illustrated in plate 7.2. It is obvious from the
Scanning Electron Micrographs that the tips consist of a
liquid phase. The presence of a crystal, a frozen drop and
platelets at the tip of these whiskers supports the view
that more than one phase exists. The various structures
present at the tip have been analysed using the EDX
technique and the results are shown in Table 7.5. The
variations in Cu/S ratio for these tips substantiates the

compositional variations of the material deposited.



Table 7.1 Heat-Treatment of Copper Oxide - Copper Sulphide

Mixtures at 1000°C in Argon Atmosphere.

Mass balance

Mixture Temp. Atmos. 34
Corposition Oc. Pet. wt Time o = 10 ~atm. Cu.S Cu S  Cu S Cu,0 Cu0
, o 2 1.96 1.93 2
loss in hr. 2

1 CuS:Cu0 = 3:1 1000°%¢ 15.21  3.00 Ar VS VS VS WM Wwooo- -
2 CuS:Cul = 2:1 1000°C 14.72  3.00 Ar Vs VS VS WM W -
3 CuS:Cul = 1:1 1000°C 18.10  3.00 Ar S S 5 S M s -
4 CuS:Cud = 1:3  1000°C 13.33  3.00 Ar - - - VS - Ms -
5 Cu,S:Cul = 1:1 1000°C 14.35  3.00 Ar M M M S WMoVS -
§ Cu,S:Cul = 4:1 1000°C 4.30  3.00 Ar VS VS VS WM WM -
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Table 7.2

Reduction of Preheat-treated Oxide Sulphide Mixture

of 1000°C in Graphite crucible in a flowing stream

2

of Argon.
Iqitgal Zorp Terp OC Pct.wt.loss Atmos. -30 Time Comp. in Cg—S-O . Struc?ural Changes
of mixturs during red Py~ 10 in hr. ternary prior to Th}n Th;ck Faceted Lig. Precipi
2 reduction Whiskers Uhiskers Shapes phase ‘ates.
IR CuS:Cul = 3:1  1000°C 0.113 Ar 3.00 L+ CUZS - - - - -
2R CuS:Cuw0 = 2:1 1000°C 0.791 Ar 3.0 L+ Cu + CUZS Yes Yes Yes Yes Yes
3R CuS:Cud = 1:1  1000°C 3.74 Ar 3.0 L + Cu - Yes - Yes -
4R CuS:Cu0 = 1:3  1000°C 14.2 Ar 3.0 Cu* Cu,0 - - - - -
SR Cu,S:Cu0 = 1:1 1000°C 0.236 Ar 3.0 L + Cu - Yes - Yes -
BR Cu,S:Cu0 = 4:1 1000°C 0.235 Ar 3.0 L + Cu + CuS Yes Yes - Yes  Yes.




Table 7.3

Reduction of Sulphides with CO and Graphite

in presence of lime at 1000°C.

Mixture Como. TempOC Total pct wt  pct 'O’ Time REMARKS .

loss lost
ECUZS:CBO = 1:1 1000°C 5.40 72.56 2 hrs. Formation of liquid phase during
. the reduction.
Y *
iCuS:Cal = 1:1 +10002[3 13.75 32.51 4 hrs. Evolution of SO0, and S during the
i 800~C experiment, Crystals of CupS grew from
i the top of the pellet.
X
iCuS:Cal:C = 850°C 4.66 32.21 8 hrs. CaS04 was found during the course
11‘1‘2 of partial reduction of sulphide.
L

4+

Pct recduction calculated from the weight loss occured

The mixture first heat-treated in argon at 1000°C and

Pct weight loss includes sulphur weight loss ie total weight loss.

during CO redution.

reduced with CO at 800°C



Table 7.4 Heat-Treatment of Copper Oxide and Copper
Culphide composite.

Composite Oiam. of Tenp.OC Atmos. Time in Mole pct Structural Changes
Specification anposite hrs. of 802 Th?n Thick Faceted Liquid precig-
in cm lost. Whiskers Whiskers Shape Phase itates
10 Cu 59- Cu20 0.635 1000 Argon 20.0 0.0185 - Yes Yes Yes Yes
11 Cu S Cu20 1.27 1000 Argon 0.75 - - Yes - Yes -
12 Cu S Cu2 . 0.8635 1000 Argon 7.25 0.022 - Yes - Yes Yes
13 Cu 0- CUZS 0.635 1000 Argon 7.25 0.018 - - - Yes -
14 CUZS VUZD 1.27 1000 Argon 24.00 0.2708 - Yes - Yes -
15 CuZS Cu20 0.8635 1000 Argon 8.00 0.0934 - Yes Yes Yes Yes
16 CUZS Cu, 0, 0.635 1000 CO2 24.00 0.0778 - Yes Yes Yes -
17 CUZS Cu20 0.635 1000 Argon 24,00 0.0583 - Yes - Yes -
18 CuZS CUZD 0.635 750 COp 15.00 0.0231 - - Yes - -
13 CuS-Cu0 * 0.635 1000 Argon 16.00 0.505 - Yes - Yes -
20 Cuzs—Cu2D 0.635 1000 Argon 15.00 - - Yes Yes Yes -
. Cu20 positioned in upward position *Mole pct of S 0.1382

and CUZS down.

CUZD and CUZS surface seperated by
slitted pt-foil.

lost in no 18




Teble 7.5 Energy Dispersive X-ray analyses of the various morphologies developed during

the treatment of the various pellets. The analyses is semi-quantitative in

nature because of the intensity peaks obtained on the spectrum are celibrating
against pure copper CUZ-xS' Cuz_xﬂ, Cu0 and CuS.

Intensity Ratios:- CUZS, Cu/ g= 1.66. CuS: Cu/S = 0.735, Cu; Cu peak height = 88.0

CuZD, Cu Peak Height = 70.0, Cu0, Cu Peak Height = 45.
EDX Analysis carried out in terms of Cu/s Ratio

o Faceted Surface.
Expt Temp Atmos. Tip of Stem of Tip of Stem of {Precipitate | 1 2 3 4
Mo, | OC Thin Thin Thick Thick on Whisker
! Whisker Whisker Whisker | Whisker
|
2R ¢+ 1000 Argon 2.20 2.66 - - 73.0 14.93| 77.0 25.0| 12.8 1.635 - - -
2.72 4.6 - 3.05
5.51 - - -
3R 1000 Argon - - 81.0 - 81.0 - - - - - -
5R 1000 Argon 2.5 - 4.4 - - - - - - - - - -
BR 1000 Argon 1.38 2.09 - 6.27 25.0 35.0 | 25.0 35.0 3.60 - - - -
2.5 2.74 - -
3.87 5.97 1.33 - )
7 1000 co - - - 55.0 - 55.0 - 3.30 - - - -
Symbols Used: 1. Reqgular Hexagon 2. Irregular Hexagon
3. Square 4. Rectangle 5. Irreqular Shape
6. Circular Shape 7. Others. * Bi-crystals see plate (7.6(D)
8*

.The pellet first heated at 1000°C in argon atmosphere and
the pellet was reduced with CO.



Table 7.5 Contd...

Expt

Atmos.

Tip of

Stem of

Facted Surface

5 Tip of Stem of Precipitate | 1 2 3 4 5 5) 7
No. C Thin Tin Thick Thick on VWhisker
Whisker Whisker Whisker Whisker
8® 1000 co 1.65 1.68 |1.65 1.68 3 3 A L i L
1.7 - 1.75 -
g 850 Argon - - 55.0 50.0|55.0 50.0 - - - - - - - -
Qua
10 1000 Argon 3.12 3.31 {3.12 5.7 1.68 _ -
4,66 - - - I 7.14 1.77 - 3%.8 30 8.4
12 1000 Argon - - 37.0 - 138.0 - 2.40 - - - - - - -
- 45,0 | - -
14 1000 Argon - - 56.0 - 5.0 - - - - - - - - -
- 45.0) - _ 45.0 . Rl
15 1000 Argon - - 45.0 - | 45.0 - Eutectic 10.19 2.98 7.3 - 3.78 7.11 ™
- 51.0¢ - 51.0 2.02 36.8 2.89 o
3.13* . - Spi
16 1000 C02 - - 75.0 75.0 = 75
17 1000 Argon - - 74.0 74.0 2.31 1.22 - - - - - -
18 750 C02 - - - - - 4,20 - - - - Spi
18 1000 Argon 9.8 8.8 67.0 - | 67.0 -
- 65.0| - 65.0 - - - - - - - -
20 1000 Argon 4.5 3.5 3.5 3.3 - - - - - 11,635 2.83.08.1 - .32 5.3
2.5 - - -
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PLATE 7.1

Plate 7.1

Growth of bi-partite whiskers during the reduction
of copper oxide - copper sulphide pellet
preheat-treated in argon at 1000°C.

(A) CuS:CuO = 2:1 pellet reduced in graphite
crucible for 3 hours
(B) CuZS:CuO = 4:1 pellet reduced in graphite
crucible for 3 hours



Plate 7.2 Scanning electron photo micrograph of the tip of
bi-partite whiskers.

(a) & (b) CuS:Cuu = 2:1

(c) & (4) Cu2S:CuO = 4:1

Z° L dALYId
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PLATE7-3

B X 180

Plate 7.3: Heat treatment of Cu78-8820 composite in
argon atmosphere at 7T000°C.

A) At CUZS—CU2

B) Growth of copper from the top surface of
CUZS.

0 interface deposition of copper.



Plate 7.4

¥ L 3LVId
=97 c-

Growth of copper whiskers from the surface of
Cu,S during the heat treatment of Cu,S - Cu,0
at 1000°C. (Axgon) -

(A) and (C) 8 hrs (B) 4 hrs (D) 20 hrs



Plate 7.5 Faceting of on the surface of Cuzs during the
heat treatment of Cuzs = Cu20 composite at
1000°C in argon

S°L ALV1d
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F - facet S - striations

Plate 7.6 Morphological changes occurred on the surface of

CU2S during the heat treatment of Cu,S - Cuy0
composite at 1000°C in argon
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PLATE 77

Plate 7.7: Growth of Cu,5 crystals during the dual
: treatment of“CuS:Ca0 mixture in CC and
growth of pure Cu whiskers in case of
CuS-Ca0 reduction with carbon.
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PLATE 7-8

C

Photographs of Cu,S-Cu,l
with Cu whiskers.”

a) 20hrs b) 45 minutes c)

ymposite

20hrs.

pellets
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PLATE 7-9

treatment
Z

s}

0 composite at 750°C in LU

Cu2

il

Whisker growth during the heat
of Cu

.9

Plate 7




Cu$S

Fig (7.6)

Numbers on the flvxe  diagrom refer to the
experiment numbers in table 7.1 prior to
prcheat-treatment in argon. The numbers with
primes represent the compositions after

prehecat-treatment.

A- L+ Cu,S D- L+Cu+Cup
B—L‘OJ*CUZSE— L*CL.O#CUZO
C-1+Cu F- L+Cup

G-L+CWO J-QﬂoCuz[]
H -Cu+Cu20 K - Liquid.
I —CU&CUZS

Sl

CuU
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Similar variations were observed on the stem of the

whiskers.

In addition to these 'thin', 'long' bi-partite whiskers

a few whiskers of different morphology were also

observed on the exposed surface of the pellets. These
whiskers were 'short' and 'thick'. The morphologies of
these short whiskers is shown in plate 7.1(B) as indicated
by an arrow head. The EDX spectral analysis of these
whiskers which are in a minority shows that their
composition are very close to the composition of pure
copper. From the weight loss results observed during the
course of reduction it can be concludedthat the oxides
present in the mixture after the heat-treatment must be
partly reduced and as a result of this copper has nucleated.
From the relative positions of the two mixtures (no:2 and
no:6) within the Cu-S-0 ternary, it is evident that a
slightly higher weight loss would be expected in case of

no:2 which is reduced in graphite crucible.

The oxysulphide mixtures represented by no:3 and no:5 whose
compositions fall in the univariant (L + Cu) phase field
developed one type of whisker after reduction in graphite
crucible at 1000°C. The whisker grown under this condition
was of latter morphology ie 'short', 'thick' whiskers.
The compositions for these mixtures after heat-treatment are
shown in the Cu-S-0 ternary diagram see fig (7.6) and from the
compositions the relative amount of oxides can be estimated
which accounts for the weight loss. The similarity of the
composition of these whiskers are confirmed by the EDX
analysis shown in Table 7.5. No whiskers were observed
during the reduction of composition 1 whereas a large
quantity of copper was observed on the surface of the

pellet when mixture 3 was reduced. This mixture contained
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a large guantity of oxide and hence the greatest weight
loss was observed. No fibrous growth was observed
in either case and the reasons for these structural

changes will be discussed later in this section.

b) Whisker Growth During the Reduction of Sulphides

in Presence of Lime with CO and Graphite.

Mixtures no: 7 and no: 8 were reduced with CO for different
lengths of time and during the course of reduction the
morphological changes observed in these pellets were
significantly different although the atmospheric conditions
were identical. Pure copper whiskers were observed in the
former case whereas in the latter pure CUZS crystals grew,
see plate (7.7), as confirmed by EDX analysis. The presence
of pure copper whiskers was also observed when CuS and Cal
mixtures were reduced with graphite at 850°C see Tables
(7.3) and (7.5). There was a striking similarity in the
morphology of the copper whiskers which grew in different
conditions and similar observations were made, in the case
of the reduction of an oxysulphide mixture in a graphite
crucible. Under all conditions where only pure copper
whiskers grew the density of whiskers on the surface of the
pellet was small. Both bi-partite whiskers and pure copper
whiskers always grew at the solid or liquid gas interface
which means that the gas phase plays a very significant role

during the growth of these whiskers.

c) Growth of Whiskers during the heat-treatment of

Oxide-Sulphide composites.

Composites of CUZS - Cu20 when heat-treated in a flowing
stream of argon at 1000°c produced significant macrostruc-
tural changes. These macrostructural changes were largely

related to the presence of a liquid phase in the Cu2S CuZO



eetn binary section at 840°C as discussed in the
Chapter 5. The macrostructural changes are discussed below
in all those situations except experiment nos: 13,16 and 18,

see Table (7.4) and (7.5).

i) Whiskers o copper were observed on top of the Cu28

pellet.

ii) Many nuclei of copper in the form of protruded surface
entities appeared on the peripheral surface

see plate 7.8.
iii) Voids were observed at Cu2S-Cu20 interface,

iv) The peripheral surface of the CUZD portion of the

pellet was coated with copper.

v) A substantial amount of shrinkage was observed in the

Cu,0 pattern of the pellet.

2
The pellets after heat-treatment and scanning electron
microscope analysis were prepared for optical microscopic
examination. The following are the inferences drawn on the

basis of optical microscopic examination:-

i) Morphologically both the whiskers and tiny nuclei of
copper were very dense ie no porosity was observed
although SO, was evolved ie neither macropores nor

2
micropores were observed.

ii) The coating of copper on the peripheral surface of
CUZD was found to be porous in nature, indicating some
gases were evolved during the formation of copper which

did not happen when whiskers were observed, see plate

7.3.
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iii) Cracks, which were uniquely seen 1in CUZD composites
at the interfaces, were observed and they were

almost parallel to the interfacial plane.
iv) No copper layer was observed at the CUZS surface.

v) Diffusion of copper in the CUZO pellet is manifested
in the microstructure in the form of small particles

well distributed in this matrix, see plate 7.3.

vl) Few copper particles were observed in the matrix

of CUZS{

vii) Copper growth was also observed on the periphery

of Cu,S, see plate 7.3.

2

On the basis of the scanning electron microscopic analyses,
the variation in length of the copper whiskers with time

has been shown in Table 7.6.

Table 7.%: Variation of the length of copper whiskers

with time.

Experiment no. Time in hr. Length in Microns Atmos. TempOC
no 10 20.0 3000 - 3200 Argon  1000°C
no 12 7.25 600 - 700u Argon  1000°C
no 14 24.00 > 3500y Argon  1000°C
no 15 8.00 850 - 1000p Argon  1000°C
no 20 15.00 2000 - 2500y Argon  1000°C
no 19 16.00 700 - 1000u Argon  1000°C
no 17 24.00 50 - 60y Argon  1000°C
no 16 24.00 very undefined  CO, 1000°C
no 18 15.00 5S4 -  10u co,, 750°C




length of whisker (microns).

T T T ~T T T T
—J
o- L7 yst pel”
@- L vs t rel”
L
103} fo
U]
2
10°F 1100
0-0 4-0 8-0 12:0 16-0 20-0 24:0

Time in hr t ,

Fig (7.7a) Length vs time and (length) vs time relationship during the

whisker growth in case of CuZS—CUZO composite pellet. Temp r

1000°C Atm-Argon.

(micron)?

A A



2 log L

Fig (7.7b)

i ¥
©2 logl vs t 8 loglL vs t
7. 0} - 17.0
6.0 L o 16.0
1
N
. o<
c o=
0 |
[ 2]
5.0 k 15.0 8
(e
o
4.0 + {40~
A
—
[AY
3.0 _Ar/)&’,,,/"””'“ﬂ”'_———_——* 1 3.0
1 1 1 1 1 i A - A
7.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 22.0 24.0

Time in hr (t).

Logarithmic relationship of length of whiskers with time in case of
CUZU - CuZS composite heat-treatment at 1000°C in argon atmosphere



-289-

The tabulated values on the length of whiskers indicate
that length increases with time and a correlation between
the length of the whiskers and time is shown in fig (7.7)
The relationship is a typical 'S' type curve. From the
tabulated data, it is also obvious that the growth of
whiskers is directly related to the structure of the
Pt-foil (expt no:17) whereas in C02 atmospheres massive
oxidations of CUZS has resulted in the formation of
copper. A very unusual feature of the deposited copper at
1000°C and on unaltered CuZS at 750°C was observed to be a
typical spiral growth, which was very similar in structure
to striations shown in plate 7.6(B). From plate 7.8 it is
seen that whisker growth is also affected by the contact
surface area at the CUZS - CUZO interface. It can be seen
in this photograph that the whiskers are only grown on
selective areas at the top of CUZS pellet. This selective
area is continually fed by a supply of copper from the
CUZS —(lbD interface. The areas with no whiskers had
undergone remarkable morphological changes. A few of them
are shown in plates 7.5 and 7.6. E.D.X. Scan analysis of
these areas were carried out to quantify the compositions
and a wide variation in the compositions were observed

as summarized in Table 7.5. A complete section has been

devoted to explain the development of such morphological

changes.

7.7 Discussion.

a (i) Discussion of Results of Reduction of Oxysulphide

Mixtures in Graphite Crucibles.

The reduction mechanism and the morphological changes
associated with it is related to the composition of the

oxysulphide mixtures after heat-treatment, see fig (7.6)
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The compositions indicate the relative amounts of

material present in the Cu,S - Cu-Cu0 ternary system.
Evidently, the presence of a liquid phase in this ternary
phase field is only possible at pSD2 = 1.0 atm as all these
mixtures were heat-treated and subsequently reduced in a
graphite crucible with Protal” 1.0 atm. Therefore,
depending upon the composition the mechanism of the

reduction will be decided by the:

a) gas-liquid reduction mechanism
b) solid-liquid reduction mechanism

c) solid-solid reduction mechanism

The first mechanism is expected to contribute little because
of the continuous flow of argon gas. Any carbon monoxide
generated will be continuously swept away from the system.
For this reason, the kinetics of reaction are slow with a
very small extent of the total oxygen removed. Thus, in

this process, oxygen is removed from the oxysulphides

mainly by solid-solid reduction mechanism. The removal of
oxygen from any composition can be represented by drawing

a tie line from the oxygen corner of the ternary phase
diagram through the composition co-ordinate which would

eventually intersect the Cu—CuZS edge.

ii) Growth Mechanism of Bi-partite Whiskers

It is quite clear from the ternary phase diagram that the
thermodynamic properties are invariant in the (L + Cu + CUZS)
phase field which means the compositions and activities are
constant at a particular temperature and pressure. Since the
liquid is in equilibrium with pure copper metal and pure

CUZS solid therefore, the liquid must reject Cu and CUZS

to keep its activity constant as oxygen is removed. Thus, the
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soncumitant depositlongf two materials on the removal of
oxygen is consistent with the thermodynamics of the

system. On the basis of the Lever Rule, variations in
composition along the length of a whisker can be explained,
if copper whiskers are growing near bi-partite whiskers, in
that situation CuZS and Cu will be precipitated at the
expense of each atom of oxygen is removed. The relative
proportion at each stage remains the same but the material
is distributed between copper and bi-partite whiskers.

The amount of material rejected will vary continuously

with the decrease in the volume of the liquid. There is
another reason for the variation of the composition along
the length of whisker which might happen because of 802
evolution during the reduction. In that situation the tie

line will be different from oxygen tie line.

In the (liquid + Cu) univariant phase field the removal

of oxygen allows the composition of liquid to change and
as a result of this copper deposition takes place. Copper
formation occurs till a composition is reached which is
represented by the tie line intersecting the boundary of

(L + Cu) and (L + Cu + Cu,S) phase fields. From this stage,
onwards the removal of oxygen results in the deposition of

Cu and CUZS together.

In the (Cu + CuZU) invariant phase field, the removal of
oxygen results in the formation of pure copper and the
thermodynamic possibility of the growth of bi-partite
whiskers does not exist. It has been reslized from the
aforementioned thermodynamic principles that the growth
mechanism of bi-partite whisker is essentially a
solid-liquid mechanism controlled by the gas phase as an
oxygen sink.While an attempt to gxplain the mechanism of

whisker growth is made it is also necessary to appreciate
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the thermodynamic factors w!li: :h certainly plav o major

role in the nucleation and growth process by determining

the driving force necessary for the nucleation and subsequent
growth. From the available literature it is evident that

for whisker nucleation a driving force equivalent to the
activity of the material slightly higher than unity is
necessary. This condition prevails in the case of the

growth of bi-partite and copper whiskers and can be

explained on the basis of the Cu-S-0 phase diagram. In

this phase diagram, the activity of oxygen in any phase

field decreases as the composition moves away from the

Cu20 corner. Thus, the activity of oxygen gradually decreases
from the (Cu + CUZO) edge to (L + Cu) and finally approaches
zero at the (Cu + CUZS] edge. This means that the driving
force for the nucleation of CUZS gradually increases
resulting the formation of bi-partite whiskers instead of
copper whiskers. Representing the oxygen removal by an
equilibrium shown below for which the standard Gibbs

Free Energy change determines the amount of volume free

energy available to create new surface.

{oz + C (s) =CO0 (g) (7.10)
01

Thus, the volume free energy in this case would be decided
by the activity of oxygen either in solution or in the pure
solid oxide. Invoking the energy associated with the creation
of a surface and related mismatch of phases which gives rise
to certain defects eg dislocations explains why a large
driving force does not result in the nucleation of whiskers.
Frequently, the available volume free energy is distributed
amongst-all the heterogeneous gjtes for the initiation of the
growth process rather than inserted at one particular site,
which leads to whisker growth. It is because the reduction
driving force is high that whiskers were not observed when

the compositions on the Cu + Cu?” invariant edge were
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reduced. If much smaller reduction potentials are
applied it is possible to develop whiskers in this

region also.

Applying these principles to (L + Cu) compositions where
the oxygen activity is lower than that in the (Cu + CUZD)
invariant, a limited number of pure copper whiskers are
observed because of the presence of copper which must have
acted as a nucleation site prior to the reduction step.

In this case, whiskers must have nucleated on these sites
where only a few dislocations are available. A large number

of dislocationswould give rise to lateral growth rather

than whiskers.

Conditions for the energetics of nucleation of a large
number of whiskers seem to be optimum in the (L + Cu + CUZS]
phase field. A relatively small driving force is available
for the nucleation of whiskers because of the small activity
of oxygen ie aCu20 = 0.15 at 1000°C. From the phase rule

it has been appreciéted that the precipitation of Cu

and CUZS commences with the removal of oxygen from the
liquid phase. From scanning electron microscopy it has

been observed that both bi-partite and pure copper whiskers
grew under these conditions, see plate 7.2. These whiskers
have grown over a duration of 3 hours. The moment oxygen
removal ceases, the precipitation of Cu and CuZS also
ceases resulting in a cessation in the growth of whiskers.
In the (L + CUZS‘ phase field, the driving force is
insufficiently small for nucleation of whiskers. The

growth of bi-partite whiskers is solely dependent upon

the rate of oxygen removal from the system and nucleation on
the preferred sites. From the compositions indicated on the
ternary diagram, the path of reduction can be determined

by drawing tie lines from the oxygen corner through these
compaosition co-ordinates and extrapolating these tie

lines to the Cu—CuyS edge. As the oxygen is removed from the



system, the composition co-oriic " LL muve away trom the
oxygen corner. Using mass balance data, the amount of
oxygen removed was determined and 1t was found that in
most experiments the reaction was incomplete. On this
basis the related phase field was found at the end of the
reduction. Excellent agreement was found with the observed
related phase field. This fact explains why bi-partite
whiskers do not grow when compositions in the (L + Cu)
phase field were reduced. The whole process is governed

by the rate of reduction. The compositions, during the
process of removal of oxygen do not cross the boundary
between (L + Cu) and (L + Cu + CUZS). The reaction appears
to stop well before this boundary is reached. One
exception was noticed ie composition 5R in the ternary
system which is very close to the boundary of (L + Cu) and
(L + Cu + CUZS)- Reaction with this composition appears
to stop at the boundary and further oxygen removal does
not occur preventing the growth of whiskers. The kinetic
barrier related to the cessation of the reduction of the
oxides appears to be the volume of the liquid phase present
as this decreases at the same rate as the deposition of

Cu or Cu and CUZS occur. The mass balance data show that
the weight loss was small yet a large deposition of
material has taken place which can only be explained on

the basis of the Lever Rule.

Mechanistically growth only takes place from energetically
favourable sites in a layer like fashion, governed by

screw dislocation mechanism. This means the liquid must
exist in the vicinity of these favourable sites and hence
the supply of material must be maintained during the course
of reduction. The time scale over which growth has taken
place is unusual for a mechanism based on solid diffusion.
The exceptionally fast growth mechanism can only be

justified on the basis of precipitation from the liquid
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phase. The rate of the growth,this deecreases with the
rote of removal of oxygen and is independent of any

parameter related to solid diffusion mechanism.

b (i) The Discussion of the Results of Whisker Growth
During the Heat-Treatment of the Oxide-Sulphide
Composite Pellets.

The microstructural evidence obtained from the heat-treatment
of oxide-sulphide composites shows that a liquid phase forms
during the heat-treatment and drainage takes place around

the periphery of the oxide pellet resulting in the

generation of copper. From the morphology of the product phase,
see plate 7.3 and 7.8, it appears that a gaseous product

has evolved during the course of the heat-treatment. The
dense laver of porous copper and interfacial cracks support
this idea. The liquid phase formed belongs to the Cu-5-0
ternary and is rich in sulphur. As the reaction continues,
the volume of liquid increases accompanied by a change in
composition ., when oxygen dissolves in the liquid. It is also
worth noting from the equilibrium relationship that the
pressure of the gas phase is proportional to the activity

of oxygen in the liquid and if this pressure exceeds ihg
atmospheric pressure, the evolution of gas would result

with the deposition of copper.

The drainage of a sulphur rich liquid around the periphery

of Cu2
becomes several time greater than atmospheric. For this

0 results in copper deposition as the SD2 pressure

reason no copper coating was observed around the CUZU
pellet when this pellet was positioned above the sulphide
- during the heat treatment. At the interface the liquid
formed exhibits a concentration gradient of 0—2 ion and

8_2 ion between the CUZS and CUZO surface.



The microstructure also shows that metallic copper is
uniformally distributed in the matrix of the oxide pellet
irrespective of position during the heat-treatment, whereas
copper whiskers are observed on the surface of CUZS with

a few copper particles in the CUZS pellet matrix. These
morphological and microstructural changes show that there is
a definitive diffusion flux of copper which occurs as a
result of 8—2 ion and 0_2 dissolution in the liquid phase.
The liberation of 802 from the m2lt takes place at a
critical value of oxygen dissolution. It can be concluded
that the dissolution of anionic species and the migration
of cations are inter-related events. Representing the

overall process as an electro-chemical process, the

following are the reactions:

CUZS = 2 Cu+1 + 8-2 + \/M‘Ul + e (a)
(7.12)
Cus = 2 ot v 072 Vm+1 v e (b)
Also

S0,(g) = 1/2 5,(g)+ 0,(g). (7.13)
i Sz(gJ C_2+Vm + 2h a

' (7.14)
! _ -2 *
2 0,0g) = 07 svye 2 b

Equation (7.12) represents the electro-chemical mechanism
assoclated with thediffusion of the defect structure and
the ionic species whereas equation (7.14) relates the

equilibrium between the defect structure and the gas phase.



On this basis it is oloar - hat the equilibrium must exict

between the ionic species, defect structure and gas phase.

When dissolution process commences, both CUZS and CuzO
gradually loose their anioric species. Thus, if migration
of aninnic - species takes place towards the CUZS‘CUZU
interface to assist dissolution electrochemically cations
move in the opposite direction. Buring the migration of
ionic species another event proceeds simultaneously related
to the electrochemical equilibrium between the defect
structure and the electrons. In the absence of any
cationic vacancies the migration of cations is extremely
difficult and as a result, in the event of loss of anions
from the pellet, cationic species nucleate metal at the
solid-liquid interface in the presence of electrons. The
nucleation necessitates a condition of relatively high
activity. In the presence of cationic vacancies in the
lattice cation migration proceeds without nucleation of
the metal by a jump mechanism through vacant sites. This
means results in the movement of vacancies and anions
towards the solid-liquid interface with metallic ions

and electrons moving away from this interface. The
relative penetration distance of cations in the sulphide
and oxide matrix is solely governed by the chemical

diffusivity of cations in the two matrices. Thus a

chemical potential gradient for cationic species is established

which is essentially dependent on the activity of CJ1 ion
at the 1iquid-Cu28 and liquid—CUZG interfaces and it
determines the driving force for the transport of cations.
From available literature (7.32) data, the chemical
diffusivity of Cu in cuzs_;t 440°C and at 100mv in a
rolverysial is 7 -8 x 10
diffusivity of Cu in Cu20 in a single crystal is 3 x 10

2 , .
~m“/sec whereas the chemical
4

2
cm”~/sec.
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Using *he olecipaeherical mechanism and the reluated
transport stenps, conditons for a small degree of
supersaturat i on are derived from the transport of
['Iu+1 ion across the length of the Cqu pellet. For the

transport of material from the liquid CU?S interface to the
bulk Cu2

which represents the physical situation and is dependent

S, the following relationship is developed

on the thermodynamic parameter called the activity

coefficient which is high at the liquid - CUZS interface.

Di = BiRT [1 +M] - (7.15)
d 1In Ni

Di = Chemical diffusion coefficient of species 'U’

Bi = Mobility of ith species

™ = Activity coefficient of ithspecies

Ny = Mole fraction of the ith species

T = Temperature in degree i2lvin

R = Gas Constant.

The microstructure of the Cuzs—liquid interface shows that
copper deposition does not take place at the interface

see plate 7.3. The reason forCunucleation on the

surface 1is evident and the precipitation of copper in

the matrix ot CUZD i1s explained in terms of the operating
transport mechanism. From the microstructure it appears
that the cations interacted with electrons resulting in

the nucleation of copper a situation which would not have
occured if the Cu chemical diffusivity had been high.

Thus, the proposed electrochemical mechanism summarises the
conditions necessary for the nucleation of whiskers and the

related transport mechanisms.
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ii) The Growth Mechanisms of Whisker

Once the conditions for nucleation of whiskers are

satisfied at energetically favourable sites, growth
commences. At these preferred sites, the nuclei

grow as a pointed-protruded surface. This particular shape
of the nuclei at screw dislocations is energetically
preferred and has been verified experimentally. The tip

of the protruded surface is energetically the most

unstable and has the highest surface free energy. The tip of

such whiskers are grooved because the atoms in a surface
r' have a higher chemical potential

of radius of curvature
than the atom on a flat surface at the same temperature

and pressure. Thus, the tip of agrowing whisker is materially
unsaturated which also accounts for its relative instability
in terms of energy. This relative instability of the

tip is related to unsaturated bonds and hence the material

is continucusly fed at the tip. The unsaturation of

material at the tip very closely resembles the unsaturation
of material at a moving screw dislocation. Thus, the
difference in the chemical potential is given by the

Gibbs-Thomson Equation as:

Ay = At + dislocation energy (7.186)
or bu = r Q@ k + dislocation energy
where Ap = —chemical potential difference
= surface energy per unit length
Kk = radius of curvature = %
r = radius
Q = wvolume per atom.

If the radius of curvature 'k’ is represented in terms

of thre rale of change of slope then
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2
d y/dx2

} = . .
[1 ; (E/-JZJ 32 (7.17)

dx

In the case when 8 is small dy/dx <<1 and hence

— o 2
ko= d7y/ 2 and Ap =iy d % (7.18)
dx

It can be seen from the plot shown in fig (7.8) that
d2y/dx2 is a maximum at x = 0. Because Y and Q are constant
hence Au is directly proportional to dzy/dXZ. This is the
relationship between diffusional flux and concentration

gradient. It is worth remembering that the flux of

material is continuously changing at anmy value of 'x'

Thus, mathematically it is proved that the tip of whisker
is energetically the least stable point and during whisker
growth process material will be supplied to the tip 1in
order to maintain its stability. This is a necessary and

sufficeint condition for the growth of whiskers.

In the past, some workers have suggested that the growth
process is essentially assisted by a local increase in the
strain energy as a result of the molar volume change. This
strain energy is then dissipated by causing the movement of
the material out of the surface. Several criticisms arise
regarding this mechanism. If whisker growth is dependent on
a strain induced mechanism the nature of strain has to

be periodic in order to supply the material as the length
of whisker changes with time. In the absence of a periodic
strain the length of a whisker would not change with time.
Also maintaining a periodic strain at one point appears to

be very improbable.
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(a)
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}
X =0
(b)

Fig (7.8) Variation of surface encrqgy
with distance and its
relation with chemical

potential. ().
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Secondly if this mechanism is operative voids due to the
absence of material should always be observed and this is not
true. Lastly the most important factor is that whiskers

are known to be defect free crystals grown in a particular
direction. Strain induced growth of this kind would
dramatically increase the number of dislocations due to
plastic deformation in the whiskers. In contrast

the growth process explained on the basis of the Gibbs-

Thompson effect does not raise similar objections.

Theories are available in the literature (7.21) which also
describes the morphology and diffusion mechanism at
different stages of whisker growth. A screw dislocation
with a positive burgers vector in the direction of whisker
growth will always initiate the generation of a new

layer of atoms. In the beginning of the growth process

when the width of the root of the whisker is small, surface
diffusion is therete controlling step according to the

relationship:

DS = aﬂ QSQ! qsvap (7.19)
0 Pe P
vap
., -~ material transported due to surface

diffusion

a = lattice parameter w - width

p p density in the vapour phase and in the

lattice respectively
Ov = wvapour diffusion coefficient

q = material transported due to vapour diffusion.



In the present situation, lattice diffusion would play

a dominant role in comparison to vapour diffusion as

the latter mechanism is only effective if the vapour
pressure is reasonably high.With varying 'w' competition
remains between lattice and surface diffusion. At large
width surface diffusion is probably the dominant mechanism
as lattice diffusion is slow under these conditions.

By increasing the width, surface diffusion becomes

faster but atoms have to travel a longer distance

and hence the root of whiskers grows thicker with

time at the expense of the length until eventually the
longitudinal growth completely ceases. Experimental
evidence of the dominance of one mechanism under specific
conditions has been proved in a few cases (7.33,7.34).
The variation of surface diffusion and the volume
diffusion over a range of temperature has been removed

by Gjostein, Collins and Shewmon and-.the data are shown
in fig (7.8). The relationship shows that the variation
of log DS with Tm/T is no longer linear beyord 0.7Tm. At this
critical temperature, surface diffusion is a slower
process than volume diffusion. The relative slopes of

the two different mechanisms can be appreciated by
Joining the data points at higher temperatures. The graph
shows that as the temperature increases the difference
between surface and lattice diffusion decreases but
contributions are always there due to these two modes

at all temperatures.

In the present investigation although no attempt has been
made to verify the plane or the direction along which

growth of whiskers has taken place, it can be stated that
the preferred direction of growth in the case of fcc

crystal is (111). In this direction the surface energy is
minimum and hence during the growth process the atoms

would always try to arrange along a direction in which their

overall energy is minimum. The other planes and directions
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Fig (7.9) Relationship between temperature and surface diffusion

in Cu Atm-Hydrogen.
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in Lhis system are energetically unstable and materially

unsaturated.

(iii) Wagner's Work on Composites and their Interpretation.

Wagner (7.35) designed an experiment with a composite pellet
of Cu-Cu,S, see fig (7.10) and on the periphery of the

2

CUZS, CUZU powder was smeared. This was then heated in a

gentle flow C02 at 750°C for 2 hours. The change in dimension
cf copper core rod was 0.048cm. According to Wagner,

the equilibrium prevailing during the heat treatment

was

Cqu(s) + ZCUZO[S] = BCu + 802 (7.20)

for which the value of equilibrium constant k at 750°C

is 1.008. In this system, it is evident that the 802
partial pressure is extremely small. From the
thermodynamic data it can be deduced that if the system
is in equilibrium, the nucleation of copper is only
possible if 802 is immediately removed from the system.
Using Cu—CUZS and Cu-CuZO equilibria the partial pressure
of SD2 has been calculated to be 0.45atm. The possibility
of equilibrium between Cu,0, Cu and the gas phase exists

i.e.

Cu,0(s) + CO(g) = 2Culs) + CO,(g) (7.21)

as Peg is extremely small at T = 750°C, K = 9 x 104.
Thus, any CO generated in the system would immediately be
swept away. The oxidation of Cu,S by CO, at 750°C is
thermodynamically impossible as both the equilibrium
constant and the partial pressure of CD2 are small. This
condition was chosen carefully by Wagner in order to
avoid any other source of nucleation of copper.

A simulation of similar conditions was attempted in this
work and the results of experiment no:18 are summarised

in Tables (7.4,7.6). The maximum length of whisker



-306-

Fig (7.10) Design of pellet in Wagner's experiment.



observed wan Smum oon Lthe surface of CUZS' Most of the
whiskers were observed at the CUZS'CUZO interface
penetrating through the interfacial area. These whiskers
were over 150um long and were densly populated. The
growth of copper whiskers was also observed on the

peripheral walls of the Cu28 pellet, see plate (7.9).

From Wagner's observations and this work an attempt has
been made to justify that the diffusivity of Cu in Cqu

is extremely high. Applying Wagner's rate equation:

. * I
e - A Che Bpe  1n 2Me (7.22).
11
a
r FMB Me
where A - area for 0B Radius
CMe - mole/unit volume of metal ions
- BD the diffusion path
Oye - intrusic diffusion coefficient.
. -1 -1
n - rate mole (area) sec
Me
f - correlation factor = 1.0
Me
we also know that
{\l *x
D = Chemical diffusivity = 3 Dy (7.23)
§

where '6' is the nonstoichiometric factor. Arranging

{(7.22) and (7.23) we have

0 = nMeFMe r 1
( ) I

a
CrMe s A In "Me/_II (7.24)
Me
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Substituting the values from Wagner's experimental

result, we have:

V)
D = 1.096 x 10 °/1n @

“ I
which gives D = 8.36 x 10—3 cmz/sec at 750°C Me = 1.14

which is much lower then expected from the observations
made by Steele (7.32). An_enhancement in the value of i
can only be obtained if a%e is small ie the driving force
for Cu nucleation is small. Consideration o? the equilibrium
represented by equation (7.21}) shows that Me = 1.004 which
gives U= 0.273 cmz/sec which is in agreement with Steele’'s
measurement on the chemical diffusivity of Cu in CU2S.

This explains that the equilibrium (7.20) does not govern
the transport of the ionic species and hence during the
course of reaction, equilibrium between CUZO and CG

exists. A similar calculation carried out for experiment
no:18 with a pellet of 0.25cm in length and 0.635cm in
diameter and based on the assumption that all the weight
lost was because of oxygen from CuZD a value of

¥ = 0.0385 cmz/sec for aﬁ% = 1.004 at 750°C is obtained.
The discrepancy in the value of i is about an order

of magnitude which can be attributed to the choice of
equilibrium excersised to calculate the chemical diffusivity.
The weight loss values used for the calculation of Me

may be incorrect because both equilibria (7.20) and (7.21)
are involved. The evidence for equilibrium (7.21) can be
appreciated from the evidence of whisker growth on the

CUZO composite. From this comparison it is deduced that the
equilibrium (7.20) does not prevail in contradiction to
Wagner. It is equilibrium (7.21) which is responsible for

the fast ionic transport of Cu in Cu?S.
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A similar experiment was also carried out at 1000°C

in C02 where excessive oxidation of CUZS resulted in

the formation of copper. These conditions give an
gxtremely high pressure of 802 as calculated by the

CO/CO ratio in equilibrium with Cu at 1000°C. No defined
whisker growth was observed in this situation except one
very peculiar feature, see plate (7.6b), where striations
were observed on the surface of Cu. Similar morphological
changes were observed in the surface area of CUZS at
750°C. The facets of Cu formed on the surface of Cu,S

was also observed at 750°C see plate (7.6b).

From the graph relating the length of whiskers and the
time, it was seen that the growth of whiskers is governed
by two mechanisms. The slight deviation from non-linearity
in the early stage of growth shows that the rate is
apparently governed by a slow surface diffusion

mechanism, when the width gof whisker is small. The rate
increases with increasing width of whiskers but eventually
ceases because of the increasing diffusion path. For this
reason, the second stage in the growth process is linear;

where parabclic relation holds good. S€E€ figs(7.7a & 7.7b).

(iv) Whisker Growth During the Reduction of Sulphides.

Whisker growth observed during the reduction of cuprous
sulphide with C!" indicates that during the course of
reduction an oxysulphide liquid has formed whose

composition lies in the (1 + Cu) phase field. Most of

the whiskers grown from the surface of the pellet were pure
copper whiskers which confirms the original composition

of the liquid phase. The whiskers were not phenomenally long

as observed in the case of composites. The faster rate of
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reduction of the uxysulphide liquid with CO results in

a permanent cessation of the growth process.

Whisker growth was also observed in the case of reduction of
sulphide with graphite at 850°C. An identical explanation
can be given for this situation except that the number

of whiskers observed was significantly smaller than that

at 1000°C. The temperature effect indicates that two factors
are important. At 850°C, the wvolume of oxysulphide liquid
formed is very small, hence the kinetics of reduction of
oxysulphide liquid is slow because of the small area.
Secondly, the growth process suffers because of the lower
temperature used. No bi-partite whiskers were observed in
this situation which indicates that the composition of
liquid never enters the phase Field{L+CU+CU25]_

The growth observed during the dual heat-treatment of lime-
sulphide mixture pellets was mainly of CUZS whiskers

due to the type of heat-treatment cycle chosen prior to the
reduction of the pellet with CO. During the heat-treatment
of the pellet at 1000°C a sulphur rich liquid from the

(L + CUZS) phase field forms which on cooling precipitates
CUZS and a very small quantity of Cu. For this reason, EDX
analysis on the whiskers shows compositions close to pure
CUZS. These whiskers, shown in plate 7.7 are not formed
during the course of reduction. Morphologically they are

not similar to whiskers but appear more like irregularly

grown crystals from the liquid phase.

{(v) The Growth of Faceted Surface and Other
Morphologies on the Surface of Cqu and Cu:

Depending upon the conditions faceted surface, striations,
and surface ripples were observed during the heat-treatment
of composite pellets. These topographical changes are shown
in plates 7.5 to 7.7 and in plate 7.9. These topographical

changes were observed on those areas of the CUZS surface

where no whisker growth had taken place.From the microscopic



miclysis, 1l uppears that the majority of these changes

have occured from the liquid phase because in the scanning
electron micrographs, there is evidence of a crystal
ruptured by a layer of material which appears to have been
liquid see plate 7.5. It is rather difficult to comment

on the geometrical relationship or the compositions of

these facets on the basis of the anisotropy of surface
energy of crystallographic planes, but the presence of

the liquid on the surface of CUZS may explain the

diversity of the composition of the crystals and their
geometry. This means that bi-partite crystals grow from

the surface which is only possible if the liquid composition
is in the univariant phase field ie either (L+Cu28) or
(L+Cu). Although it is well known that faceting of fcc
metals and alloys takes place during heat-treatment under

a controlled atmosphere,his kind of faceting developes
only one kind of change in the geometry of crystals, whereas
in the present situation several geometries have been observed
which is rather complex. It seems possible that a gaseous
atmosphere containing two surface active elements such as
oxygen and sulphur a combination of surface plane

anistropy might be demonstrated resulting in many possible
geometries. In the case of the heat-treatment of CUZS—CUZO
composites at 750°C in COZ atmospheres faceting of copper was
observed which was identical to Sundquist's (7.1)
observations on fcc metals and alloys, see plate 7.6b.

These observations suggest that under oxidising atmospheres
faceting of copper takes place and the preferrable planes
are (111) and (100), as observed by Sundquist. The ripples
and striations on the surface of both Cu and CUZS

indicate that both crystals also undergo some form of
thermal etching in controlled atmospheres. Steps were

also observed on the crystal planes and on the rippled

surface, but little is known about this.
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Although it can be said that these topographical changes
are due to anistropy of surface energy and the equilibration
of crystallographic planes with the surrounding gas,

this needs much more extensive investigation such that

the anistropy of surface energy can seperately be

investigated under different atmospheric conditions.

* %k k ok ok k ok &k koK Kk ok k k k k k ok &k Xk Kk ¥k k ¥ ¥
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Reduction of Nickel Sulphides.

Results and

Discussions.

The overall

of lime can

NiS(S) +

carbothermic reduction reaction in the presence

be written as:-

CaO(S) + C(s) = Ni(s) + CaS(s) + CO[g) (8.1)

5GP = 30 050 - 3B.44T

T

All the observations using X-ray diffraction analysis are

summarized in Table 8.1. The rate of reduction curves were

of the mass balance carried out using

drawn on the basis,
reaction (8.1). From the rate of reduction curves at 800°C
to 950°C, it is evident that the extent of reaction is
increasing with increasing temperature see fig (8.1). From
these rate curves it is evident that several temporary
arrests appear and then the reaction recommences. On an

the initial arrests vary from approximately 1.0 to
It is also worth noting that the rate
Although

average,
2.5 hours duration.
of reaction is almost identical after each arrest.
the reaction seems to be incomplete at these temperatures
from X-ray diffraction evidence it appears that there is
no evidence of the existence of nickel oxide during the

course of reaction. This observation is surprising as
nickel oxide ought to have formed as a result of the

exchange reaction. Identical observations were made with

coal where a small amount of graphite was added to assist

the production of a pellet on compressing the mixture

The amount of graphite added also compensated

(13%). The rate data

into a die.
for the volatilisation loss from coal
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collected f:um the coal redosi i hows g similaor

trend to that observed in the case of graphite.

A greater extent and a faster rate of reaction was
observed in the case of coal becasue of its greater
reactivity than graphite, see fig (8.2). Once again, the
reduction was found to be incomplete with no evidence of
any nickel oxide confirmed by X-ray diffraction analysis.
One of the most important features of coal reduction is
that the rate at any temperature, is faster than that
with graphite and the reaction proceeds with a fewer

number of temporary arrests.

In order to understand the significance of the arrests
during which no weight change was observed on the rate
curve a series of experiments were designed. These
experiments were carried out with the intention of observing
the existence of nickel oxide during the reduction process.
The information obtained from these reduction experiments
shows that either the nickel oxide (NiO which is the most
prevalent) does not exist or it is very unstable due to
rapid reduction with carbon or carbon monoxide. From the
available literature and from the Ni-S Ellingham diagram
it is evident that at higher temperatures nickel sulphide
(NiS) decomposes to Ni S, which melts at about 800°C. In

addition there exists a eutectic between Ni and N1382

at 637°C.

A few mixtures of NiS and NiO, NiS and Ca0, and NiO and CaS
were prepared and heat-treated in a flowing stream of argon
at SSOOC. From the heat-treatment of NiS-NiO mixtures, it

is evident that NiO is present at the end of the reaction.
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This presence would not be possible if a reaction of

the type

NiS(s) + 2NiO(s) = 3Ni(s) + SOz(g] (8.2)

goes to completion.

In the mixtures, it is evident that nickel oxide and nickel
sulphide do not react completely. It is also possible that
once the liquid sulphide forms in the system, the mechanism
of reaction changes. It seems reasonable that nickel oxide
might be soluble in the nickel matte and precipitates
during cooling. From these mixtures, a maximum amount of
0.5 moles of 802 is expected to be generated to give a
maximum of 1.5 noles of nickel (see table 1). The existence
of pure solid nickel oxide in view of reaction (8.2) and

in the presence of the N1382 liquid is doubtful. It is
evident from the observation that after completion of
reaction (8.2) NiO is observed and this is only when there
is a solubility of NiO in the matte. The solubility of

NiQ or '0' in the matte is governed by the equilibrium given
in reaction (8.2) and hence there would be a critical limit
of '0’' solubility at and over which SD2 evolution would be
observed but under this value 802 evolution would cease.
Any oxygen dissolved in the matte would precipitate as

NiO during cooling.

The heat-treatments of the reciprocal systems NiO-CaS, and
NiS-CaO show that during the process of heat-treatment,
nickel is produced. The formation of nickel from these
mixtures is evidence in favour of the extent of the
exchange reaction during the carbothermic reduction and
during the heat-treatment in the absence of any reducing
agent. The formation of nickel is related to reactions
(B.2)and (8.B3) see Ap. This shows that NiO must have been an
intermediary in the process of nickel formation and as
soon as it forms, it is consumed by the sulphide. In the

other reciprocal system NiO-CaS, it is evident that nickel
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has formed as a result of exchange reaction and there is an
insignificantly small quantity of the oxide left in
proportion to the amount of Nias2 (as NiS is unstable at
high temperatures). The precipitation of NiO has taken
place from Ni382 matte saturated with oxide. It can be
explained on the basis of the Ca0-CaS-NiS ternary section
shown in fig (8.3). From this ternary, it is evident that
at 950°C the liquid is in equilibirum with lime saturated
with NiS. Since this liquid always lies on the side
Ca0-A-NiS side, as no CaS is present in the system, it poses
a higher activity of NiO in the matte and hence during the

cooling of the liquid, NiO precipitation takes place.

The other very significant crystallographic information
obtained from the heat-treatment and from the reduction
experiments is the relative variation in the’'d' spacing

of the lime reflexions. From X-ray diffraction analysis it
appears after the heat-treatment of NiS-CaO0 mixture, the
lime lattice has become larger which is only possible if a
large ion has substituted for smaller ion in the lattice
of Ca0 (a = 4.797°A). The extent of variation of the (311)
reflexion as shown in Table 8.2, indicates that there 1is

a dialation in the lattice parameter which is not expected
with the replacement of Ca+2 ions by Ni+2 ions because of
the Ca+2 ion has a larger ionic radius (0.99°A) than

Ni+2 (0.69°A). On the other hand, 8_2 ion has a larger
ionic radius than the 0_2 ion and would result in the
dialation of the lattice if NiS is dissolved. From the
crystallographic data, it appears that in Ca0 lattice

Ni+2 is partially tied up with 0_2 ion (1.32°A) and
partially with S-2 ion (1.84°A) as NiS sulphide. Thus

the change in the lattice parameter of lime is attributed
to the fact that there is a higherﬂgz/Ni+2 ion ratio in

the Ca0 lattice. Thus, it is the '§72/p,-2 ratio which has
the greater influence on the change in the lattice

parameter rather than the FNi*z/F +2 ratio. The variation
Ca
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in the 'd' spacing determines the extent of the Ni-S5
substitution in the Ca0 lattice and it may indicate

the extent of the exchange reaction ocurred. From
crystallographic data on the relative variations in the
d spacing (hkl) plances of lime, it is probable that the
substitution is purely of the type Ni-S not N1382 which
would create an ionic vacancies in the lattice which would
not necessarily conform to a cubic unit cell. In that
situation the lattice would be more complex because of
vacancy ordering and balance of the cohesive force in
the unit cell which would probably distort a cubic unit

cell, giving rise to a less symmetric structure.

From the average variations in 'd’ spacing of the (311)
reflections it has been possible to determine the variation
in lattice parameter of Cal0 with temperature due to

Ni-S substitution. The following lattice parameters have
been computed at 800°C d = 4.810A, at 900°C d = 4.823A and
at 950°C d = 4.821A. What perhaps appears to be an

unusual variation with temperature is entirely explainable
in terms of eutectic temperature being close to 850°C.

From the heat treatment of reciprocal mixtures (NiS-CaO,
NiO0-CaS) it is apparent that the plateaux appear on

the pct. weight loss versus time curve (see fig 9.4) which
is an indication that there is a temporary cessation of 802
evolution which is related to nickel deposition. This
reflects that the nickel deposition is possible only at

any limited pso2
nucleation of nickel is related with the factor AG%i

because the driving force for the

-RTIN D;OZ' The rate curve for 802 evolution in the
reciprocal system shows that the rate gradually decreases
with time after each plateau which means there is a

gradual drop in the oxygen potential of the nickel matte.

A similar explanation can be related to the appearance of °
plateaux in the case of heat-treatment of the NiO: NiS = 1:3
mixture. It can be concluded on the basis of the rate

data and from X.R.0. analysis that at the plateau, a steady
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state situation for 0_2 transport is established when the
oxygen potential drops in the matte phase. Once the
oxygen potential crosses a critical limit, 802 or CO

evolution recommences.

The respective addition of lime and graphite in the
heat-treated mixture of NiS-NiO shows that NiO is unstable
in the presence of carbon as confirmed by X.R.D. analysis.
In the case of NiS : NiO = 2:1 it is apparent that Ni0

is present even after the Cal addition. It is evident from
the percentage weight loss vs. time curve (fig 8.4) that
sufficient time was probably not given for NiU-Ni382
equilibrium. From the reduction experiments, the slow rate
of reduction in the presence of graphite and its relation
with the length of the plateau can be appreciated. In this
case, a considerable proportion of weight loss is from SD2
due to Ni382 and NiO reaction, which would not happen if an
active reducing agent like coal is used. Also the farther
the extent of the reaction, the longer is the length of

the plateau. Therefore, less time is allowed for NiD to
react with Ni382, the lower is the probability of
encountering a plateau. In view of this hypothesis, the
experiments were conducted with an increased lime to sulphide
ratio which would allow an increased surface area for the
exchange reaction. As expected a higher extent of reaction
was obtained with coal and graphite at 950°C see fig (8.5).
Also the rates were faster than those with 1:1 sulphide to
lime ratio. Plateaux were once again observed at the same
time and at the same extent of reduction, but because of the
higher reactivity of coal, the reaction proceeded more
quickly. This also means that there is a possibility of
generating 802 from the sulphide - oxide reaction and the

extent of reaction is greater to achieve a steady state
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for oxygen build = in the liquid matte. It is also
apparent from the nickel-sulphur phase diagram

that a liquid phase exists in which metallic nickel

can dissolve. The dissolution of metallic nickel in the
matte phase would occur until the solubility reaches

the phase boundary of the liquid and Ni phase field at which
time Ni precipitation would take place. Both these factors
appear to affect the length of the plateau in the later
stages of reaction. The precipitation of metallic nickel
within the Ni382 phase has been confirmed from JSM 35
scanning microscopy where elemental mapping was carried

out, see plates (8.1) and (8.2).

To avoid the problem of the appearance of a plateau, mixtures
with increased lime to sulphide, and coal to sulphide

ratio were prepared and heated at 950°C. A complete
conversion of nickel sulphide to nickel was observed, see

fig (8.6) and it was subsequently confirmed by X-ray
diffraction analysis. In the case of nickel sulphide
reduction at 950°C with CO (NiS : CaO = 1:2) a weight

loss higher than theoretical was observed which can be
attributed to 802
in the case of CO is slightly faster than coal reduction and

evolution. The initial rate of reduction

in the later stages both coal and g take almost the same
time to undergo completion. From metallographic observations,
it was confirmed that increasing the amount of coal, leads |
to deposition of metal on the coal surface; providing

the hypothesis that the existence of a steady state

condition related to oxygen is necessary.

From this investigation it is also evident that there is no
solid layer of CaS formed around the lime particles,
otherwise reaction would have stopped immediately after the
initial stage and further reaction would have been only

obtained by steady state solid diffusion of 8—2 and 0—2
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ions across the product layer. Ouring the course of heat
treatment experiments it was discovered that in the
matte phase there exists a solubility of CaS and this
ligquid is probably saturated with CaS. This would always

allow the exchange reaction and reduction to continue.
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PLATE 81

R 50 .'130.90 ICS

Plate 8.1: Energy Dispersive X-ray Analysis of NiS:gaO
=1:1 pellet reduced with graphite at 950°C,
a) sample area
b) nickel map
c) calcium map
d) sulphur map.




-330-

PLATE 82
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Plate 8.2: Energy Dispersive X-ray Analysis of NlS Cal
=1:1 pellet reduced with coal at 950°¢C,

a)sample area
b)nickel map

clcalcium map
d)sulphur map.



Summary of the mass balance and X-ray diffraction analysis of the
carbothermic reduction of nickel sulphide.

Table 8.1 Summary of Results.

Mixture 7°C Mass balange Atomos. X.R.D. Analysis

Composition 5 wtoo% rec Ni.S. Cal CaS Ni Gr (50 RUN
loss uction 372

NiS:Ca0:C 950 8.58 52.4 Argaon S M S S W - 1

= 1:1:2

NiS:Ca0:C

= 1:1:2 900 6.41 39.2 Argon S S S MS MW - 2

NiS:Ca0:C

= 1:1:2 900 6.85 41.84 Argon S M VS MS MW - 2r

NiS:Ca0:C

= 1:1:2 800 4,75 28.02 Argon M3 VS MsS S My - 3

NiS:Ca0:C

(Coal + Gr) 950 10.19 62.24 Argon S M VS S W - A

1:1:2

NiS:Ca0:C

(Coal + Gr) 800 7.87 48.08 Argon S MS VS S W - 5

1:1:2

NiS:Ca0:C

(Coal + Gr) 800 8.25 50.40 Argon VS S VS MS W - 6

= 1:1:2



Table 8.1 Contd..

Mixture 7% Mass Balance Atmos. X.R.D. Analysis
Composition % wt % red

loss wuction N1382 Ca0 CaS Ni OCr NiO RUN.
NiS:NiO
= 3:1 950 9.5 B8.7 Argon VS - - S - Weak 7
NiS:NiQ
= 2:1 350 10.88 74.67 Argon VS - - S - leak 8
NiS:NiO
= 3:1 + Cal 850 8.72 26.44 Argon 'S} Vs - S - - 7b
NiS:NiQ =
2:1 + Cal 950 9.41 41.98 Argon S vs - S - - 8t
NiS:NiO
3:1 + Cal
+ Gr 950 8.41 160.8 Argon M Ms S VS W - 7c*
NiS:NiO =
2:1 + Ca0 + Gr 850 9.03 171.6 Argon MW M S VS W - 8c*



Table 8.1 Contd..

Mixture .
Composition 7°C Mass Balance Atmos. X.R.0. Analysis.

wwt % re . N3 :

loss duction N13S2 Ca0 CaS Ni Gr NiO RUN.
NiS:Cal
= 1:1 950 4,24 43.8 Argon VS VS MW M - - g
NaS:CeQ:C
(Coal + Gr)
= 1:1:2 950 5.08 31.63 Argon VS S MS MS W - 10
NiS:Ca0:Gr
= 1:2:2 950 §.13 73.93 Argon M VS S § VW - 11
Ni0:CaS
= 1:1 950 11.04 114 .0 Argon S vs s M - VWi 12
NiS:Cal
= 1:1 950 4,64 47.93 Argon S VS M M - - 13
NiS:Ca0
1:2 350 8.29 105.2 Co VW S VS MS - - 14
NiS:Cal
(Coal + Gr)
= 1:2:2 950 10.9 89.7 Argon W S VS S VW - 15

-CCC -



Table 8.1 Contd.

Mixture T°C Mass Balance Atmos. X.R.D. Analysiz

Composition Bt % redue Ni.S, CaD CaS Ni OGr NiD RUM
loss tion 372

NiS:Ca0:C 950 12.48 108.9 Argaon W VS VS VW - 16

(Coal + Gr)

NiS:Ca0

= 1:2 950 9.36 118.63 CO Vi ve Ms - - 18*

NiS:Ca0:C

(Coal + Gr)

= 1:2:3 950 12.11 105.6 Argon - Vs Vs - - 19

NiS:Ca0:C

(Coal + Gr)

1:3:2 950 10.11 103.5 Argon - VS MS - - 20

*

x Weight lost before CO was switched on.

Orainage of liquid during reduction of heat treatment.

-pEE -



Table 8.2 - Shift in 'd' spacings of the Lime Lines

Run Mixture 7%C Mass Balance Atmos 407

Composition swt sred P - 10°%tm 4d7A (311,

loss uction °2
- Cal - - - -

1 NiS:Ca0:C =

1:1:2 950 8:58 52.4 Argon 0.0
2 NiS:Cal:C =

1:1:2 300 6.41 39.2 Argon -0.8
2rpt NiS:Cal:C =

1:1:2 300 6.85 41.84 Argon -0.9
3 NiS:Ca0:C =

1:1:2 800 4.75 29.02 Argon 0.0
4 NiS:Ca0:C

(Coal + Gr)

= 1:1:2 850 10.19 62.24 Argon -0.80
5 NiS:Ca0:C

(Coal + Gr)

= 1:1:2 900 7.87 48.08 Argon -0.90

-GEE-



Table 8.2 Contd..

Run

Mixture

T°C Mass Balance Atmos 30 - .
Composition Swt %red PO = 10~ " atm. AdTA (F113
loss uction 2

6 NiS:Ca0:C

= 1:1:2 800 8.25 50.40 Argon -0.40
7 NiS:NiO

= 3.1 950 9.5 68.7 Argon -
8 NiS:NiD

= 2:1 950 10.88 74.67 Argan -
7b NiS:NiQ =

3:1 + Cal 950 . §.72 26.44 Argon -0.90
8b NiS:NiO =

2:1 + CaO 950 9.41 41.98 Argaon -0.70
7¢c NiS:NiO =

3:1 + Ca0 + Gr 950 8.41 160.8 Argon -0.7°%
8c NiS:NiO =

2:1 + Cal + Gr 950 §.03 171.6 Argon -0.32
9 NiS:Cal0 =

1:1 950 4.24 43.8 Argon -0.:2

-g9ce-



Table 8.2 Contd..

Run Mixture TOC Mass Balance
T . o o Atmos.
Composition swt “red N 30
; P =10 atm
loss uction 05
10 NiS:Ca0:C
(Coal + Gr)
= 1:1:2 850 5.08 31.63 Argon
11 NiS:Ca0:C
(Coal + Gr)
= 1:2:2 850 9.13 73.93 Argon
12 NiQO:CaS = 1:1 950 11.04 114.0 Argon
13 NiS:Cal = 1:1 350 4,64 47.93 Argon
14 NiS:Ca0 = 1:2 959 8.30 105.2 Co
15 NiS:Ca0:C
(Coal + Gr)
= 1:2:2 950 10.9 88.7 Argon

16 NiS:Cal0 = 1:2 950 9.36 118.63 CO

-/LEE-



Table 8.2 Contd.

Run Mixture 7°C Mass Balence Atmos 30 o
Composition Swt sred PO = 107 " atm ad s
loss uction 2
18 NiS:CaO = 1:2 950 8.36 118.63 CO -0.70
19 NiS:Cal:C
(Coal + Gr)
= 1:2:3 350 12.11 105.6 Argon -0.30
20 NiO:Cal:C
(Coal + Gr)
= 1:3:2 950 103.5 Argon -0.%2

*

because of the following reasons:-

a)l Its intensity is very low

There is a slight discrepancy introduced in the measurement of (222) plane

b) It appears in the end where films slightly bends during exposure

c) Parallax effect

-g€E -



Table 3.

7/°C T7/% AGZ/cal Acg/cal Acg/cal K_ = pCO Kb = PCO, L P
atm 5COo
500 773 -2648 -11214 -8528 5.614 1.488x10°  2.586x102
5§00 873 -7098 11494 9573 6.001x10°  7.575x10%  2.500x102
700 373 -11548 11774 10618 3.941x10°  4.430x10°  2.435x10°2
800 1073 15998 12054 11663 1.822x10°  2.863x10°  2.382x10°
300 1173 -20448 12334 -12708 5.491x10°  1.993x10°  2.340102
1000 1273 24898 -12614 13753 1.894x10" 1.469x10°  2.305x102 .
1100 1373 29348 -12894 14798 4.727x10%  1.132x10%2  2.275x102 ©
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Appemiiis HA _iiiciency of reducing agents

according to thermodynamics.

Hydrogen gas, coal or graphite and carbon monoxide can

all be used as a reducing agent to reduce NiO. Hydgrogen
and carbon monoxide are more efficient than solid carbon
at low temperatures as indicated by the higher values of
their equilibrium constant in the table below. At about
700°C carbon is more efficient. Carbon has an additional
advantage of producing a reducing agent, CO which

accelerates the completion of the reduction.

The reduction of NiO with the above reducing agents can be

expressed as follows:-

NiU(S) + C(S) = Ni(s) + CD(g) 31 750 - 44.57 (a)

+ CO - 9050 -2.8T7 (b)

N1iO + CO ) T Ni 2(g)

(s) (g (s)

NiO(gye Horgy = Mgy * M20¢g) - 450 -10.457 (c)
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Stondard Gibbs
Appendix 8.8 irree energy Changes of reactions

(in calories per mole).

6°

g.(B:1) NiS(s) + 2NiO(s) = 3Ni(s) =+ SDz(g) 65 260 - 47.00T
(B.2) NiBSZ[S] + 4Ni0(s) = 7Ni(s) + ZSOZ(g] 139 800 - 98.59T
(B.3) Ni382(s) + 4/3 Ca0(s0 = 3Ni(s) + 4/3 CaS(s)

+ 2/3 Sﬂz(ﬁ] -7066- 1707T

(8.4) NiS(s) + CaO(s) = NiO(s) + CaS(s) -1580 + 5.487
(B.5) NiS(s) + C(gr) = Ni(s) + CO(g) 31750 - 44.507
(B.6) NiS(s) + Cal(s) = Ni(s) + CaS(s) 30 170 -38.01T

+ COC(g)

(8.7) NiS(s) + CO(g) = Ni(s) + COx(g) -9050 - 2.897

(B.8) NiS(s) + CaO(s) + CO(g) = Ni(s) + CaS(s)

+ CO,L(¢)
2 B -10630 + 2.19T

Appendix 8,C

The data for 'd' spacing of lime has been taken from JCPDS
Search Manual and on the basis of these 'd' spacings the
lattice parameter of lime has been determined which agrees
with ASTM card for lime. Contradictingly, the ’'d' spacing
does not agree with our observation. This is the reason, the
lattice parameter has been approximately determined with our
observatian to note the variation in the lattice parameter

during the reduction and the heat treatment process.
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Using relationship .
. A ?
a = — (h™+
2 SinB
d°a hK1
2.778 (111)
2.405 (200) From which a =
1.701 (220)
1.451 (311)
1.3901) (222)

Ko+ 1

4.79%.

.1]-’—
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APPENDIX 1.

Phase Combinations in Fe-Ca-5-0 and Cu-Fe-Ca-5-0

Systems.

The phase combinations in the Fe-Ca-S5-0 system have been
investigated in order to determine the path of reaction
during the carbothermic reduction of iron sulphides.

The phase combinations were investigated making mixtures
of the reciprocal systems FeS-Ca0 and Fe0-CaS and heat-
treating them in argon atmosphere (pU2 = 10—3Oatm). The
heat treated samples were analysed using the X-ray
diffraction technique to characterize the phases formed
and to establish any new phase produced. On the basis

of the X-ray data and the heat-treatment temperature,

it can be broadly said that the results of the present
investigation reasonably agree with Tromel's investigation
(2.28). From this investigation and from Tromel's investigation
it is evident that the iron compounds react much faster
than the calcium compounds. It is for these reasons, that
a liquid phase was observed for total compositions where
the liquid phase is not expected at equilibrium. The
higher reactivity of the iron compounds allows such
physical changes to occur. In many cases it was extremely
difficult to attain equilibrium even after 24 hours
heat-treatment. Similar problems appear to have been faced
by Tromel because a few of his results indicate phase

combinations which are not in equilibrium.

The heat-treated samples were examined by optical microscopy
to observe any possible microstructure changes occuring
during the heat-treatment. Elemental mapping was carried

out using the Energy Dispensive X-ray Technique and these
microstructural and compositional variations are shown

in plates A(1.1) and A(1.2). On the basis of these
investigations, two compounds were found one appears to

have composition near to (1.33) CaS.Fe0 and the other has a

composition close to FeS.Ca0. The crystallographic
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data for 'd' spacing of observed reflexions for the
compounds defined as CI and CII respectively are shown

in Table B. The compound CII(FeS.CaO) is probably tetragonal
or closely related and CI is apparently also basically
tetragonal but is probably slightly distorted reducing its
symmetry. The distortion in the unit cell is almost certainly
generated by vacancy ordering in the anionic sublattice.

On the FeO rich side of Fe0-CaS pseudo binary section, the
calcium ferrite, CaD—FeD-F9203, forms confirming the
observations of Cirilli and Burdese (1,2) and

Turkdogan (3). The reason for the stability of this

calcium ferrite phase in preference to 2 CaD-F8203

which is in equilibrium with iron is explained by a study
of the Ca-Fe-0 ternary. In the ahsence of Fe and FeBU4

this calcium ferrite would lie on the tie line forming
CaO.Fe3U4 and Fe0, see fig (A. 1.

The presence of iron in the system stabilizes the CII
compound as it controlls the oxygen potential in the

system. Appearance of CI in FeS-Ca0 was observed on the

Ca0 rich side and is only possible at higher oxygen potential.

A quinary compound in Cu-Fe-Ca-S-0 system was also
discovered and it exists probably in equilibrium with
compound CII and CaS. The crystal structure of this
compound appears to be very similar to bornite and is
stabilized by the compound CII in the quinary system.

The crystallographic data for this compound is also shown
in Table B together with the data for bornite mineral.
The chemical formula for this compound is not known
because of lack of information on the crystal structure

or analysis.
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PLATE Al.1

A: PRO-EUTECTIC PHASE

Plate Al.1 Scanning electron micrograph of heat treated

FeO:CaS = 2:1 mixture in argon at 1000°C

(a) Formation of proeutectic phase

(b) Dendritic growth during the course of
solidification



Plate Al1.2

CA
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PLATE Al1.2

EDX elemental analysis and scanning electron
micrograph of FeO:CaS = 2.5:1 mixture heat
treated in argon atmosphere at 1000°C.

(a)

(b)
(d)

Scanning micrograph of dendrites growing
from the liquid phase

'Ca' distribution (c¢) 'S' distribution

'Fe' distribution



Table A: Phase Cominations in Fe-Ca-S-0 System.

Mixture Temper- pct wt  Physical Atmos-
Composition ature loss Condition phere Ca0 FeS (CaS Fel Ca0.FeS CaS.Fe0 Cal0 Fe F9203 FEBL’JIC
-30
of Pellet p02=10
FeS:Ca0=1:1 900°C 0.627 100 pct  Argon W W Vs - MS Wi - - - -
lig.

Eefsze)’CaD 950°¢C 0.413 70 pct liq Argon - VWM - Vs W - U .-
FeS:Ca0 = 1:2  900°C 0.981 30 pct lig Argon M VW VS - MS Vb - - - -
Ee?g;re):Cao 950°C 0.538 50 pct liq Argon MS W VS - S wWwooo- oM - -
Fe0(xFe):CaS  goo0% 0.548  Solid Argon - - s W W Vs - q - -
FeQ:CaS = 1:1  800°C 1.348  Solid Argon - WW  MS M W VS - - - -
Fe0:CeS = 1:1  900°C 0.418 Solid Argon - - M - S Vi - - - -
Fe0:CaS = 1:1  9500C 0.238  Solid Argon - - M - S VS - - - -
[FeDl+Fe):teS  omo°c 0.265  Liquid Argon - - Vs oW - v o= m - -
Fe0:CaS = 1:1  1000°C 0.295 Liquid Argon - - VS W W VS - - - -
Fe0:CaS = 1:1 965°C 0.106  Solid Argon - - M VWW S VS - - - -

Liquid - - MS W vini VS - - - -

el TR



Table Contd..

Mixture Temper-

pct wt

Physical

Atmos-

Composition ature loss Condition phere -30 CaD FeS CaS Fe0 Cal.FeS CaS.FeD Cal Fe Fe203 F8304
of Pellet p02= 10
Fe0:CaS = 52:48 800°C .129 Solid Argon - - MS VWW WM VS - W - -
FeD:CaS = 52:48 900°C .129 Solid Argon VWW WM - S VS - W - -
FeD:CaS = 52:48 950°C .102 Solid Argon - - - - VS VS - oUW - -
Liquid VW VW MS - MS VS - W - -
FeD:CaS = 52:48 1000°C  0.102 Liquid Argon VW W - VS - W - -
FeO:CaS = 56:44 800°C  0.100 Solid Argon - - S W VS - W - -
FeDites - 1000°%  0.383 Liquid Argon - - s W - Vs - W - -
*Fed:CaS = 2:1 900°C  5.41  Liquid+Solid Argon - - - WM W VS W - - -
*Fe0:CaS= 2:5:1 300°C  3.45  Liquid+Solid  Argon - - - WMo W MS s - - -
*Fe0:CaS = 2:1 1000°C 5.11 20 pct Liquid  Argon - - VWS Med VS Weo- - -
*FeD:CaS = 2:5:1 1000°C  0.595 Solid Argon - - VW Vs - VS - - - -
Liquid - - - W - VS - - - -
FeD:CaS = 74:26 800°C  0.588 Solid Argon - - VW Ms - VS - - - -
*Fel:CaS = 74:26 1000°C  1.42 Liquid Argon - - - ms - VS - - - -
Fe0:CaS = 1:2  800°C  0.978 Solid Argon - - Vs S WM S - - - -
*Fe0:CaS = 1:2 1000°C 1.01 (L + S) Argon - - VS W Med MS - - - -

+ Orainage of Liquid.

Preheat-treatment first at BODOC
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Table B: Crystallographic dats iuil compounds in quarternary

(Fe-S5-Ca-0) and quinary (Cu-Fe-S-Ca-0) systems.

(1.33 COS-*@U(I—X)FBD(CI] FeS.Cal (CII) Quinary Compound.
a’a Relative Int.  d°A  Relative Int. d°A  Relative Int.

1 7.45 VW 5.70 W 15.0 W

2 4.80 VW 3.25 W 5.20 VW

3 4.38 W 3.10 4.95 W

4 3.88 VUW 2.82 M 3.45 VW

5 3.75 Vv 2.46 VS 3.12

6 3.68 VW 2.09 VW 2.70 S

7 3.59 VW 2.08 Vi 2.66 VS

8 3.44 W 1.94 WM 2.54 WM

g 3.05 W 1.88 S 2.37 M

1D 2.93 W 1.82 VW 2.18 MS

11 2.79 S 1.74 VW 2.14 W

12 2.755 WM 1.635 1.94 W

13 2.70 W 1.558 1.92 VW

14 2.655 M 1.54 VW 1.91 MS

15 2.60 Vi 1.49 W 1.90 W

16 2.35 VS 1.48 VW 1.83 WM

17 2.18 WM 1.465 Vi 1.78 WM

18 1.96 VS 1.67 W

19 1.585 WM 1.55 MS

20 1.51 MS 1.535 M

21 1.395 MS 1.405 WM

The symbols used in the text are:-

Vs - Very Strong M - Medium VW - Very Weak

Mms - Medium Strong WM - Weak Medium VVW - Very Very Weak

S - Strong W - Weak.
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BORNITE Mineral X-ray Diffraction Pattern:-
Crystall Structure:- Tetragonal a = 10.84

= 21.88 C/a
Reference - 14-323 JSPDS Powder DIffraction File.
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APPENDIX 2

A mixture of cuprous sulphide with CaSO4 was prepared
in the ratio of 1:3 and was heat-treated in a flowing
stream of argon at 1000°C. The chemical equilibrium
prevailing under these conditions is represented by

the following equation:

CUZS(S) + 2Ca804(s) = 2Cul(s) + 2Cal(s) + 3802(g)
AG®T = 165800 - 107.63T

At T = 1273°%, Pso, = 0.0225 atm, for unit activities

of all the condensed phases. The microstructure of the
heat-treated pellet shows evidence of copper formed at

the interface of CaSU4 and CUZS. The morpﬁological information
obtained from the microstructure shows that both CUZS

and Cu might have been liquid at the operating temperature,
see plate A(2.1). Since the melting point of CUZS is

1130°C this observation indicates that the reaction

might have progressed through a some other liquid phase.

The system needs to be investigated thoroughly in

conjunction with the related phases present.

* K %k ok k ok Kk Kk ok ok k Kk k k k k Kk k k k % % *
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PLATE A2.1

Plate A2.1 Calcination of CasO, in presence of Cu2s at
1000°C in argon atmosphere.

(a) Liquid Cu,S in the form of oxygen rich matte
in the matrix of CaSO4

(b) Copper grown as a result of calcination
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CONCLUSIONG

L2 N B 2N B N B A

1) The carbothermic reduction of metal sulphides has been
investigated in aorder to explore the possibility of a
single step metal production process without producing
sulphur dioxide gas. The results of carbothermic reduction
of metal sulphides shows that metals of over 98.0 pct purity
can be produced within a reasonable short timele.g. within
20 minutes for 100 pct metallization was observed in the
2-xS and Fe1_xS with coal, MS:Cal:Coal=1:2:2)
The present investigation proves the feasibility of such a
process industrially. The most suitable way of producing

metal is probably a counter current moving bed  reactor.

case of - -CuS,Cu

The optimum conditions for the process can be achieved by
operating under the right temperature and composition,so
that a large quantity of liquid phase does not form which
would hamper the operation. O0f special significance is the
extension of this work to complex sulphide ores where a

satisfactory one stage process would be most welcome.

2)The calcination of calcium sulphate was investigated to
appreciate the problems encountered during the slow reduction
step of metal sulphides(CuS,Cuz_xS] in the presence of lime.
This investigation also shows that the calcium sulphate is
a potential desulphurizing agent and can be used in the
process. :

3)The investigation on the growth of bi-partite whiskers,show
that bi-partite whiskers can be grown from an invariant
phase field by applying suitable thermodynamic conditions.
Similar techniques to produce bi-partite whiskers could be
of great importance in a number of fields especially of new

electronic and eletrical materials.

* %k %k % % k % * % # ¥x &k ¥ ¥ %k * ¥





