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ABSTRACT 

1 

1 

Pilot plant sca1e experiments have investigated the 
1 

remova1 of bismuth"antimony and arsenic from copper melts , 

(doped copper, blister oopper and white meta1). The ex-

periments were conducted in a 140 kg capacity, 150 kW 

induction furnace mounted inside a 3 m3 vacuum chamber. 

Melt masses were in the range 20-35 kg, melt temperatures 

were in the range 1500-1790 K and chamber pressures were 

in the range 7-160 Pa. 

It was fouqd that 45 to 90 % of the initial bismuth, 

50 to 60 % of the ini'tial' arsenic and nil, ta 60 % a/the 

'initial antimony'were removed from molten capper in 1 hour 

by vacuum refining. Appraximately 45 % of the initial 

bi~muth was removeq from mo1ten white metal in 1 haur 

under và-6uum •. 

'", 
Refining rate coeffi,cients increased fram 2 x 1.0-5, 'ta 

7 x 10-5 m s-l when melt tempe rature was increased, from 

1500 ta 1700 K. A simtlar"increase (~, x 10-5 ta 7 x 10~5 
,~. '\ 

-1 l " ms) was seen when chamber pressure was decreased from 

150 ta l()· Pa. Refining rates also increased when initial 

'.' 'j- , solute concentration was increased in the range 0.01 to . 
0.1 weight %; the-~tent of this increase depended upon 
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the conditions of temperature and pressure. The presence 

of a .sl~g layer on the copper melt lowere~ refining rat~s 

by approximately a factor of 10. Dissolved iron in the 
, 

copper melt (~ l %) lowered refining rate coefficients of 
1 

~ntimony (2 x 10-~ to 0.1 x 10-5 m 8-
1) but did not affect 

r,~fininq rates of bismuth or arsenic. 
1 

-Elements which can exist as polyatomic gaseous spe-

cies were found to evaporate predominantly in the monatamic 

form~ that is, the volatility coefficients for AS 2 and Bi 2 
> 

were approxirnately 1/500 and 1/300.0 of that for As and Bi 

respectively. 

A theoretical modE!l to describe vacuum distillation 

was derived in terms of .Machlin's expression for melt phase 

mass transfer, Hertz-Knudsen-Langmuir's expression for 

evaporation and an expression for gas phase mass transfer 

which includes diffusion and convection. Model predictions 

for bismuth and arsenic refining rates agreed with experi-

mental resul ts, w-hile no agreement was obtained for the 
'il> 

oase of antimony. 

Both theoretical predictions and'experimental' results 

indicate that vacuum r~fining copper to remove bismuth 

codld become a ~able indu~rial process. 
~ 

Slower refining 
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rates for aAtimony and arsenic indicate the need to use 

other processes such as oxidation and chlorination in . 

conjunction with vacuum refining if these elements are 

to be efficiently removed on an indus trial scale. 
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RESUME, =...;;;..;;.=, 

Les expériences affectuée$ à l' êche11'~ pilote orit 

êtudiê l'ê1imination de bismuth, antimoine et arsenic des 

bains de cuivre fondu (cuivre dopé, cuivre 'blister' et 

métal blanc): Ces expêriences ont êt~ dirigées dans un 

four de fusion à induct'ion (d'une capacité de 140 kg et 

d'une ,puissance de 150 kW) monté dans une chambre sous 

vide. Les masses. des charge êtaient entre 20 et 35 kg, 

les te~pératures des bains êtaient entre 1500 et 1790 K 

et les pressions de chambre êtaient entre 7 et 160 Pa. '. 
r , , 

iv 

Il fut découvert 'que 45 ~ 90' % du bismuth initial, 

50 à 6Q % de l'arsenic initial et zêro à 60 % de l'anti-

moine initial ont ~té ê1iminês du c~~vre fondu en 1 heure 

d'af.finage sous vide. ' A peu près 45 % du bismuth initial 

a êté(ê1iminé du métal blanc fondu en l heure sous vide. 

Les coefficients du, taux d'affin~ge ont au~entê 

de 2 x 10-? à 7 x _10- 5 m, s -1 lorsque la t:empéra,tur~ du 
, 

bain fut augmentée 'de 1500 à 1700 K. Une augmenbation 
, 

siml1aire (de 3 -5 x 10-5 -1 a êté observée x 10. à 7 m s ) 

lorsqu~ la pression ,fut diminuée de 150 à 10 Pa. Les taux . 
d'affinage, ont aussi ,augmenté lorsque 1 c,pntenu initial 

1. 
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en impuretés fut augment~ entre 0.01 et Q.l % au poids; 

le degr~ de cette augmentation d~pendait des conditions 

de temp~raturé et pression. La pr~sence d.'une couc;he de 

scori~s sur le bain de cuivre a diminu~ les taux d'affi-

v 

~ nage par un facteur approximatif de 10. La pr~sence de 

fer (~ 1 %) dans le bain de cuivre a diminué les coeffi-

.. 
.. 

" 

" 

cients du taux dl affinage d ',antimoine de 2 x' 10-5 à 

0.1 x 10- 5 ~ s-l, mais n'a prodùit aucun effet sur les 

taux d'affinage de bismuth ou arsenic. 

,1 

Il fut d~couvert que les êlêments qui peuvent 'exister 
'\ ) 

comme espèce gazeuse polyatomique s'~vaporent principale-
, " 

ment dàns la :forme monatomique, c'est-à-dire que les co-

efficients de volatilitê'de AS 2 ,et Bi 2 ont été approxima­

tivement 1/500 et 1/3000 de ceux de As et Bi respectivèmen~ • 

Un modèle théorique pour d~crire la distillation sous 

vide a ét~ déri~é en fonction de l'expression de ~achlin 

pour lè transfert de masse en phase liquide, l'expression 

de Hertz-Knudsen-Langmuir pour l'évaporation et une ex- 1 

press ton pour le trans'fert de masse en phase gazeuse qui 

~utilize la diffusion et la èonvection. Les pr~dictions du 

modèle pour les taux d'affinage de bismuth et arse~ic sont 

en accord avec les r~sultats exp~rimentaux mais aucun ac-

cord a ~té obtenu d'ans ie cas de l'antimoine. 
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Les 'pr~dictions th~orrques et ,les r1§sul tats exp~ri- -

mentaux indiquent que l'affinage sous vide du cuivre pour 

~liminer le bismuth peut devenir un proc1§d1§ industriel 

viable. 
; < 

Des taux'd'affinage plus l~nts pour les cas de 

1" antimoine et de l'arsenic' indiquent que 1 ~ affinà.ge sous 

vide devra être utilis~ conjointement avec d'autres pro­

c~d~s comme l'oxydation et la chloruration s'il est d~sir~ 

dOl ~Üminer ces ~l~ents du cuivre à l' ~chel1e industrielle. 
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CHAPTER ONE 

INTRODUCTION 

] 
l 

SECTION 1.1 GENERAL 

The trend towards lower grade copper ores, and t;he 

advent of continuous copper-making processes have resulted 

in certain impurity levels in anode copper which are un-

acceptably high for electrorefiningi notably, bismuth, 

antimony and ar~enic. A process which will maintain these . ,. 

impurity contents in anodes at a level agree~le to copper 

refineries is needed to complement existing copper-making 

practices. 

It will be shQWn that vacuum ritining molten copper, 

whereby volatile impurities are evaporat~d from a copper 
" melt under vacuum, is one $uçh process. The idea of using 

vacuum distillation technology to refine copper evolves 

'from ~ccesses obtained in removinq,more volatile species 

from steel and lead malts. 

This, study investigates rates of removal of bismuth~ 

antimony and a~senic :rom copper melts, as weIl as variables 

which affect· these r~tes. 

t._~ 

J 
j 

i . 



( 

( 

.. • 

SECTION 1.2 THE THESIS 

Chapter Two of this thesis examines modern copper~ 

making practices with particular reference to areas which 
1" • , 

are experiencing problems with high impurity levels. 

Possible solutions to this problem are reviewed, of which 
" 

the most promising is concluded to be vacuum refining 

molten copper. 

Chapter Three examines and summarizes previous stu-
f 

dies of vacuum refining molten copper and a theoretical 
1 

model for the said proces~' is developed. 

Chapter Four describes experiments which determine 

refining rates in several types qf copper melts and the 

results of these experimen'ts are taiklat.ed, plotted and 
,. - '\ 

evaluated in Chaptér Fi ve. ., \ ~ 

Chapter Six discusses the effects ~f sel'ral varia­

bles on refining, rates and comp$res experimen~allY deter­
... ~' 

mined rates to those predicted by the theoret'cal model. 

) 
Finally, future work i5 suggested and conclusions of , . 

this study are formed. 
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CHAPTER ~O .J 
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" 
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" 

0 BACKROUND 

SECTIO~' EXTRACTIVE METALLURGY OF COPPER 

,-} 

The major processes involved in extracting'copper 

from sulphide ore are illustrated in Figure 2.1. Thes~ 
,.' 

pyrometallurgicall,processes ~iCh treat sulphide ores 

produce 90 % o,f the world's primary' d~pper. Almost all 

of the remaining 10 % originate from oxJ,de ores '''fd is 

treated by hydromet~llurgical processes. . J 

3 

Before sulphide ores are smelted by one of the pyro­

metallurgical techniques, they are concentrated to produc~ 

a copper grade high enough to be economically smelted. 

Beneficiation i9 usuaIIy by froth flotation, in which the 

copper sulphide mineraIs are activated for extraction from 

a pulp of finely ground ore by the addition of reagents 

to the pulp. 

Smelting consists of first heating and melting the 

concentrate at about 1200 Oc in conjunction wlth a ~ilica 

flux and air or oxygeP)enriched air. The result is two 

, 
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Matie 
(30-55% Cu) 

SULPHIOE ORES 

('il 10 2% Cu) 

Concentrates 
(20-30% Cu) 

1 

Bllller Copper / 
(98.5+%Cu) 

Anode Copper 
(99.5 +% Cu) 

Cathode Copper 
(99.99 + % Cu) 

" 

> , 

Bliiter Capper 
(97+ %Cu) 

Fig~te 2.1 J:1ajor processes InvoJ.v$d in Extracting 

cOJper from Su1phide Ores (----- Rare) 1~ 
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immiscible phases':, 1 

and 

a) a copper rich liquid sulphide phase (~atte) 
~ 

h) a liquid oxide phase. (slag) virtually free of 

copper .. 

'~ 

The matte ph~se is a mixture of cU2S and FeS, and is 

tr"s;erred t~a ~econd reaction ves~el whe~e it undergoes 

converting. In this two stage process, iron and sulphur 

are elirtinated by o~idation wi th in'jected air. Iron is 
~ 

conyerted to FeO whi~h enters a slag ph~se while sulphur 

'" is converted to S02 ~hich is exhausted. When aIl of the 

iron has been eliminated, the only phase remaining is 

Cu2S. Further oxidation by air eliminates the remaining 
\, ~ 

, sulphur as S02 gas and .the copper which is produc~d is 

called blister copper. It is about 99 % pure, the main 

impurities being oxygen and sulphur. 

A~most aIl bli$ter copper produced today is fi re-

~efined to prevent formation of sulphur dioxide 'blisters' 

a during casting of copper anodes. In this process, sulphur 

is removed w(~ air, then oxygen wi~ hydrocarbon gas. 

Next, copper anodes are electrorefined. An·electri-

cal potential is applied between the anode and a high 
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purity copper cathode, both of which a+e immersèd in an .. 
electrolyte composed o:e, H2So4, and cu2so4,' The copper from.­

thb anode di,ssolves in the el~ctrolyte and subsequently 

plates onto the cathode, Many of the impurities f~om the 

anode are insoluble in ~e electrolyte and form 's limes '1 
". .- , 

'1-'lrr 

at the o?ttom ôf ~he electrolytic cells. Others are'par­
i 't, 

tiall~s~luble but do not pla~e at suff~ciently low con-

centrat;J.ons. The result~~f copper cathode~ ar~ 99.99 % ~ 
"1 , 

pure or oetter. ) 

~ C> 

Innovation to these conventional copper-making pro- ' 

cesses has emerged in the past few years. It has be~n 

found that smeiti~g and converting can be combined into 

~ continuous. process carried out in a single' reactor be-' 

c~use sm~ting,and Gonverting are 

tion processes. One advantage, of 

the need to handle a matte phase, 

converting stages is eliminate .. 

t~ controlIed oxida-

is process ~s that 

e the reactor produces 

blister copper from a copper concentrate feed. 

SECTIO~ 2.2 THE TREND TOWARDS HIGHER IMPURITY LEVELS 

There is a,trend towards ,higher impurity contents in 

anode 'copper~ The reason is twofold 

.J 
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i) As the easily attainable hi'gh grade ore:s 

depletea, the tendency ia to e~ploit the 

attainable lower gra~e ores, resulting,in a 

greater impurity conte~~ per unit of copper. 
" ' , 

To maintain a constant impurity level in the 

anode copper, the additional~impurity bontent 
, 

must be removed during smelting and conver,ting. 

This may be a'chieved by further volatilization 

but, under ,normal smelting and converting con­

ditions, will consume large amounts of time and 

energy. 

-ii) Impurities are more stable and le s volatile in 

metallic cbpper than in copper In one 

step copper production, blister cont-

,inuously,prasent in the reactor and a large part 
.. l ,,~'I-: 

of the impurity which would normally vaporize in 
1 

the pre,sence of matte alone will/instead enter 

the metall~c copper phase. 
• f 

As a' re'sult of this trend, the impuri ty levels in 

anode copper are inc~easing. 
• • ua • 

The next two sections point 

out that they are becoming too hig for the ,electrorefin­

ing stage to hanq1e safely and econo ically. 
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SECTlpN 2.3 TijE" EFFECTS .Of IMPURITIES IN PRODUCT COPPER 

Ty ical levels of the most common impurities found in 

smelter mat e and blister copper'are shawn in ~able'2.+, 

while those cathodefcopper are shaWn in 

Table 2.2. 

,Maintaining ,ex remely low levels of~impurities in 
.... 0 

product copper is vi ~\. {,AIl soluble impuri ties,' lower the, 

the electrical and the~al conductivities of the metal. 

'For examp le, O. l wei gh t percent ars eni c red"uce"s the elec-
\ 

\ 
trical èonductivity by 23 %. and flle thermal conductivity 

"" . ~Y a si'mi lar amoun t. The offenders ar~ Ag, As, N;, S, Se, 
/ 

~e, Sb and Cd. Others form stable insoluble oxides which: 
~ \ 

B 

are precipitated in inert form, ~ that thei~ effects are , 

less. 
\ 

Annealing propertïes, are aIse adversely affected by 
, 

, ' 

impurity content. Almost all imp~rities induce,a rise in 
, 

the softening temperature of copper. For \ example", the 

prèsence of 0.05 weight percent arsenic raises ,the ~oft-t 

ening of copper 

/" 

. , 



.., 

{~, 

,~ 

( 

\ . 

t. 

( 

Element 

Cu 

Fe 

S t 
-c1, 

0 

As 

B''-

Pb 

Sb 

Zn 

,}' Au 

l' 

i 
,\' 

~. ~ __ ~".,~,..,..,.., ..... -=.-"".,_r~~~,~\~~'" 

9 

Matte Blister C of %) 

30-55 

30-45 

20-25 

2-3 
'Il 

0 .. 0.5 

't} 

0-0.1 0-0. 1 

0-5, 0-0.1\ 
0-1 _ --·---------.:.....·---0-0 -3 \ 

__ .-C--'- .-- , '<, 

0-5 0-0.005 ) 

0-15 x 10- 4 0-100 x 1 -4 

0-0.1 0-0.1 

/ , 

--------------------------------------~----------------~ .. ~~ 
\\ _ ~ji 

Table 2.1 Impurity Levels in Matte and Bli er Copper , 
~ -Î 

Ag 

(weigh t %) 1 b f.-"'- ", '''-, ~'--
", j 

-------------------------------------------------~. ~~ 
Cathodes (range of %) , ~ 'Element Anodes (range of %) 

Cu 99.4-99.8 99.99 

0 Q.1-0.3 n.i. 

Ni 0-0.5 trace-O. 000 7 . 
Pb 0-0.1 / trace-O.OOOS 

As , 0':'0.3 trace-o..OOOl 

Sb 
~1~ 

0-0.3 trace-0.OOO2 
" Se . 0-0.02 

r' 
, .. trace-O.OOOl 

, 
Te 0-0.001 " trace-O. 000 1 "-

Fe 0.002-0.03 0.0002-0.0006 

S 0.001-0.003 .,.. 0.0004-0.0007, 

Bi 0-0.0 1 trace-0.0003 . 
Ag trace-O .1 0.0005-0.001 

" Au 1 0-0.\005 
\ 

0-0.00001 .. 
, 

Table 2.2 Impurity Levels in Anode and Cathode Copper 
(weight %) l~ 
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SECTION 2. 4 .;J:HE EFFECT OF IMPURITIÈS IN THE ELE-cTROREFINING \ 
,'1 

PROCESS 

Elect~orefining lowers impuri content to an accept­

able level, in the product copper. T e amount of impurities 

that this stage· cari handle is limited. Co~equently, a 

copper' refinery sets a level of impurity content for, cop­

~er i\P.0des above which i t wi 11 not accept. \Higher impu­

rit y contents cause problems in the two area 'where im-
Q • 

purities accurnulate :- the anode slimes and the lectrolyte,. 

Impurities found in the anode slimes are those ~at 

are insoluhle or form insoluble compounds in the electio~ 
lyte. Table 2.3 lists these. impurities and the c~~pounds 

... 
they forme Because the p~ecious metals gold, sil ver and 

platinum are precipitated, the anode slimes are very val­

uable. Excessive levels of other impurities m~ it more 

difficult to extract these valuable metals. 

1 
l1 F 

Impuri ties faund in the electrolyte are those that ~, 
\ 

. l 

dissolve' in the electrolyte but are less noble th~n copper 

and hence do not plate on the ~athôa&~hey include three ' 

'~ \ elements wnose removal from copper are exakined in this ~I 
'\~ . .study (Bi, So and As) as well as Co,' Pe and Nj,. To pre- IV 

ent these impurities from contaminating the cathodes by 

( \ 

l , 
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( 

Element 

Au 

Pt 

Ag 

Se 

Te 

pb 

Sn ' 

'" S 

, ... 

" ' 

Insoluble Compounds Formed 

* none, 

none' 

Agel, Ag2Se, Ag2Te 4 

A92se, cu2se 

,\u2Te 

P~S04 

Sn (OH) 2S0 4 

QU2S 

.' 

althdugh no compounds are fo~ed, the element itself 
does, no~ dissolve in the eJectrôl.yt~ and consequently 
pr~<;ipi~ates into the anod1 stimes 

" , 
~ 

11 

Table 2. 3 ,Impuri ties WhiCh are Found in the Anode S limes 

and the Insoluble Compounds that -.i!hey Form 

'" 
f'b 

-' 

~ 

," 
t , 

.... 
., 

," 

" . 
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electrolyte occlusion, Bley are regplarly removed from the 
'1> 

eleètrolyte in a purification section of the refinery by 

~lectrowinning thém onto an impure copper cathode deposit. 
~ 

When higher impurity fevels ~re ~iesent in the électro~yte, 

the purification process must Dé carried out for a long~r 
~ 

period of t~me. This raises not only the expense of the 

process, but al80 the probabili ty ctf dangerous arsine gas , 

(AsH 3) evolving at the cathodes. 
\, 

t ~ 

SECTION 2.5 POSSIBLE PROCESSES FOR REDUCING THE IMPURI TY 

CONTENT 
-dl' ' 
IN'COPPER 

\ 

D 
Three potential solutions for eliminating impurities -.. 

in copper have been proposed in previous studies : oxida­

tion, chlorination and vacuum refining. Following is a 
f) 

brief description and general outlook for each of these-
1 J 

po~sible _Solution~.\ 

/ ~~~ 

2.5.1 1 

a.1 ~at ) 
, 

copper melt to form 

OXIDATION 

Oxidizing an impure . 
" simply an extention of nÔrmal .. 

practices. In this process, 

'is high i? imp~Jt ties \s 

~\\ /'smelting and converting 

" 

\ 
~ 

, QI 

~"--

1 

1 
) 

1 
} 1 

i 
t 

~ 
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1 

oxygen or air~is fe~ into·the molten bath, saturating the 
~ 

cu20 reacts with im-
2 

purities according to this general reversible reaction 

13 

2.1 

where M is ,the metal-rf8 impuri ty . The degree of oxida tion 

and removal of an impurity depends upon the concentration 

of ~e impurity, the concentration of oxygen in the bath 
... 

and the properties of the oxides formed such as volatility 1 

specifie gravity and rate of slagging (by combination with 

flux additions). 

When a metallic impurity oxide n~ither dissolves in 
'OBI' -

copitr nor combines wi th other "metallie oxides to gi ve 

compounds soluble in eopper, ·the content of that i~puri ty 

in copper May be lowered by the above reaction t,o a min- .. ~ 

~imum ~evei determined by the followinq equilibrium equation , 

K= 2.2 
,'P • 

\t\. ~. 

1 

i 
1 
1 

1 

.! 
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whe re a is the acti vi ty • Typical values of K for sorne , -.' 
elements inr copper are shown in Table 2.4 . 

• c 

. 
1 

The first group",of etements, with v~ low values of 

K, will not be removed by oxidation and subsequent slag-

., ging. Thrt is not a problem, sinee they' are aIl val.uable 

metals to he recovered in the eleetrorefining stage. The 

third gr\up, with very high values of K, rnay easily be re­

rnoved by oxidation. 

. ., 

14 

Bismuth, antimony and arsenic fall in, the second group 

.' and are problematieal sinee they are neither desired nor 

eaS,ilY elimifated. Bismuth, with{ the lowest value of K in 

thisgroup, has been found to be very difficult to oxidize. 

Arsenic and ~n.tirnony oxidize to volatile trioxides 'AS 20 3' 

and Sb 203 which are easily removed with waste .gases. How­

ever, thes~ trioxides easily oxidize further to nonvolatile 
/ 

pentoxides whieh combine with other oxides to forrn arse-

nates and antimonates, many of which are soluble in mol-
(j 

ten copper. One way to avoid this is te find a ftüx which,' 

when added, renders these compounds insoluble in tne cop-

pero In the case of arsenic, sorne suc~ess has been achieved 

using soda as the flux. 

4 -

~ -' 

l~ 
1 
) 

J 
j 
i 
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(~ 
* Element K .. 

Au 1.2 x 10- 7 

Ag 3.5 x i\-5 
\ 

Pt 5.2 x 10-5 

Pd .' , 
6.2 " -4 x 10 

Se ~ 
~ 5.6 x 10-4 

Te 7.7 x 10- 2 

\, 
~ 

'c~, Bi 0.64 

Pb 3.8 
lt" 

Ni 25 

Cd 31 

Sb 50 
..... 

\ As 50 
Il) 

x 10
2 Co 1.4 

10'2 
\ 

Sn 4.4 x r 

t 
10 3 Fe 4.5 x ~ 

Zn 4.7 x 10 4 

Na 1.1 x 10 5 

~ 
(/! Si 5.6 x '10 8 , 

G 

* - as defined in Equation 2.2 

Table 2.4 : Values of the Oxidation Equilibri~ Constant K 
1 

for Some Elements in Coppèr 2 

( " 

, '\ 
l , 

1 •. 
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2.5.2 CHLORINATION 

Removal of various impurities from 1iquid erude cop-

per using various chlorides was studied thermodynamically 
3 

and experimentally. By taking into account the free ener-

gy of formation of chlorides and the activity coefficients 

of various impurities in molten copper, it was estimated 

that sorne impurities, including bismuth, could be volati-
. 

lized by chlorination. However, experiments revealed that 

little or none of the bismuth was vo.latilized. Much of 

the arsenic and.antimony was eliminated, but not by chlor­

ination. It was concluded that the addition of calcium 

chloride probably caused the formation of calcium arsenate 

,and calcium antimonate, as it was found that other chlorides 

were not effective' in eliminating arsenic or antimony • 

.. 
, . 2.5.3 VACUUM REFINING 

Industrial applications of vacuum distillatio'n to re-

fining steel and lead have encouraged theoretical and ex-

perimental studies of vacuum refining molten copper. ln 
, 

this process, an impure copper melt is exposed to vacuum, 

which enhances evaporation of those species more volatile 

than copper in the melt, such as bismuth, antimony and 

\ 

. 
" 



" 

( 

----\-_._,,~ 
\ . , 

arsenic. In previous studies on vacuum refini~g copper, 

the,results of bismuth removal,have been promising, while 

antimony and arsenib have been removed to lesser extents. 

T"lBvacuum levels required, approximate~y 10 to 100 Pa, 

are comparable to those J;'equired for refining steel, but­

less than those required for degassing steel. 

2.5.4 SOMMARY 

This section has shawn that oxidation and chlorina-

tion treatments for refining copper are unsucce~sful in , 
removing bismuth and partially successful in removing an-

, 
timony and arsen~c. Vacuum refining'copper appears to be 

a more viable t~chni~l solution to the problem of elimi­

nating ~n~Jroony and a~enic. For the case of bismuth re-
l 

moval, it appears to be the only solution. 

17 
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CHAPTER THREE 

yACUUM DISTILLATION 

SECTION 3.1 PREVIOUS STUPIES 

Previous studies on vacuum refining copper are SUIn­

marized in TaIlles- 3.l~, ,3.2 and 3.3 WhiC~ show.experimental 

conditions and results for eliminati9~f bismuth, antimony 

and arsenic respective Iy fram copper mel ts . 

tiith one exception, experiments were carried out, in 

crucibles made of either graphite, magnesia or alumina. 

The exception was a 'vacuum lift 1 method of refining 1 0, 

where a thin (0.04 m iod.) vertical quartz tube was evac-

uated to lift anc; refine portions of a copper melt for 

2 to 10 minutes and then repressuri zéd wi th ni trogen gas 

to return the, copper to the bulk of the melt; ~ this 'lift 

and retur~' procedure was repeated between 5 and 30 times 

,.during one experim~.ntai rune 

). 
Previous small scale experiments were conducted using 

melt lllasses oetween 0.02 and 0.15 kg while prior pilot plant 

scale experiments used melt masses between 4 and 34 kg. 

~ - ~ .. - ......... ~. ~ 1--- , ..... " ...... . \ ~ , - .. 
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I ,Melt Melt Chamber 

Source Mass Temperature Pressure 

(~g) 

Ramedalt 00.03 

Kamedalt 0.03 

Ohno5 0.15 

Bryan6 0.02 

Bryan6 4 

Bryan 6* 0.02 

Strel' tsov1 0.04 . 
Komoroval 0.03 

Go1ovko9 

Kametami10 0.6-6.0 

Taubenb1at11 25 

Ozberk12 34 

* - the me1t was cU2S 
~ 

(R) (Pa) 

1373 13 

1473 13 

1413-1573 ' 0.1-1 
, 

1443 10 

1473-1573 1-150 

1443 10 

1473 0.01 

1473 1 

1473 13-67 

1473 130-270 

1423-1573 0.01 

1423-1623 8-40 

~ ~ il 

-' 0/ 

Area Initial Processing % KBi 
Volume Wt. % Bi Time Elimination 

(m- 1 ) (min) (;"0- 5 m s-l) 

60 50-8(V (20- 45) / (AM 

60 +90 64/(A/V) 
--:.. 

50-60 0.5 5-15 +95 8-27 

0.126 60 +99 128/(A/V) 

15-20 0.,02-0.3 50-60 80-95 1-8 

0.32 60 80 50/(A/V) 
'il 

55 0.9 25 90 2.8 

120 50-80 " (10-22) /(A!y) 

- - 5-15 93 443/(A/V) 

Vacuum Lift 15-90 10 (2-12) /(A/V) 
Refining ": 

30 50 39/(A/V) 

6.7-10.20.02-p.04 120 40-80 1-3 

Table 3.1 Su~ry of Resu1ts from previous Vacuum Refining Stu~ies showing ~~smuth 

Elimination from Molten Copper 

'~, 

_...t~"".;,~""""~t.,~I.>."",,~~"""'<I1"~'f..l,-,,,:,JjU-""""'~ ,..~ ___ ~?~~ ... ___ ~~~W -- ._- - - - --' 
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Me1t Melt Chamber Are a Initial Processing % KSb " 
Source Mass Temperature Pressure Volume Wt. % Sb Time E I1mina tion 

(kg) (Kl " (Pa) ( -1 m ) 
b 

(min) (10- 5 m s-l) 

Kamedà lt 0.03 1373 13 60 50-55 20/(A/V) 

,Kameda lt 0,03 1473 13 60 30-40 10/(A/V) 

Komorova e 0.03 1473- 1 120 50-75 JI0-20)/(A/V) 

Golovko 9 1473 13-67 5-15 20 40/(A/V) 
. 
Kim l3 40 

Kametami lO 0~6-6.0 1473 130-270 Vacuum Lift 15-90 20 ( 4 - 25) / ( A/V) 
Refining ~ s 

Ozberk 12 34 1523 13 7.1 0.15-0.'25 120 0 0 

" J.,. 

~ 
Table 3.2 : Summary of Rèsults from previous Vacuum Refining Studies showing Antimony 

Elimination from Molten èopper 

JI 
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Source 

Kameda lt 

Kameda' 
Komo'rova 8 

Go1ovko !l 

1 Kim l S 

HEflt 
Ha~s 
(kg) 

0.03 

0.03 

0.03 

Kametami l oO.6-6.0 

Ozberk 12 34 

f 
, ? 

~ 
Ji 

Helt 

"' 

Chamber 

Temperature Pressure 

, Area 

Volume 
-1 

Ini tial 

Wt.% As 
(K) (Pa) -(m ) 

1373 

141'3 

1473 

1473 

1473 

1523 

o 

4; 

13 

13 

1 

13-67 

'!>. 

130-270 Vacuum Lift 
Refi~ing 

13 7.1 0.3-0.4 

Processing % 

( 
~ 

~ 

KAS 

~ 

y' 

Time Elimination 
(min) <;" (10- 5 m s-l) 

60 10-30 (3-10) 1 (A/v) 

60 A40-70 (15- 30) 1 (A 

120 50-80 

5-15 20 
<-

30-50 

15-90 10...120 (2- 2511 (A/V) 

120 0 0 

" , 
Table 3.3~~Surnmary, of Results from previous Vacuum Refining Stuàies Showing Arsenic 

Eli~nation'from Molten,Copper 

/ 

-' 
fL, 
c; 
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1t temperatures were genera11y oetween 1400 anq 1500 K. 

nbIat11 , Ozberk12 , Onno s and Bryan 6 conducted some 

.. ..,., ....... • .... ;ments at 1600 K as well. A large range of pressures 
r 

was in stigated: low- (o.o:4ltl?al 5 ,Y.a,11, moderate 

C.10-l5 P and nign (70-270 Pa)6,9,lO. 
'\ 

" 

It can seen that rates of antimony and arsenic re-

mova1 were simi t30-60 % of initial content eliminated 

in 1 nour) while of bismuth elindnations were consis-

t~ntly.nigher (50-9~ of initial content eliminated in 
.. 

1 hour). In the case 0 the 'vacuum lift' technique, ths 

elimination rates of the e1ements were about the sarne 

and low when compared ~ the ther ~tudies. On tbe whole, 

high elimination rates appear 
. '-'3: 

have been promoted by high 

melt temperatures and high initia impurity contents. 

It can also he seen that elimina n rates were com-

paritively low for the pilot plant scale tudies. Conse-

quently, the goals of, the present pilot p 
1 

are to determdne causes for these decreased 

scale study 

..t.4~~u.a.tion 
'~ 

rates and how refining rates mignt be increased in ce .. 

" 

i 
\ J 

1 

1 

, 

l' 
1 

! 
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,\ . 
~C~ION 3. 2 GENERAL THEORY , \' 

... \, Vacuum \ , , distillation a~ applied to liquid me'tals in-
) , n 

volves ch4n9in9 the, compositiOn of a mel~rouqh removal 

of volatile elements. In practice, two ~ments with dis­

~inctively different v~pour pressures ab~~ given malt 

are separated when expos~d to a sufficiently l~ pressure, 

since the element wi~ the higher vapour pressure will' 

volatilize to a greater extent. This is the principle ~f 

vacuum refining, in whicn vola~le impurities are distilled 

from a liquid metal. 

\ 

The two predominant variables in the vaculUll refining '., 

process are melt tempe rature and charobèr pressu~e. They 

are adjusted to maximize distillation rate. A clean melt 

surface, a well stirred,melt and a high surface area to 

volume ratio also enhance distillation. 
( 

The effects of ~ese and other parameters on distil­

lation rate may be determined by using mass ~an~fer theory 

to dève~op a vacuum "distillation model: It has been 

founp19,1~,15 that three DaSS transfer mechanisms are re-
, 

quired to describe the vacuum distillation process. They 

are : 

1 . 

\ 



.. 
( 

( 

and 

\ . 
If 

al transport ~f a solute at through the melt to 

the melt surface, • 
~ "J .. 

h) evaporatiori of the atorn at the lt surface 

cl transport of the evaporated atorn away f~ the 

melt surface and through the bulk.gas phas~ 

'il t. 

, Under different conditions of vacuum distill~tion, each 

·mechanism may.be th~ rate'controlling step. 

24 ,. 

In the sections that fo ll"" , .th~e mechanisms are 

descriced and an overall ~ss transf~~eqUation for vacuum 

distillation is derived. Th~ equation fS then applied to 

vacuum refining copper by inCO!)Frating the appropriate 

parameters. .'" 
1 

.; 
SECTION' 3. 3 MASS TRANS FER IN THE MELT TO THE MÈLT SURFACE 

.... 

'f' Machlinl~}loped a 

inductively s~d me~t. 
model for mass transfer in an 

He a.ssumed that unit volumes of 

melt which are adjacent to the melt-g~~interface move as 

rigid bod~es, that ia, without shear gradients albng the 

interface. Local convection currents\within these unit 
" volumes are assumed to ce negligible. The rigid body motion 

f 

1 

1 

1 
1 

1 
j 

1 
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1 

L 
1 

4 

2S 

is from the center of the melt to the walls of the crucible. 

Under these conditions of straight streamline flow, 

transport normal' to the velocity of flow is independent of 

that velocity. Henc&, Fick's second law of diffus~on can 

'be applied' to each rigid body. When the rigid body is ex­

posed to vacuum, the solute concentration at the melt-gas 

interface will decrease due to evaporation of solute atoms. 

This concentration gradient, illustrated in Figure 3.1, 

acts ,S the driving force for diffusion. 

By incorporating the concentration 'gradi~nt into 

Fick's law, Machlin obtained the following expression for 
". 

the flux of solute atoms to the melt-gas interface : 

or 

~ = ( i 

• 

3.1 

3.2 

l 

1 d_ 

" 

î 
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" VACUUM 
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Assumed Conc'entration Profile in the Melt 
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where 

N~ = 1 

." 

C. = 1 

D,S ..!.. 

Dm 
i = 

v = 
r = 

,. 

. ' L 27 

r' 

molar flux of solute atoms of species i 

through the melt to the melt-qas interface, 
-12 '-1 kqmole 'm s 

'concentration of solute atome of species i, 

\ 

-3 kqm?le m 

melt bulk and melt surface, respectively 

coeffibient of ,diffusion for solute species i 
through the l{quid melt, m2 s-l 

-1 average melt surface velocity, m s 

melt radius, m 

m 

/ 

K~ 
1 

8 D. v ~ 1 
( 1 )"l , m s- . • •• 3. 2a 

'If r 
, \ 

Incorporat~on of this, expression into the overall mass . 
tra~sfer model requires that v~'es for c~, D~, v and r be 

....- 1 1 

known. The melt radius and bulk concen,tration are ~asily 

measured. The diffusion coefficient and surface velocity 

for the case of a copper melt will be discussed in a later 

section which de.1B Wi~l.l par';"'ters specifie to 'the " 

vacuum distillation of coppe~. 

, . 
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SECTION 3.4 .. : EVAPORATION AT THE MELT SURFACE ONDER PERFECT 

VACUUM 

The rate of evaporation of spècies i from the melt 
j 

into a perfect vacuum can be predicted Dy the Hertz-Knudsen-

Langmuir equation6t12t13tlS117 : 

or 

where ,.. 

e 
,Ni = 

d 

e: --CI 
M .. = l. 

~, 

R --

N7 = e: ( 1 ) ~ P:' 
1. 1 1. 

~ 2 rr Mi R T 

~olar flux of species i evaporating, 
kgmo1e m-2 s-1 

.... 3.3 

• • •• 3.4 

coefficient of evaporation, usua11y assumed 

to be uni ty in liquid metal systems --

molar mass of evapor,ting species i, 
-1 kg kgmole . 

g as cons tan t 8314.34 J kgmole- l K- 1 

( 

-. , 
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T = melt temperature, K 

p~ =. equilibrium vapour pressure of species i 
o~ 

1. 

at the melt surface, Pa 

, -.. 
K~ ( 1 ) ! kgmole -1 3.4a = e: , s m kg .... 

l. 2 7f' M. R T 
l. 

It i8 necessary to correlate surface vapour pressure' 

and surface concentration in order to combine the mass 
, 

transfer equations for the melt and evaporation. Surface 

vapour pressure is related to the mole fraction of spe­

cies i at the surface, x~, fifst by Henry's relation 18 
: 

where 

P~ 
J. 

y. 
J. 

= 
= 

~ ..•. 3.5 

vapour pressure of pure species i, Pa 

Raouftian activity coefficient of species i 

in the melt 

\ 

At low concentrations 'of the,solute, it may be assumed that.: 
( 

~ 
1 

X. = Ci 
~. .... 3.6 

J. 

J'b \ 



( 

\ 

( 

1 

( 

------,~ 

( 

where .. , 

- molar Jl\ass of bulk material in the surface 
!!:! molar mass of bulk metal 

- density of bulk material in the surface 
!!:! density of bulk mètal 

It may ce further assumed that the activity coefficient 

approach~s the Raoultian activity coefficient in infinite 

o dilution, Yi" Equation 3.5 now becornes : 

; 

Substituting Equation 3.7 into Equation 3.3 yields 

'" 

N7 = e ( 1 ) , (P~ y': 1\) c~ 
l. 2 TT M. R T 

l. l. 
Pb 

l. 

l. 

.<? 

Ne = K~ 4Ii C~ i l. l. 

~ 

1 

30 

3.7 

3.8 

3.9 
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where 

y 
and K7 is • . 1. 

3.9a = 

as previously defined. 

#":r 

SECTION 3.5 :{EVAP?RATION OF SPECIEê WHICR CONTAIN MORE 

THAN ONE ATOM IN TRE VAPOUR STATE 

Bismuth ,antimony and arsenic can form the following 

vapour mole cules : 

Bi, Bi2 

Sb, Sb 2 , Sb4 

As, As 2 , As 3 , As 4 

" 

The model for evaporation as it is given in Equation 3.8 

is limited to species which volatilize as rnonatomic vapour 

molecules,' and must be modified to accomodate evaporation 

of polyatomic molecules of bismuth" antimony and arsenic. 

The modifJcation is performed as follows. 
'<1, 

The activity of specie~ i in a melt i5 defined as 19 

P. 1 
1.n ln 

a = (-) 3:10 
i PC:> 

1.n 

. ' 

1 

1 
1 

\ 

1 
l 
~ 
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where 

a. 
~ 

P. 
~n 

P~ 
~n 

n 

= 

= 

= 

= 

activity of species i in the melt 

equilibrium vapour pressure of polyatomic 

species i, Pa 

vapour pressure of polyatomic species i in 

its pure state, Pà 

n~er of atoms in a molecule of species i 

in its vapour state 

32 

o Rearranging Equation 3.10 and recalling that a. = y. C. ~ /Pb ~ ~ ~-1:) 

for species i in dilute solution yields an expression to 

describe the equilibrium vapour pr~ssure of ~olyatomic 

species i at the melt surface : 

•• 

( 0 CS ~)n y. . 
~ l. 

Pb 

This expression for P~ may replace p~ in Equation 3.3, 
l.n 

to ,give : 

Ne 
in = e: ( 1., . }i po 

in 
(yC? C~ ~)n .... 

" .;2 'Ir M. 
~n 

R T l. ~ 

Pb \ 
'" 

.. 
Uf 
1.~11 ,""" 

3 ~ 11 

3.12 

1 , 
l 

1 

1 
: i ' 
~ 

' ~ 

! 
l 
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or 

3.13 '\ 

where 

K: e: ( 1 l ! = 
~n 2 1T M. R T 

~n 

3.l3a 

M 
4l in = 'P'? (y'? -È.}n 

-~ ~ n 0 

3.l3b 

SECTION 3.6 : EVAPORATION INTO AN IMPERF~CT VACUUM 
f 

According to Krüger3~ , the gas space above a melt is 

said to behave like a perfect vacuum when the chamber pres-
- .~. 

sure is below 0.1 Torr (13 Pa). This is attributed to the 

low probability of atom-atom col,1isio~~ which, allows atoms 
1 

to move in straight paths away from/the melt surface until 

they coll~de with a bounding surface. 

At higher pressures, frequent collisions between atoms 

occur, allowing ~ proportion of the evaporating ~pecies to 

• 

1 
1 
1 
! 
j 
1 

l 
1 
1 

1 

1 
l 
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be back-scattered in the :direction of the melt surface. 

Harris 1S refers to this phenomenom as back pressure of the 

evaporating species on the gas phase ·side of a 'Langmuir' 

plane just above the melt surface (see Figure 3.2 in the , ~ 

following section). The flux of atoms back into the melt 
( '1 

due to the back pressure may be obtained by reapplying the 

Hertz-Knudsen-Langmuir expressi'on 

. . •• 3.14 

where 

= 

flux of atoms of species ~ack into t;he 
melt, kgmole m- 2 s-l 

back pressure of species i in the gas 

above the melt, Pa 

ace 

Consequently, there exists a net flux of atomS away from 

the mel t equal to the f"lux of evapo~atinq specitbs (Equa­

tion 3.13) less the flu~ of species back into the me1t 
.. 

(Equation 3.14). This net flux is expressed as : 

o • 

•.•. 3.15 

, 
f 
1 

.1 

! 
1 
1 
1 

1 
J 

, 
Q , 
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where aIl terms have the meanings previously defined. 
/ -
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')(' \ 

/ This equation represents the complete model of mass trans-

î 

. 
fer due to the net evaporation of any monatomic or poly-

atomic species i. 

SECTION 3.7 MASS TRANS FER IN THE GAS PHASE 

Mass transfer of evaporated species in the gas phase 

ls a combination of convective f.low and diffusion. "Szeke-

ly and Themelis 20 developed a mass transfer equation for a 

binary gas system, A diffusing thr'ough B : 

where 

N9 
A{B),x 

c 

D
A

_
B 

XA 

= 

= 

= 

= 

molar flux of A (B) in the x direction 
-2 -1 in the gas space, kgmole ms" 

av~raqe mofar densi ty of the gas mixture', ~ 
-3 kgp10le m 

diffusion ,coefficient of A in system A-B, 
2 -1 m s 

mole fraction of A in. the gas mixture 

3.16. 

, 
) 

1 
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By recog~izing tWat c = Pch!(R T) by the 'universal gas law 

and that NA
g +oNB

g = ENgi ,EqUatiJn 3.16 may be re. 
,x ,x n'x \ 

written in a forro which is applicable t,o a multi-component 
\ 

system : 

N~ - -
~n'x-

• . •. 3.17 

where 
§ 

N~ = molar flux 0lopaCies i in the x direction 
~n'x 

in the gas s ace, kgmol~ -2 -1 
m s 

Pch = chamber ~res re, Pa 

spe~es 
'1:>, 

D~ ,- diffusion coefficient of in in the 
~ 2 -1 n gas mixture, m s 

X. = mole fraction of species in in the gas 
~n 

mixturE! 

The pressure profile (noté that xi = P. !Pch ) in the 
n ~n 

gas space whiCh~~ assumed ,in this study is illustrated in 

Figure 3.2. crsing this pressure profile, Equation 3.~7 

and the assumption that the vapour pressure .of species i 

in the gas bulk is much lower than the chamber pressure 

(Pr «Pch ' xi = 0), Persson 17 derived the following ex-
n 

pression for gas phase mass transfer :~ 

1 
1 

1 

1 
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where 
, 
K~ 

ln 

• t f 
, lliMl4lMiC ~ __ 
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!N9' -tN'l' R T R. 
N~ = ~n 

{l- exp ( 
~n )}-l p~P 3.18 ln Pch oCf Pch 

ln 
ln 

~ 

3.19 

I:N~ -tN~ R T R. 
~n ~ 

} }-l = {l - exp( n 
o~ 

• • •• 3.19 a -
Pch Pch 1 n 

= thicknes-s of gas phase boundary layer, m 
(see Figure 3. 2) 

(fi 

This equation assumes that diffusion is one dimensional in 

the direction away from the mel t. 
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SECTION 3.8 COMBINED MASS TRANSFER EQUATION 

The equations for the three mass transfer mechanisms 

which describe vacuum distillation are restated 

a) melt phase mass transfer 

b) evaporation 

{<j> • 
l.n 

(C~) n 
1. 

cl gas phase mass transfer 

:a.ecause the accumulation of vapour. in the gas space ie 

negliqible, it may be assumed'that the flux of atoms by 

each mechanism is the same , that ia 

<IX lad Mn _ 

39 

3.2 

3.15 

3.19 
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w~ere n is the number o~ a~oms per molecule of polyatomic 

, species 1. 
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3.20 

Equa.tion 3.20 can now be .used to combine Equations 

3.2, 3.15 and 3.19, yieldinq an overa11 expression for th~ 

mo1ar flux of species i from the me1t in terms of Its bulk 

concentration 

=n (C~ 
~ 

3.21 

, ·.,where 

~ . ' , 8 D~ 
v) i , 

K~ l = ( ~ 

~ 
1T r 

.. . -'- 3.2la • 

'-; 
• > , 

i 
K7 1 ) ! t 

( ~ = € 
! ~n 2 11' M. R T L ,; ! 

( ~n ) 

i 

1 

3.2lb 

~ .-
,4 

. t_-- -.------- - _. ------, 
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EN. EN. R T R. 

"- K'! ~n 
{l- exp(-

~n )}-1 = ~ D9 t Pch in 
Pch 

,/ 

. . .• 3. 21c 

3.2îd 

,1 .. 
41. = pc.' (yc.' ~)~ 
.l.n l. ]. P n , b 

The molar flux term N. on the ri9~t hand side of Equat:i,lOn 
~n ~ 

3.21 cannot be easi1y separated from the other terms unless 

the value for n is knOlrln. Con~equent1YI this separation 

(, " was performed for,each 6f the two values for n whi ch are .. -
. encountered in this study • The resu1ting equations fo11ow 

i) n = 1 sp~cies i is monatomic in the gas Phal-

) 

N. 1 1 + 1 )-1 ~ 3.22 (,\ = (Iii + e' ~ 

Ki Ki !/li oK'! Ijl. l 
J. ]. 

It 

ii) n = 2 species i ia d:i:atomic in the gas phase 

; 1 '" 
'1' 

0 .. r>~ -b - (b 2 4 
:-'- ! " - a~ 

Ni = ")". . •• 3 • 23 
2 2 a ~ 

. -.. 
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4 ~ 1 1 b=_( __ 1.+ ___ + g 

K"'!' K~ $. Ki 1. 2 ~2 2 

SECTION 3.9 PARAMETERS IN VACUUM REFINING COPPER 

3.9.1 DIFFUSION COEFFICIENT I~ THE MELT PHASE, D~ 
l. 

3.23a 

.... 3.23b 

3.23c 

• With the ,exception of Ozberk 12
, p~evious studies did (" 

not publish Any data on diffusivity of metallic impurity 

atoms in copper melts. For tqe case of steel, Machlin 16 

-. -8 2' -1 . assumed a value of 1 x 10 m s ~ut pointed out that 

this value corresponds to a limiting value which would tend 

to maximize the melt maas transfer coefficient. 'j)'Ozberk 

~alcu1atèd the diffusion coefficient of bismuth and lead 



",' 

, 

t .: 

t: 
in liquid eopper using three different diffusivity equa-

tions : Wells and upthegrove 21 , Stokes and Einstein 21 and . 
Suther1and 21 • At temperatures of 1523 and 1623 Kt the 

values for eaeh element were in the rang~ of 2-3 x 10-9 

He also found that the diffusion coefficient of 
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a given element at a given temperature differed by as much 

as 50 % when calculated by the different equations. Con­

sequent1y, a constant value of 3 x 10-9 m2 
8-

1 was chosen 

in this work for the diffusion coefficient of an impurity 

e1ement in 1iquid copper in the temperature range of 1500--

1750 K • . r 

fi 
3.9.2 AVERAGE MELT SURFACE VELOCITY, v 

Machlin 16 observed the ra te 'Lf motion of partic1es 
., . 

floating on top of melts, which ranged from 0.1 kg to 

900 kg, and estimated that the surface velocity of a steel 

-l: melt was 0.1 ms, accurate to wi thin an order of mag-

nitude. Irons et al. 22 used the s~e method for 55 kg 
-1 '" ' pig iron mel ts and obtained a value of 0.2 ms. Szekely 

and Chang 2 
3 timed the movement of dark streaks on the sur-

face of large steel melts (~ 14 tonnes). They found that 
~ 

the average melt surf~ce ve1çcity varied 

-1 Values of 0.2 m s at 500 kW and 0.4 

with power input. 
~ m s-l a\ 2000 kW 

a , 

1 
i 
1 

1 

\ 
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were obtained. 

It is apparent that there is much variation in melt . , 

surface·v~locity. It was consequently decided to estimate 

the melt surface velocity under conditions of this study by 

observing the movement of dark streaks on the liquid copper 
o J 

-1 surface. The value obtained,was approximately 0.1 m s 

3.9.3.: THERMODYNAMIC DATA 

In order to model evaporation fram a copper melt, 

three pieces of thermodynamic data are required 

a) density of molten copper malts 

b) Raoultian activity coefficients in iDfinite 

dilution in copper meltsQ 

and 

c) vapour pressures of all species in their pure 

" states 

This data is listed in Appendix 1. 

, 
The data for arsenic is uncertain. In the most re-

èent study by Lynch l 9, the activity coefficient was found , 
ta be higher than in previous studies2,2~,25. This latest 

. , 

') 
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1 

1 
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! 

i 
\ 
i 



( 
\ 

( 

{ 
_ .. _ " "" <~" ._._, ____ <>'1f\_1'~~ 

45 

value i5 used in this work. Lynch also claimed that, al­

though .tetratomic arsenic is the predominant vapour species 

at low temperatu+es (300-800 K), considerable dissociation 

of this species to As, AS 2 and AS 3 will take place at high­

er tempe ratures (1373 K). It i5 difficu1t to determine the 

vapour pressures of these high temperature species. For 

the purpose of this study, the equations which Lynch used 
, 

to describe eqùilihrium constants betw~en two arsenic va-

pour species were extrapolated to the 1500-1700 K temper-

ature range. Vapour pressures were then determined ustng 

these equi1ibrium constants and values for the vapour 

pressure of AS 4 as given by HuItgren et a1 26 • These cal­

culatioIl-s are described in detai,1 in Appendix 2. 

3.9.4 DIFFUSION COEFFICIENT IN THE GAS PHASE, D~ 
l. ' 

n 

r 

Szekely and"Themelis 2o discuss several semi-empirical 

eq~ations which describe the diffusivity of gases. Each 

~uation differs s1ightly ~ form, but they aIl show that 

the diffusion coefficient is inversely proportional to 

total pressure of the system and directly proportional to 

o the 1. 5-1. 8 power of the absolute temperature. 

The equation used in this wark was given by Bird 

1 • 
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et a1. 27 

o 0 
D 2 (~) 3/2/~ + ~) ! 

A - B = -3 1T .",.,-----2MA 2MB 

3.24 

where 

D
A

_
B = diffusion coefficient of species A in 

t 2 -1 system A-B, cm s 

K = Bo1tzmann's constant 
'1. 38054 i 10-16 erg K- 1 mo1ecule- l 

AO = Avogadro's number 

6.022 x 10 23 molecu1e gmo1e -1 

MA,Me = rno1ecu1ar'weights of species A and B, , -1 
9 gmo1e 

T = temperature of system, K 

P = pressure of system, dynes -2 cm 

dA,dB = '-collision diameters for species A and B, cm 

This expression is accurate to within an order of magni-
" 

tude 27
• Collision diarneters of·al1 metal atoms are ap­

proximately 2.5 x 10-10 m. A difference in the diffusion 

coefficient of two species is ~onsequently due on1y to 

their different molecular weights. In light bf the claimed 

accuracy of the above expression, these differences can be 

assumed neqligible, and a single expression for a1l specie~ 

, 1 
, 

'-', -----.. ! 

" 
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1 

4 

is derived using an average moleeular weight 

o? 
1. 

r, 

-4 Tl. 5 
= 1.82 x 10 -

Peh 

2 '-1 where D~ pas the uni ts m s 
l. 

3.9.5 THICKNESS OF GAS P~SE BOUNDARY LAYER, t 

\ 
The overall mass transfer"equation (E~uation 3.21) 

was applied to/the work of Bryan 6 on vacuum refining cop-

47 

3.25 

per to remave bismuth in arder to determine the gas phase 

boundary layer thickness. Table 3.4 presents the values , 

of chamber pressure, overall mass transfer coefficient, 

gas phase mass transfer coefficient and boundary ~ayer 

thickness for three of Bryan's experimental runs. An ex-

ample of the calculations is shown in Appendix 3. It can 

be seen that 1 r.anges betWeen 0.02 and 0.2 m. An average 

value oj 0.1 m was chosen for the present work. This value 

appears to be large for agas boundary layer thickness. 

However, Bird et al. 27 state that diffusion will oceur over 

a distanee"~al to several times the Mean free path of the 

evaporating atoms. Ozberk 12 calculated the Mean free paths 

) 

1 

, 1 
1 

. \ 
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'0 

-{' .... 

Pch 

(Pa) 
v 

26.7 

26.7 

133.3 

KBi 
-1 Cm s ) 

'1.'24 x 10-5 

5.40 x 10-~ 

8.10 x 10-6 

9 
KSi 

-1 (m s ) 

1. 72 x 10- 7 

1.35 x lQ-6 

1.08 le 10-7 

48 

(m) 

0,.19 

0.02 

0.06 

Table 3.4 : Experimental results -of Bryan 6 on Vacuum 

Refining' Copper to remove bismuth. Column 2 is the 

experimentally determined overal~ mass transfer coefficient. 

Columns 3 and 4 are calculated (Appendix 3) and present 

the gas phase mass transfer coefficient and the gas phase 

bO,undary layer thickness respectively. 

, 
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of Bi, Sb,·As, Pb and Cu under the conditions of vacuum 

refiqing, that is, pressures between 8 and 40 Pa and temr 

peratures between 1423 and 1623 K. The resulting values 

varied between o. ob 1 and 0.01 m. The highest values were 

obtained when the pressure wa~ low and the temperature . \ , . 
high. "These results imply that the gas boundary layer 

., .1" 

which is assumed in~this study spans 10 to 100 mean free 

paths, which are reasonable lengths for diffusion. 

J _ 

SECTION 3.10 THE0;RETICAL PREDICTIONS 

3.10.1 VOLATILITY COEFFICIENTS OF IMPURITIES IN COPPER 

Estimation of refining rate require that the evapora-

, , 

tion of bulk metal atoms be considered as well as the evap-

oration of solute atoms. This ia achieved by applying the 

evaporation mass transfer model to the bulk metal in order 

to determine bulk metal losses. Equation 3,.8, when applied 
.. \ 

to the case of the bulk metal and simplified,by substitut-

3.26 

~ 

, 
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Expected refining ra es are~reflected by the ratio betWeen 

the solute e~apor tion rate (Equation 3.8) and solvent 

eVfporation rate (6)' that is : 

.... 3.27 

or 

••.. 3.28 

, where 

a. b 
~n' 

pC;> 
l. _ n 

- po 
b 

The term a. b is called the t-olatili ty coefficient for 
~n" " 

3.28a 

species i in bulk metal band was ~t used ~y Ollette 28,. 

When a. b > lIn, the ratio of moles of i evaporating to 
l.n' 

moles of b evaporating (N~/N~) is greater than the ratio of 

moles i to moles b in the melt (Xi) and ;efining ,of' the 

, ' 

, 
1 .. : 

.' 

0' 
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, 
\, 
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i , ' 

me1t occurs. A 1arger value of'a. 'b implies a greater 
J.
n

, 

difference between these two ratios and hence, a greater 

refining rate, given that there,is no mass tr~port reL 

sis tance from other sources ~n ~e system. \ 

The volatility coefficieht was evaluated at differ-

ent melt temperatures for bismuth, antimony and arsenic 

in their monatomic and diatomic states and selenium and 

telluriurn in their monatomic states for the case of a 

copper me1t, Table 3.5al It was also calculated for cu2S 
"~ 

melts at,1473 K for monatbmic and 
:(, .. 

Table 3.Sb. 

, 
diatomic bismuth, 

1 
There are three conclusions which can be drawn from 

these tables : 

i) Refining rates for antimony will be very low 

since its volatility coefficient is closé to 

one: Refining rates for bismuth, selenium, 

51 

tellurium and arsenic will be con~ider~y higher. 

ii) Refining rates for a species as a diatomic mol-

ecule will be negligible when compared to those 

for the s;me species as a monatomic mo~ecule. 

Refini~g ~ates for triatomic or quadratornic 

species will be still ~ower and hence were not 

conaider~d • 
'. 

.. 
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(a) 

, 
Temperature 

(K) 
* ,* Bi Bi 2 .-. Sb Sb2 

1500 7106 3.2 3.0 1.4 x 10-3 . ~B . 
1600 2982 1.0 2.0 6.3 x 10-4 100 

~ 
O.30~ 
0.23 ~O 265, 

\ 1700 1384 0.38 1.3 3.1 x 10-4 
.140 0.17 52 138 

* - at 0.1 we,.i.ght % Bi, Sb, As 

~ 

(Dl 
. .,. 

Temperature a . 
i n ,Cu2S 

(K) * Bi Bi' 2""t 

1473 4384 5.1 • 

* - at 0.1 weight % Bi 

. 
Table 3.5 : Vo1ati'lity Coefficients for the Eyaporation of 

, '1 rf> 

Bi, Bi2 , Sb, S02' As, AS 2 , Se and Te from Copper Ca) and 

of Bi and Bi 2 from cu2S (b). " 

4:s1~ 
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* iiU With the exception of As , volatil~ty coefficients 

decrease with increasing temperature. This means 

that, per unit mass of· solute ~~porate'd, the loss 
" '-. 

of copper by evaporation will be greater. 
" 

3.10.2 COMPUTER SIMULATION OF VACUUM REFINING eOPPER 

The overall m};'s transfer\mod~l (Equation 3.21) was
c 

used to simulate an experimental run for vacuum refining 

copper. Appendix 4 shows the interacti~e 'computer program 

which was written for this purpose. The method of simula­

,tion which this grogram used was~ similar to those of 
, .' 

Harris 15 and Persson le 1 • 

Values for all constant parameters which appear in 
"' ...... _ t 

'If .. 
Equations 3.21a to 3.2ld and are described in Section 3.9 

are stored in the program. All variable parameters were 

supplied by the operator each time the program was rune 

A brief description of the program follows. 

A f"lux is fira~-calculated for the initial condi tions 
" .. 

by assuming that there is, a perfect vacuum -above the melt. 

* -

" 

0' the rate, of increase oflPAs for a given tempe rature 
o increase is greater'than the rate of increase of Peu 

for that sarne temper~ture increase. 

:~ 

-, 

, , 
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0' 

This flux is used to calculate the gas phase mass transfer 

coefficient for Equation 3.21c. The program then recal­

culates a flux for the initial time interval and, using ther 

melt area and the magnitudoe of the time interval, calculates 1 
o 

th~ change in concentration through evaporation of each 

species in the melt. These values are u~ed to evaluate the 
, 

new volume and composition of the m~lt. The program then 
~""I .. 

,etu~ns to the ~eginning of the loop and calculations are 
c 

repeated for the next timè inte~al. The total flu~ from 

the previous time interval is also,used to calculate a nèw 

gas phase mass transfer coefficient. 

(' ..... \ 

This iteratiNe method ,is accurate as long as. the mag-

nitudes of the fluxes do not change considerably from one 
,- r '\. CI 

time interval to the next. Harris 15 discovered that this 

condition May be satisfied by using tiijle interval,s of 
. 

10 seconds or less. This program also uses 10 second 

intervals. 

, \ 

Mel t composition is "outputt_ed every 100 seconds 
L'" 

simulation. Tbe program stop,a after a predetermined 

representin<;J the d~ration' ol~he experimem~al run. 

.. 
An exàmple of the simulation is shawn in Figure 

Tlie output is presented' as a plot of the weight % of 
f 

the melt as a function of time. The input variables 

included in the figure. 

, . 

time 

) 
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Figure 3.3 : ,omputer Simulation of v:cuum Refining Showing 
a Plot of % Bi against Time for the Conditions listed. 
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CHAPTER FOÙR , 

.. 
EXPERIMENTAL 

SECTION 4.1 EXPERIMENTAL PROGRAM 

The main objective of the experimental program was 

to de~rmine rates of impurity elimination fro_ copper 

melts by vacuum disti,llation. The element of principle 
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concern was bismuth~ subsequently, bismuth elimination w~ 

investigated in' all 21 'experiments. Other impurities stud­

ied were antimony (10 experiments), arsenic (3 experiments) 

and selenium and tellurium (1 experiment each) . 

The experimental program was separated into three 

parts according to the type of copper melt being used. 
1 

In Part ,A, experiments were carried out using copper doped 

with impurities. Metallic bismuth, ant!mony and arsenic 

were added to the liquid copper (mostly cathode type but 

occ.sionally blister copper) w~thout breaking vacuum. The 

Part A experiments, which made up the bulk of the experi-

mental program, serve firstly as a preliminary investiga­

tion of impurity elimination rates and secondly as a study 

of the effect of sorne important parameters on those rates. 

If 
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f 

In Part B, two experiments were carried out using 

, 
blister copper melts. Since no impurities were added, the 

.. 
initial impuri~y concentrations ~7re.those of the blister 

copper cha~ge. These experiments acted as an important 

comparison between indus trial type copper ~nd that which 

was experimentally prepàred. 
, 

f 
Furthermore, the removal of 

selenium and tellurium (two elements not investigated in 

Part A) were looked at in one of the experiments. 

Part C consisted of two experiments using white metal 
•• 

(Cu2S) .doped with metallic bismuth." Bismuth elimination 

from this completely different type of melt was studi~d 

and compared to the bismuth elimination in the Part A 

experiments. 

SECTION 4.2 EXPERIMENTAL PARAMETERS ,J 
•• 

, 

Several parameters were controlled and studied in the 

Part A experimental investigation. They are listed below, 

together with the ranges in which they were examined and 

why these ranges w~ chosen. 

~ , 
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Melt Temperature 

1500 K to 1790 K. ~he lover limit was fixed by the 

the me~ting points of the charge ~aterial. The upper limit 

was chosen'by considertng the rapid increases in copper 

vapour pressure and refractory wear which occur with in-

creasing melt temperature. 

Chamber Pressure 

7 Pa to 160 Pa. The lower limit was set by the rnin-

imum pressure attainable by the vacuum pumps. The upper , . 
\. limi t was chosen to be a pressure' at which the refining 

rate was expected to be lower. 

- \ 

Melt.Are(;tO'VOlume Ratio (A/V) 

-1 -1 6.8 to 10.4 rn • More ~an one experiment was 

conducted on the sarne melt with the result that each sub-

sequent experirnent had a smaller melt depth dua'to copper .., 

losses through sampling, splashing and evaporation and 

consequently a higher melt surface area to volume ratio. 

Initial ~urity Concentration 

0.002 % to 0.1 % by weight. This represented the 

range of im~urity le~~s found in most industrial copper 

melts. 
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Presence of Slag Layer ~ 

À slag layer did not appear when melting pure cathode 

copper, but it was present wh~n melting blister copper or 

previously oxidized copper. The s'lag layer was manually 

, removed in aIl, but two of the Part A experiments. In these 

specifie cases, the slag layer was allowed to remain for 

the purpose of determining its eff~ct on impurity elimina­

tio'n rates. 

Other variables have been suggested 12 - 1S ,17 to affect 

re~ining rates. These variables and the reasons for omit­

ting them from consideration are given below : 

i) Pumping rate of the ~acuum pumps is not expected 

to affect refining rate. It was consequently 
II' " 

decided not te take the time or effort to change 

the pumping rate. 

ii) Inert gas bubbling and jetting has been suggest-

ed 12 ,17 to i~r~ase 

the melt and at ~e 

the incapabili ty o~ 

mass transport kinetics in 

melt-gas interface. Due to 
" 

the present pumping system 
~ 

to handle ~a~ger volumes of gas, it was not pos-

sible t? increase the gas load oy either bubbling 

or jetting. 
.!J'! 

iii) Previous studies 12 ,lS have indicated th~t the 

distance f~m a condenser to the melt surfacè 
1 

\ 

. - -

1 
,JI 
l 
j 

" 

, .... 
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would have to ?e extremely small « 0.05 m) to 

• imcrease refining rates. This poses a practieal 

problem in that temperature measurement, sampling 

. and visual observ~tion would not be possible. 

iv) A previous study 6 has indicated that the presence 
; 

of oxygen and sulphur do not affect elimination 1 

rates of the meta'llie impurities from "copper at 

levels normally found in the copper melts. 

SECTION 4.3 j EXPERIMENTAL APPARATUS 

" The copper was melted in a 3000 Hz, 150 kW Tacca 

coreless induction furnace~(see Appéndix 5 for a list of 

all &uppliers), with a coil diameter of 0.35 m and a steel 

melting capacity of 140 kg (Fig~r~ 4.1). A 3000 H~, 150 kW, 

800 V, 188 Amp Tocco Motor Generator was the power source. 

The induction furnace was mounted inside a 3 m3 (1.8 rn 

diameter x 1.6 m lo~g) vacuum chamber (Figure 4.2) and in-
. , 

corporated tilting capabilities for casting and deslag-

ging. This chamber was provided with,port~oles (complete 

with. vacu~tight valves) at the top for measuring te~ 

perature, making additions to the melt and taking samples 

(Figure 4.3). Vaeutim-tight windows in four locations 

( 
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Figure 4.1 : lnduction Furnace. The cable for the tilting 
rnechanism can be se en in the top, center portion of the 
photograph. The vacuum outlet is see,n in the top right 
portion. 

/' 

\ 
\ 

Fig~re 4.2 : Vacuum Charnber showing' the induction furnace 
rndunted inside. At tee right of the chamber can be seen 
the control p~nels for the chamber and furnace. 
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Fiqure 4~ Vacuurn-tight Valves for tempèrature measuring (A), 
sample taking (B) and gas injectin~ (C). The latter was not ' 
used in the present study. 
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permitted observation and photography of both the melt sur-

face and the gas space abave' the melt. 

1 
The vacuum chamber plimping system consisted of two . 

stages : a Stokes mechanical pump of nominal capacity . 
0.142 m3 s-l and a Roots blower of nominal capacity 

0.614 m3 s-l (Figure 4.4à and b) . 

Two types of crucibles were used ta contain the liq-

uid melt's. For Part A and Part B experiments, 'Hycor' 

alumina crucibles' of 0.195 m inside diameter and 0.17 m 

inside height were used (Figure 4.5a). For Part C exper-

iments, due tp the noninductive characteristics of cu2i?,· 

'~ercod' crucibles made of graphite and carbon bonded 

silicon carbide were used (Figure 4.5b). The dimensions 

were 0.15 m top inside diameter and 0.22 m inside height. 

As mentioned in the experimental program, three types 

of copper melts were used : ôope.d copper, blister copper 

and white metal (Cu2S) for Part A, Part B and Part C ex~ 

periments respectively. Additions ta the melts consisted 

of pure metallic bismuth, antimony and arsenic; the bis­

muth was in ~in bar form, the antimony and arsenic in 

, lump forme 
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(b) 

Figure 4.4 : Vacuum Chamber Pumping System showing (a) the· 
Stokes Mechanical Pump and (b) the Roots Blower 
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~ 

Figure 4.5 l Crucibles used in the experiments. The 'Hycor' 
alumina crucibles (A) were used for cathode and blister 
copper. The 'Tercod' graphite crucibles (B) were used for 
whi te, metal (CuiS). 
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-
A tilting type McLeod vacuum gauge (Figure 4.6) /' 

,{oI. 

was used to measure pressure in ~ll experiments. The 

quoted accuracy of the gauge is ± 10 % at pressures below 

300 Pa. 

Melt temperature was taken ?sing Norton type ~I 

., 'DIP 'l'IP' disposable thermocouple assemblies moùnted on . 

~ steel temperature probe (Figure 4.7) which fitted'onto' 
, 

one of the portholes on top· of the chamber. The probe 
~ 

7 

was connected to a Fluke 8030A digital potentiometer ~at ~ 

measured the thermocouple EMF. Meit samples were taken 

using sample cups (Figure 4.8} attached to a samplinq 

probe. At first, graphite cups were chosen for the ease 

with wqich they could be separated from the solidified 

copper samples. However, these cups frequently snapped 

from their graphite stems while the sample was being taken 

and the use of black galvanized steel cups was adopted. 

It is recommended that, for future wor~,' a graphite cup 

with a steel stem be used for sampling. 

, Samples were prepared for"analysis by dissolvinq the~ 

in concentrated nitric acid. A lanthanum extraction step95 

was added for the samples with very low impur~ty levels. 
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Figure 4.6 Tilting type McLeod Gauge , 

Figure 4.7 : Steel Temperature, p~obe showing 'DIP TIP' 
assembly attached at.the right hand side in the photograph. 
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}' , ~.-
Bismuth analyses of ~~ samples were done on'a Fye 

.,r 

Unicam S.P. 190 atomic absorption spectrometer. Analyses 

for antimony and a~senic were done at the Noranda Research 

,Center on a perkin Elmer Model 306 Atomic AbJorption Spec-

trometer. 

SECTION 4. 4 .: PROCEDURE 

4.4.1 EXP~RIMEN~AL PREPARATION 
\ 

/ . 

The, inside heights of the 'Hycor' alumina crucibles 

were reduced from 0.35 m to about 0.17 m py cutting wi th 

a diamond saw.O This was don~ so that an easily handled 
,. 

35 kg copper melt almost filled the crucible. The 'Tercod' 

crucibles required about 20 kg of white meta1 for fil1ing. 
1 

,; 

The crucibles were placed in the f9~ace ~o~s so 

that aIl but the top 0.01 m of the crucible Was encircled 

by the coils. Refractory sand was tight1y packed between 
\ 

the èrucible and the furnace ~lls. The refractory sand 

was kept free from contamination by metal, d~rt or refrac-
.1 

tory cement. This wa.s especially important for the high 
(, d Q 

" . 
~--

temperature experiments, sirice contamination of the sand ," 

~owered its melting point. Neveftheless, sorne sintering 
i> 

--------------------------~-----------
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of the sand did occur when high temperatures were main-

tained/for several hours. After,~acking was .completed, 

rèfractory cement was placed on top of the sand to hold 

it in place. 

The cathode copper'was received in thin slabs measur-

ing 0.015-0.025 m in thickness, 0.15 m wide and 0.45 m 
, 

long. These slabs were cut into smaller pieces to faci-

litate packing irito the crucible. This ensured that all 

of the copper being melted ,was inside the crucible and 

therefore directly affected by the induc~ion field. Blis-
.., 

ter copper and white Metal were in small enough pieces to 
; . 

charge as received. In all,cases, the charge was not 

packed too tightly in order to avoid metal hold-up during 
• 

melting. In experiments where the crucible could not ac-
1 

co~odate the entire u~elted charge, material was kept 

asid,e for charging after initial ,melting was achieved. 

... 
With the crucible and initial charg~ in place, the 

\ . 
,chamber was sealed with vacuum grease at aIl locations, 

that 'is, champer door, observa~on windows and portho1e 

valves. The chambe~was. then evacuated to about 10 Pa by 

means of the mechanical pump ,and ~lower. This lowered 

the oxygen potential to about 2 Pa. Commercial grade ar-. 
gon was intraÇuced ~ery slowly with the,pump and blower 

, , -., 
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still on to further decrease the oxygen potential by 

flush~ng out residual oxygenofor a few seconds. The pumps 
\ . 

were then turned off and argon was admitted rapidiy until 
1 

the chamber pressure reached approximately one atrnosphere. 

This procedure almost completely eliminated surface oxi-
, 
dation of the copper during melt down . 

~.4.2 : MELT DOWN 

Melting of t:he, cathode copper and blister copper re­
;" 

quired batween two and th-ree hours. The whi te metal, 

placed inside the ,highly indu~tive 'Te~cod', crucible, 'melt-
, 

ad in about" 30 minutes. Once the ini tial charge was mol-

ten, any remaining charge was added. 

Sorne slag occurred on blister copper or oxidized cop­

per melts. On the white·metal melts, it waS observed that' 
1 

silicon carbide from the 'Tercod' crucible formed a con-

>Srderable s~ag. Any slag was removed manually at that 

point in time in. all but two ca;~ 
.. \ 

( 

The furnace conerols were manually adjusted until the 

~\lesired temper,:tturè was attained. This .Gas usu~l1y ac-

complished in lesà than 30 minutes. 
\ ~ 
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4.4.3 EVACUATION 

The Stokes mechanical pump was restarted.to evacuate 

the chamber to about 1500 Pa, at which time the Roots blow-

er was also restarted. Pressure fell rapidly to about 

150 Pa. ~~~"When the melts were not doped,' an initia-l sample 

was taken at that time to begin the experime~t. Further 

reduction of pressure to a steady value in the range of 

7-30 Pa required an additional 15 nunutes. The final 

steady value depended upon how much air leaked through 
_ ~J . 

min~r leaks in the system as weIl as the melt temperature. 

High melt temperatures1tended to increase the final steady 

value of pressure. This was probably due to the larger 

amounts of vapour present at the higher tempera~ures. 

Sorne of this vapour might have enterçd the 'vacuum pumps 

instead of condensing beforehand, thùs creating a greater 

load on the pumps. 

Temperatures taken when the steady value of pressure , , 

was ilttained we~ found to be higher than tJefore the pumps. 

weré turned on. Minor ·.~djustments of the furnace contrais 

corrected this .increase within 10 minutes. 

o • 
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ADDITIONS, SAMPLES AND CONTROL 

_'.~ 1 ~7;,!::;' 73 
\t _:, 

The impurity'or impurities were added (Figûre 4.9) ,tô 

the mel/s which required doping and an ini~ial sample was 

taken. This marked the beginning of an experimenta1o run. 

Samples were taken (Figure 4.10) without breaking vacuum. 

Sp1ashing occùrred when the sample cup was initial1y in­

serted into the mel t. This was due to :' 

a) the presence of adsorbed gases on the sample cup 

and 

b) the tempe rature difference between cup and melt. 

Consequently, th~ cup was Inserted into the melt three 

times before being removed from the chamber 50 that ther­

mal and c~emiCa~eqUilibriums were reached between the cup 

and sample. 

The time interval betwe~n samples was ~ade progres­

sively larqer from 5 or 10 minutes at the beginning of the 

experi~ent to as much as 30 minutes at the end. Tempera­

ture and pressure readings were taken at the time of each 

sample. When the time interva1 between samples became 

greater than 10 minutes, readinqs were taken every 10 mi-

nutes. ..' 

! 
, 1 , 
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Figure 4.9 Adding an' impuri'ty to the melt under vacuum 

Figure 4.10 Taking a sample of the melt under vacuum. 
of Note the splashing of the melt fo~ this, the initial 

insertion of the sample cup. 
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For temperature ~easurement, the 'DIP TIP' thermocouple 

was attaehed to a steel probe which was inserted into the 

chamber thr'ough the te~pera ture port wi thou t breaking va­

cuum. The EMF rose to a steady value when-the thermocouple 

junction entered the melt. The assembly was then immedi-

ately removed from the melt, thus preveriting ovez::heating 

of the cold junction located 0.05 m above the thermocouple 
~ 

bead. At least 5 m~nutes were required between temperature 
,0 

readings to allow the assembly "to cool. The pressure read-

ing was always taken before the temperature reading or sarn-

pIe, sinee the seals 
'~ 

on the probes allowed sorne air to leak~ 

into the system. •• 

4.4.5 POST-EX~ERI~~DURE 
The melt was allowed to cool in the crucible at the 

end of a day's experimentation and the remaining charge was 

~ weighed to estimate the w~ght 108s du~ to evaporation, 

splashing and sampling. The ~~~rage melt mass, in each run 
lj -

was then estimated. This mass -was converted to volume 

using the melt density, ang a melt area to volume ratio 

was caleulated. Finally, samples of tl1e condensate a't 

different locations in the chamber were scraped off and ~,' 

retained for analysis. 
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SECTION 4.5 D~SCUSSION OF,EXPERIMENTAL TECHNIQUE AND 

PRECISION 

The melt surface was kept extrernely clean during' aIl 

experirnents except for.two runs when a\slag layer was de-

sired and one when slag appeared after the charnber was 

76 

evacuated despite rnanual slag cleaning prior to evacuation. 

Splashing was negligible in aIl experiments in which 

)cathode or blister copper was used ~or charge rnaterial, 

except for 

taken. In 

mifor ~ounts ,which occurred when sarnples ~ere 

e~\rirnents using white metal,sulphur dioxide 

bubbling caused excessive splashing. The splashing was 

reduced to a low levei by keeping the temperature Iow and 

the pressure high. 

co~denàa)e refluxïng was kept to a minimum by ensuring 

that the melt almost entirely filled the crucible. This 

preventeà-:t;:he phenomenom of e"aporating, speo,ies condensing 

on the crucible·free wall, then being washed back into the 

melt by melt splashing. 

ChWnber pressure was controlled to :!; 10 % ,during any , 

low pressure experim~t and to ± 20 % during the high pres-

sure. experiments. 
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Me1t temperature was contro11ed within 1-2 %. Best 

temperature control was 'attained after experimentation had 

proceeded for at least one hour. > 

Good visual'observation through the severai chamber 

,windows helped to ensure good sampling and temperature,mea-

surement techniques', as weIl as providing a good visual un­

derstand~ng of ~vaporation under vacuum. 

The precision o~ the chemical analysis techniques were 

very good. Preparation techniques ,(i.e. dissolution and 

dilution) were reproducible within 10 %, while precision of 

atomic absorption analysis was within 5 %. 

SECTION 4.6 SUMMARY 

In sununa:ry, the experiments were aimed at measuring-

elimination rates of bismuth, antimony and arsenic in doped 

copper, ~lister copper and white metal. The effects of 
o 

melt temperature, chamber pressure, area to volume ratio, 
, 

initial impurity content and the presence of a slag lay~r 

/' were examined. These variables were weIl controlled. 
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CHAPTER PIVE 

RESULTS 

SECTION 5.1 CONDITIONS 

The parameters which were controlled and m~as,urè'd 
fJ 

il were .... 

a) melt mass 

'b) melt, temperature 

c) chamber pressure 

d) area to volume ratio (A/V) 

e) elements investigated 

These €onditions are summarized for each experiment in . , 

Tables 5.1 to 5.3 which tabula te this data for Part'A_ 
, , 

(doped copper), Part B (blister copper) and Part C (white 

metal)- experiments, ,respectively. 
' ... 

\ 
,1 
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TABLE 5~ l Summary of Conditions for Doped Copper Experimentsi A-1 to A-17 

Test 
t 

A-1 

A-2 

1\-;- 3 

A-4 

A-5 

A-6 

A-7 , 
A-8 

A-9 

A-10 * 
* A-Il 

A-12 

A-13 

A-14 

A-15 

A-16 

* 

** 
** , A-17 ~ 

Melt Mass 
(kg) 

35 '00 
30 .. 4>-

27.4 

29. O· 

24.4 

35.0 

29.0 

22.9 

35.0 

28.9 

25.9 

22.9 

34.0 

29.6 

25.1 

34.1 

31. 2 

-' Temperature 
(K) 

.d 
1600-1650 

1625-1640 

1625-1645 

1590-1600 

1605-1610 

1510-1550 

« 1500-1510 

1500 

1650-1730 

1740 

1740-1745 

1740-1745 

1620-1670 

1600-1615 

1615-1635 

1730-1790 

1710-1770 

~ 

Pressure 
(Pa) 

10-12 

10-12 

11-12-

12-16 

9-11 

12-16 

Il 

7 

31-34 

3?- 34 
27-)0 

31-39 

88-163 

82-109 

95-122 

13-15 

16-20 

A/V 
U!m) 

6.8 

7.8 

, ~.~ 

8.2 

9.7 

6.8 

8.3 

10.4 

6.7 

8.1 
9.0-

10.2 

6.9 

8.0 

9.4 

6.9 

_ 7.5 

.. 

Duration of 
Test (min) 

38 

33 

21 

74 

72 

72 

51 

33 

69 

33 

44 

30 

85 

80 

50 

51 

40 

~ 

'~~" 

Elements 
Tested 

Bi 

Bi 

Bi 

Bi 

Bi,Sb 

Bi 

Bi,Sb 

~i,Sb' 

~Bi 
Bi,Sb 

Bi,Sb,As 

Bi,sb,As 

Bi 

Bi,Sb 

Bi,Sb 

Bi 

Bi,Sb 

* the me1ts in these experiments contained approximate1y 1 % Fe. This 
was caused by a steel samp1e cup which fell into the melt 

~ -
** - a slag layer was maintained in these experiments .. 
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TABLE 5.2 Summary of donditions for Blister Copper Experiments; B-l & B-2 

Test 
1 

Melt Mass 
(kg) 

Temperature 
(R) 

Pressure 
(Pa) 

A/V 
(l/m) 

Duration of 
Test (min) 

~ __ ._ _ ______ 0 ~ 

B-1 35.0 1615-1670 9-13 6.8 

7-, --\ 

77'" \ 

* B-2 35.0 1685-1775 20-28 6.7 50 

~ 
... 

Elements 
Tested - , 

" Bi 

Bi,Sb,AS 
Se,Te 

* - S0me slag (covering approximately one third of the melt surface area) 
was present 
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TABLE 5.3 

r 
su~ry of Conditions for Whi~e Mftai (CU2~) Experimentsi C-l & C-2 

Test 
t 

C-1 

C-2 

) 

• 

~ . 

Melt Mass 
(kg) 

, 
20.0 

19.0 

- >1 

1 

t 
Temperature 

(K) 

1510-1545 

1540-1550 

Jo' 

'", 

Pressure 
(pa) 

1 

_. ---~. -- --- - ~ - ---- ._--.-

107-267 6.4 

93-147 6.7 

1 

'.J 

~~-

.. 

Duration of 
T~st ~min) 

10 

~70 
/ 

Elements 
Tel'$ted 

lÜ 

~i 

'" ;. 

,. 

.. 

~ , 

.. 

• 

r 

~ 
l 
î 
i 

...: 

__ 0- ___ ~_:-

éP 

Q) 
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SECTION, 5'.2 \ 

The resu1ts of this study are the changes i~impurity 

content wi th time. ' This was evaluated by determi ing : 
\ 

\ * 
i)",percent of initial content eliminated in~our , 

and 

• \ * * iit overall refinipg ~ate coe~ficient K 

, \' 
Tables 5.4 to 5.6 tabulate this data for bismuth, antimony 

and arsenic in Part A experiments. Table \-.7 ;tabulates, . 

data for impurities in ~art B ~xperiments. Table 5\8 tab-
o • 

ulates data for bismuth in Part C experiments. 
-.) 

'<, 

* - when ,experimental runs were less than 1 hour, this 
value was determined by extrapolation. 

** 

or 

K 
1 

A/V t 

In(weight % initial) 

weight % final 
when only initial 

and final analyses were determined 
.J 

2.303 . slope of 1 log % i versus time' plot 
A/V 

6 
The correlation coefficients of'these slopes were : 

~ 0.99 when ini tial impuri ty concentration was 
about 0.1 w~ight % 

~ 0.96 when initial impurity concentÀtion was 
about o. Q 1 weight % 

ft 
~ t.89 when initial impurity concentration was 
about o. 00 2 weight :t 

/ 

~ 

~ .............. -,~ ; 

... 

.: 

1 1 

1 
j 

'l 

J 
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TABLE 5'.4 Summary of Results for Bismuth Removal from Doped 
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TABLE 5.5 

Test 

i 

A-5 

A-7 

A-a 

A-IO 

A-Il 

A-l2 

A-14 

A-15 

A-17 

::: .. r~ 

Surnmary of Resu1ts for Antimony Remova1 from Doped 
Copper 

Initial Final Overall KSb % of Initial Content 

Nt. % Sb Wt. %- Sb 
-5 -1 \ 

(10 ms) Refined in One Hour 

,,' 
0.066 0,.027 2.4 59.6 

0.093 0.076 0.8 21.0 
« 

0.0~6 0.045 2.6 61.5 

0.050 0.082 

"" 0.078 0.074 0.:--2 6.9 
'C 

0.068 0.069 

0.05B 0.054 0.3 6.9 

0.0'47 0.044 0.2' 7.8 

0.089 0.084 0.3 8.5 
" 

r'l 
1 

~' 

-
(' 

1 
i 
1 

~ 

---

" o 

\~ 

.... -

co 

"""' 

., 
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TABLE 5.6 

Test 

# 

l­
A-11 

A-12 

~ 

:r 

f 
\. 

\... 

-

Surnmary of Results for Arsenic Removal from Doped 
Copper 

-~ 

Ini tial Final 

Wt. % As Wt. % As 

0.089 0.039 

0.036 0.025 

.. 
". 

Overall KAS 

(10- 5 m s-l) 

3.'3 

2.0 
'. 

/~ 

" 

% of Initial Corttent-

Re~ined in One Hour 

67.5 

51.7 

/ 

'J 

~ 

" 

"\ 

~ 

[;dl 

co 
V1 

'h 

:~_._------_._--------- ,-----------:-',,-- -------_.- - --.-------- --------- __ ~~~_.J. ' ............ -. ... ~ .... '> __ '" ... 
",_v-,. ~_: ~ c-~_·~"'-';:W:~-~~~ilIj!$ri_frlli!r.lnb ft 
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TABLE 5.7 Summary of Results for Impurity Rerooval from Blister Copper 

Test Element Ini tial ~over-~ll K ~t-înitia1 Conte~t 

ft l' ~ Wt. % Wt. % (10- 5 m 5-
1 ) Refined in One Hour 

~ ",--, 
fil 

B-l Bi 0.0026 0.0011 3.5 54.4 
. t 

B-2 Bi 0.002B '0.0017 2.2 41. 5 

.. B-2 Sb <0.001 <0.001 

B-2 As <0.002 <0.00 2 
<r'.!, 

B-2 Se 0.035 0.035 a 0 

B-2, Te 0.0064 0.0-064 0 0 
~ 

0) 

0"1 

_: ~ .. -""-__ ~ _____ ... '" ~_-'>-_._> .. , , .... ~ _ ....... __ ""~_ , ... ..... _~_::to _~ __ -------
1. - --~------------

-~---~--. ~ ... ~M-~''-·,,-'...;,~'%1t~iJUii.1It._tf_' Win ---

1 

i' 
1 

-' -: 
~ 

" .' 
~ 
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~ TABLE 5.8 Summary of Results . -

~ 

Test Ini tial Final 

i Wt. % Bi Wt. % Bi 

C-l 0.081 0.034 

C-2 0.106 0.056 

~~ .... ,,~~~ Jo. ---<. .... ~--..-.....-.... ,,-,-,--~--,,-, .... ----..-....,.~-.._ .... -------- -

--

-for Bismuth Removal from {'fui te Metal (cu
2

S) 
'1 

Overall K
Bi % of Initial Content 

(10- 5 ID 5- 1) Refined in One Hour 

2.6 45.0 

2.7 47.9 

B 

~ 

.i-

~. 

" _...:._-=~ 

00 
-...J 

{ 
, , , 
~ 

.' -. 
j 
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-; 
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Each experiment is descr'ibed in detai 1 in the igures , 
that follow. ' Included in each figure are 

/ 

a) experimental cond~,tions 
'--

Ir 
b~ table of impurity content as a function of vacuum 

exposure time 

plot of log (wt. % irnpuri ty) versus vacuum exposure 

tirn~ 

d) overa~l refining rate coefficient, ~ 

~ 

r e) percent of initial content refined in 1 nour. 
i " 

,< 
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TEST NUMBER 

TYPE OF MELT 

MELT TEMPERATURE 

CHAMBER PRESSURE 

AREA TO VOLUME 

ELEMENT TESTED 

TIME (SEC) 

o 
600 

1140 
1560 
2280 

K C10- 5 m s-J.) 

% of \ ini tial 
cont~nt refined 
in 1 Ihour . 

\ 

" 

" 
A-1 

\ 

Doped 

1625 ± 

11.0 ± 

6.8 ± 

Bi 

p". 

I-'lt. % Bi 

0.072 
0.052 
0.040 
0.034 
0.022 

Bi 
~ 

7.6 

84.3 

Cathode Copper 

25 K 

1.0 Pa 

0.4 -1 m 

f 

Figure 5.1 Experimental Condit'ions and Resu1ts 
of -Bismuth Remova1 in Test A-1 
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,'- --2~0 
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1 
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Figure 5 _,la Plot of Bismuth Removal in Test A-l 
8 

l 
.J " " 

,~ 
, :} 

( 

! \ 



( 

( 

l 

/~ 

( 

..r" 

TEST NUMBER 

TYPE OF MELT 

MELT TEMPERATURE 

CRAMSER PRESSURE 

AREA TO VOLUME 

ELEMENT TESTED 

A-2 

Doped C~athode Copper 

1633 ± 8 K 
", 

11.0 ± 1.0 Pa 

7.8 ± 0.4 m -1 

. Bi . 

t 
.- TlME (SEC) t'1t. % Bi 

o 
240 
540 
960 

1260 
1980 

, of iili tial 
content refined 
in 1 hour 

0.072 
0.066 
o .~o 
0.0 7 
0.040 
0.018 

Bi 

8.8 
" 

90.5, 

Figure 5'.2 Experimental Conditions and Results 
of Bismuth Removal in Test A-2 
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-2.0 t 

l 2 3 ij 5 

TIME (10**3 SEC) 

'~igure 5. 2a, : Plot of I1ismuth Removal in Test A-2 
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TIME .(SEC) Wt.% Bi 

a '0.088 
420 l' 0.0613 

1260 • 0.045 

~ 

1 
Bi 

K (10-5 m s -1) 6.2 
fi 

% / of initial 
con tent re fined 85.7 
in 1 hour 

. ' 

, 1 

Figure 5.3 Experimental Conditions and Results ; 
of ~ismuth Removal in Test "A-3 _____ j~---~.~-~.\ 
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Figure 5. 3a :' plot of Bismuth Removal in Test A-3 
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TEST ~UMBER 

:rYPE OF MELT 

MELT TEMPERATURE 

CHAMBER PRES SURE • 
-AREA TO VOLUME , 
ELEMENT TESTED 

TlME (SEC) 

o 
, 180 

480 ~ 
1740 
2640 
4440 

K (10 - 5 m s -1) 

% of in~ial 
content refined 
i~ 1 hour 

, .. 

A-4 

Doped Blister Copper 
J' 

1595 ± 

14.0 ± 
!, 

~~. 2 

Bi 

± 

Nt. % R,i 

0.086 
0.075 
0.060 
0.039 

~, 0.028 
0.017 

Bi 

4.4 

75.4 

5 K il 

2.0 Pa . 
- r" c 

0.4 m 

t, 

\ 
F,i.gu.re 5.4 : Experi~ental Conditions1.nd Results 

of Bismuth Remova1,in Test A-4 
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'-1.0 

-1.2 

-l.ll 

-1.6 

-1.8 

'-2.0 

Figure 5. 4a 
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123 II 5 

TI ME (1 O~uE3 SEC) 

Plot of Bismuth Removal in '(est A04) 
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TEST NUMBER \ A-5 

TYPE OF MELT Doped Blister Copper 

MELT TEMPERATURE 1608 ± 5 K 

CHAMBER PRES SURE 10.0 ± 1.0 Pa 
Cl 

AREA TO VOLUME 9.7 ± 0.4 m -1 

ELEMENTS TESTED Bi Sb 

TI ME (SEC) Wt.% Bi Wt. % Sb 

0 0.012 0".066 
480 0.010 0.058 

1860 0.007 0.034 
3120 0.007 0.026 
4320 0.004 0,.027 

Bi Sb 

K (10- 5 m 5- 1) 2.2 2.4 

% of initial """ 1 

content refined 56.1 59.6 
in 1 hour 

Figure 5.5 Experimental Conditions and Resu1ts 
of Bismuth and Antimony Removal in 
Test A-S 
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-1.5 

-1 .. 7 
L~G 

-1.9 (Y- B .i ) 
... 

( 
-2.1 

-2.3 

-2.5 

/ 1 2 3 ij 5 

TI ME (1 O~n(3 SEC) 
/ 

Figure 5.5a ': plot of Bismuth Removal in Test A-5 
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--1.0 

-1.2 

-1.6 

-1.8 

-2.0 

l 2 3 Y 5 

TIME (10HM3 SEC) 

L~G 

(ï. SbJ 

\ 

\ 

1 

i 

Figure 5.5b Plot of Antimony Removal in Test A-S 
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TEST NUMBER '1. 

TYPE OF MELT 

MELT TEMPERATURE 

CHAMBER P~SSURE , , 
.' 

AREATO m~ 
ELEMENT TES D 

TlME (SEC) 

o _ 
720 

1500 
2760 
4320 

% of initial 
con tent refined 
in 1 hour 

<j 

A-6' 

Doped 

1530 ± 

14.0 ! 

6.8 ± 

Bi 

Wt. % Bi 

0.098 
0.079 
0.065 
0.039 
o. a 33 

Bi 

3.9 

62.4 

, 1 
/ 

J' 

.1 

Cathode Copper 

20' K 

2.0 Pa 

0.4 -1 ml. 
/ 
1 
J 

/ 

.' 1 

Figure 5.6 Expkrirnental Conditions and Resu1ts 
of Bismuth Removal ih Test A-6 ~l 
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-1.0 

-1.2 
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-1.8 
~ ( 

-2.0 

Figure '5.6 a 
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l 2 

TIME 
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Plot of Bismuth Removal in Test A-6 
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TEST NUMBER A-7 

TYPE OF MELT Doped Cathode Coppe:r 

MELT TEMPERATURE 1505 ± 5 K 

CHAMBER PRES SURE 11.0 ± 9. 5 Pa 

-1 AREA TO VOLUME 8.3 ± 0.4 m 

ELEMENT TESTED 

K 

% 

o 
600 

1860 
3060 

-5 -1 (10 ms)· 

of initial 
content refined 
in l hour 

.. 

Bi Sb 
., 
l' 

\<lt. % Bi 

o .014, 
0.011 
0.010 
O. 00 8 

';' 

Bi 
" 

2.'ta 

48.8 

, 
Figure 5.7 Experimental Candi tions 

of Bismuth and Antimony 
Test A-7 

,Wt."\ Sb 

0.093 

a .076· 

Sb 

0.8 

21.0 

and Resultl 
Removal in 
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-1,.5 

<1 

-1. 7 

-1.9 

-2.1 

-2.3 

-2. S, 

r" , 

~. 

1 2 3 ij 5 

(', TIME (lOHM3 SEC)" 

L~G 

(ï. Bi) 

"" 

Figure 5.7a : Plot of Bismuth Removal in Test A-7 
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-1.0 

-1~2 

-1.6 

-1.8 

-2.0 

l 2 3 ij 5 

TIME (10**3 SEC) 

•• 

L~G 

(ï. Sb) 

Figure 5.7b Plot of Antimony Rem~val in Test A-7 
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TEST NUMBER 

TYPE OF MELT 

MELT TEMPERATURE 

CHAMBER PRESSURE 

AREA TO VOLUME' 

ELEMENTS TESTED 

TlME (SEC) 

0 
600 

1980 

% of initial 
con tent refined 

: 

: 
1 tf 

A-a 
--:-~ .... 

, ~" .3or-.. F 

Doped' Cathode Copper 

1500 ± 5 K 

7.0 ± O.S Pa 

10.4 1: 0;'4 m- 1 

Bi Sb 

Wt. % Bi Wt. % Sb 
t' 

0.078 o .076 
0.061 
0.054 0.045 

Bi 

1.6 

48.4 61.5 
in 1 hour 

~\~-----------------------------------

Figure 5.8 Experimental Conditions and Results 
of Bismuth and Antimony Removal in 
Test A-8 
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Figure S.Ba Plot of Bis~uth Rernoval in ~est A-8 
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Figure ~.8b: Plot ~f Antirnony Rernoval in Test A-a 
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TEST NUMBER ( .A-9 

TYPE OF MELT Doped Cathode Copper 

MELT TEMPERATURE 1690 ± 40 K 

CHAMBER PRESSURE 32'.5 ± 1.5 Pa 

6.7 ± 0.4, m 
-1 

t AREA TO VOLUME 

ELEMENT TESTED Bi 

TlME (SEC) ~7 Wt.% Bi 

0 )0.057 '\ 
480 0.046 

1500 0.0~1 
2400, 0.021 
4140 0.007 

.... 
'ù 

Bi \ 

~/ '~bi ~ 

K (10- 5 'è~'-1 
7.4 ms) 

% of ini tia.l ""-
content refined 82.2 \, 

in l hour 

10 ~ " 

Figure 5.9 Experimental Conditions and Results 
of Bismuth Removal in Test,A-9 
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TEST NUMBER 
'\'-' 

TYPE OF MELT 

MELT TEMPERATURE 

CHAMBER PRESSURE 

AREA TO VOLUME 

ELEMENTS TESTED 

TlME (SEC) 

o 
1020 
1980 
2700 

% of ini tial 
contenJ; refined 
in 1 h'Sbr 

# * A-la 

DOPfd 

1740 

33.0 
')1. 

. } l 

8.1 ± 

Bi Sb 

Wt. % Bi 

-"....-"'~. 00 3 
0.002 
0.001 

Bi 

5.0 

77.3 

Cathode Copper 

± 5 K 

± 1.0 Pa 

0.4 m -1 

** Wt. % Sb 

0.050 

0.082 

Sb 

* - About 1 % Fe is present in the melt for Test #'5 
A-IO, A-Il & A-12i this resulted from a steel 

( sample cup which fell into the melt and appears 

i _ :: ~:V:e::::::e:::v::e:~ ~:l::m::a:t~: ::. for 

... 

the initial sample was due to insufficient time 
between when the Sb was added and when the sample 
was taken 

Figu1~ 5.10 ExperiMental Conditions and Resu1ts 
of Bismuth and Antimony Removal in 
Test A-IO 
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Figure 5.l0a Plot of Bismuth Removal in Test A-10 
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Figure 5.lQb plot of Antimony Removal in Test A-1Q 
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* TEST NUMBER A-Il 1 
'-...--- '---, 

TYPE OF MELT Doped Cathode Copper, 

MELT TEMPERATURE 1743 ± 5 K 

CHAMBER'~ PRES SURE 28.5 ± 1.5 Pa 

AREA TO VOLUME 9.0 ± 0.4 -1 m 

ELEMENTS TESTED Bi Sb As 

TIME (SEC) Wt.% Bit Wt.% Sb Wt. % As 

0 0.0023 0.078 d .089 
660 0.0012 

1680 0.0008 
2640 0.0005 0.074 o .039 

Bi Sb As 

K (10-5 m s-1) 6.1 0.2 3.11 

% of initial 
content refined 87.7 6.9 67.5 
in 1 hour 

* - melt contained about 1 % Fe (see Figure 5.10) 

t - due ta limits in ana1ytical precision, the' 
uncertainty of the fourth decirnal place is large 

Figure 5.11 Experimental Conditions and Results 
of Bismuth, Antimony and Arsenic 
Remova1 in Test A-Il 
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Bi Sb As 

K (lO-5 m s -1) . , 6.4 2.0 

% of initial 
content refined 90.9 51.7 
in l hour 

* - melt contained about 1 % Fe (see Figure 5.10) 

Figure 5.12 

r-: 
" Experimental Conditions and Results 

of Bismuth, Antirnony and Arsenic 
Removal in Test A-12 
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Figure 5.12a : Plot of Bismuth Removal in ~est A-12 
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Figure 5.12c : plot of Arsenic ARemoval in Test A-12 
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TEST NUMBER 

TYPE OF MELT 

MELT TEMPERATURE 

CHAMBER PRESSURE 

AREA TO VOLUME , 

ELEMENT TESTED 

TIME (SEC) 

o 
600 

1500 
2700 
3900 
5100 

% of initial 
- content refined 

in 1 hour 

A-13 

Doped Cathode Copper 

1645 ± 25 K 

126 ± 38 Pa 

6.9 -1 ± 0.4 m 

Bi 

Wt.% Bi 

o .046 
o . 032 
o .032 
o .025 
0.024 
'0.021 

Bi 

1.9 

46.6 

( 

) 

FiglJ,re 5.13 Experimental Condi tions and Resul ts 
of Bismuth Remova1 in Test A-l3 
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Figure ~.13a Plot of Bis~th ~emova1 in Test A-13 
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TEST NUMBER A-14 

TYPE OF MELT Doped Cathode Copper 

MELT TEMPERATURE 1608 ± 8 K 

CHAMBER PRESSURE '7 
96 ± 14 Pa 

AREA Ta VOLUME -1 (J 

8.0 ± 0.4 m 

ELEMENTS TESTED 
... 

Bi sb 

TlME (SEC) ~'lt. % Bi Wt.% Sb 

0 0.0*2 0.058 
'900 0.011 
2100 0.007 0.056 
3300 0-.006 0.054 

-/ 

" Bi Sb 
~ 

K (10- 5 -1 ms) -r-: 3.0 0.3 

% of ini tia1' 
content refined 57.5 6.9 
in 1 hotir 

( 

Figure 5.14: Experimental Conditions an~ Results 
pf Bismuth and Antimony Removal in 
Test A-14 
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Figure S.l4a : plot of Bismuth Removal in Test A-14 
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TEST NUMBER A-15 
(1. 

TYPE OF MELT Doped Cathode Copper 
~ 

MELT TEMPERATURE 1625 ± 10 K 

CHAMBER PpSSURE 109 ± 14 Pa 

AREA TC VOLUME 9.4 ± 0.4 m 
-1 

ELEMENTS TESTED Bi Sb 

TI ME (SEC) Wt.% Bi Wt. % Sb 

0 0.055 0.047 
600 0.048 

1500 0.031 
300Q 0.023 0.044 

------------------------~--------------------------~--~-~~ 

% of initial 
content refined 
in l hour 

Bi 

3.2 

66.5 

Sb 

0.2 

7.8 

Figure 5.15 Experimen~â1 Conditions and Results 
of Bismuth and Antimony Removal in 
Test A-15 
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Figure,5.15a Plot of Bésrnuth Removal in Test A-IS 
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Figure 5.1Sb Plot of Antimony Removal in Test A-1S 
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TEST NUMBER 

TYPE'OF MELT 

MELT TEMPERATURE 

CHAMBER PRESSURE 

AREA TO VOLUME 

ELEMENT TESTED 
4 

TlME (SEC) 

o 
540 

1560 
3060 

% of initial· 
content refined 
in 1 hour 

, . 

* A-16 

Doped Blister Copper 

1760 ± 30 K 

14.0 ± 1.0 Pa 

-1 6.9 ± 0.4 m 

Bi 

" 

Wt. % Bi 

0.124 
0.060 
0.060 
0.055 

Bi 

0.6 

13.0 

* a slag layer was maintained 

129 

** K is calculated for last three points. It 1s 
thought that the discrepancy in the first point 
may be attributed to slow mixing of the bismuth 
in the melt due to the. slag layer 

Figure 5.16 Experimental Conditions and Results 
of Bismuth in Test A-16 
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Figure 5.16a Plot of Bismuth Removal in Test A-16 
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% of initial 
con tent refined 
in l hour 

Bi 

0.6 

14.1 

* - a slag layer was maintâined 

Sb 

0.3 

8.5 

Figure 5.17: Experimental ConditiDns and Results 
of Bismuth and Antirnony Remova1 in 
Tèst A-17 
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Figure 5.l7b Plot of Antimony Removal in '!'est A-17 
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TEST NUMBER 

TYPE OF MELT 

MELT TEMPERATURE 

CRAMSER PRESSURE 

AREA TO VOLUME 

ELEMENT TESTED 

TlME (SEC) 

o 
720 

1440 
2100 
2820 
3720 
4620 

% of initial 
content refined 
in 1 hour 

B-1 
, 

Blister Copper 

1643 ± 28 K 

11.0 ± 2.0 Pa 

6.8 ± 0.4 rn -1 

Bi 

Wt. % Bi 

a .0026 
0.0021 
0.00.23 
0.0021 
0.0014 
0.0008 
0.0011 

Bi 

3.5 

54.4 

* 

* - due to lirnits in analytical preclsl0n, the 
uncertainty of the fourth decirnal place is 
19.rge l-

Figure 5.18 

I • 

~ 
'. 

Exper~rnental Conditions and' Results 
of Bismuth Rernoval in Test B-l 
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Figure 5.18a : Plot of Bismuth Removal in Test B-1 
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TEST NUMBER B-2 

TYPE OF MELT Blister copper 

MELT TEMPERATURE 1730 ± 45 K 

CHAMBER PRESSURE 24 ± 4 Pa 

AREA TO VOLUME 6. 7 ± 0.4 
-1 m 

ELEMENTS ,TESTEO Bi Sb As Se Te 

TlME (SEC) Wt.% Bit Wt.%-Sb Wt. % As 

0 0.0028 <0.001 <0.002 
3360 0.0017 <O. 00 1 <0.002 

TIMF: (SEC) wt.% Se Wt. % ~et 

0 0.035 0.0064 
3360 f·035 0.0064 

Bi Sb As Se Te 

K (10-5 m s -1) 
" 

2.2 0 0 

% of initial 
content refined 41.5 a 0 
in 1 hour If 

t - due to limits in analytical prec~slon, the 
uncertainty of the fourth'decirnal place is large 

Figûre 5.19 Experimental Conditions and Results 
of Bismut~, Antimopy# Arsenic, 
Selenium and Telleriurn Removal in 
Test B-2 op 
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Figure 5.l9a : plot of Bismuth Removal in Test B-2 
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TEST NUMBER 

TYPE OF MELT 

MELT TEMPERATURE 

" CHAMBER PRESSURE 

AREA TO VOLUME 

ELEMENT 1 TES TED 

TIME (SEC) l " 

o 
300 
720 

1440 
2160 
5400 

% of j,ni tial 
content refined 
in 1 hour 

)' 

\\ 

C-l 

White Metal (cu
2

S) 

1528 ± 18 K ..., 

187 ± 80 Pa 

-1 / 
. 

6.4 ± 0.4 m 

Bi 

Wt.% Bi 

0.081 
0.083, 
0.073 
0.059 
0.055 
0.034 

Bi 

2.6 

45.0 

Figure 5. 2{) Experimental Conditions and Results 
of Bismuth Removal in Test C-l 
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(Y. Bi) 

Figure 5.20a Plot of Bismuth Removal in Test C-l 
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TEST NUMBER 

TYPE OF MELT 

MELT TSMPERATURE 

'CHAMBER PRESSURE 

AREA TO VOLUME 

ELEMENT TESTED 

TlME (SEC) 

o 
300 
900 

2100 
3300 
4200 

% of initial 
content refined 
in l hour 

C-2 

White Metal (Cu 2S) 

1545 ± 5 K 

120 ± 27 Pa 

6.7 

Bi 

-1 ±O.4rn 

Wt. % Bi 

0.106 
0.102 
0.091 
o .075 
o .049 
0.056 

ii 

Bi 

2.7 

47.9 

Figure 5.21 Experimental Conditions and Resu1ts 
of Bismuth Removal in ~est c-2 
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Figure 5.21a : Plot of Bismuth.Removal in Test C-2 , 
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Day 

1 

2 

3 

y. 

'" 

% Bi 

22.3 

11. 5 

20.6 

Condensate Ana1ysis 

% Sb % As % Cu 

0.76 23.3 

2.22 5.80 62.1 

Q.49 46.6 

Table 5.9 : Condensate Analyses (by weight) for Three 

Different Days of Experimentation 
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CHAPTER SIX 

DISCUSSION 

SECTION 6.1 INTRODUCTION 

and 

The objectives of this study were : 

a) ta determine rates of elimination of bismuth, 

antimony and arsenic~from copper melts under 

vacuum and ta examine the affects of the follow-

ing parameters -

i) melt temperature 

ii) chamber pressure 

iii) initial solute concentration 
~ 

iv) melt surface area to volume ratio 

v) presence of a slag layer 

b) ta develop a theorètical model which describes 

the elimination of bismuth, antimony and arsenic 

from copper melts under various conditions of 

vacuum distillation 

c) ta compare predictions of the theoretical model 

to eKperimental results. 
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The following discussion examines the experim,ental results 

of this study with the above objectives in mind. 

SECTION 6.2 VACUUM DISTILLATION OF DOPED COPPER MELTS 

6.2.1 GENERAL 

It was found in the experiruents that bismuth was read-

ily removed from copper melts. Between 45 and 90 % of the 

initial content was eliminated in l hour '(experiments with 

a ~lag layer being excepted). R~moval of arsenic and an-

timony_was more difficult, the elirnination in 1 hour being 

50 to 60 % of the initial arsenic content and nil to 60 % 

of the initial antimony content. In aIL experiments, melt 

temperature was in the range 1500-1790 K and charnber pres-

sures were from 7 to 160 Pa. Melt surface area to volume 

ratio was 7-10 rn -1 in aIL cases. 

The very low antimony eIimInations were thought to be 

dûe to the presence of iron in the copper. Experiments 

A-10, A-Il and A-12, which were a series of severai high 

temperature experim~ts"conducted on one melt, contained 

about 1 % iron due to a stee~ sample cup accidenta11y fal1-

ing into that~e:rt:--No antimony was removed in two of the 

" 

\ 
" 

, 
l~ t 
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experiments (A-IO & A-12). The third (A-11) showed only 

7 % removed in l hour. Nothitig unusual was noticed about 

bismuth and arsenic removal in any of these three experiments. 

Two possible explanations for this phenomenom were 

a) the formation of iron and antimony compounds 

which have a lower vapour pressure above a cop-. 
per mel t ,tl)an antimony alone 

or 

b) an interaction between dissolved iron and dis-

solved antimony in liquid copper which lowers 

the activity coefficient of antimony in the 

copper. 

, 
Although no data was found in the literature to support 

either consideration, the formation of FeSb and FeSb 2 is 

documen ted 2 9 • 

6.2.2 EFFECT OF MELT TEMPERATURE 

JJ~ 
The effect of temperature on vacuum distillation is 

shawn in~Figure 6.1, wher~the overall refining rate co-

efficient is plotted against melt temperature. The results 

show that K
Bi 

increases from 2 x 10- 5 .to 7 x 10- 5 m s-l 

\ 
-. . 

,. 
} , , , 
/ 
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~igure G.la ~ Experincntal1y deter~ined rpfining rate 
coefficients for ~isrnut~ ?1otted against melt temperùture. 
Al:::;o ~hown are t.~eoreticall}" predicted rate coefficients 
for t:'.TO !jets of r.onr:itions - 11 pa'and ().OR ~ ~i ;'ihicp 
were répresentative of most experiments-with melt 
tempe ratures from 1500-l650 K~ 32 Pa and 0.055 % Bi 
which was representative of most experiments with me1t 
temperatures above 1650 K. 
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Figure 6.1b : Experimenta11y determined refining rate ' 
coefficients for antimony plotted against melt temperature. 
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when temperature is increased from 1500 to 1700 K. 

The solid 1ines in Figure 6.1a w~ich represent pre­

dictions of the theoretical model for bismuth e1imination 

roughly agree with' the experimental.,results. They also 

show that the refining rate drops off at higher tèmpera-

tures. This is because the increase of vapour pressure 

above the rnelt with temperature is more rapid for copper 

th an for bismuth (Figure 6. 2):, The same is true for the 

case of'antimony but n@t for monatomic arsenic (see 
, 1,. 

Section 3.~0.l). . " 
l 1 

6.2.3 EFFECT OF CHAMBER PRESSURE 

Figures 6.3a and b plot refining rate coefficients 

against chamber pressure. The'resu1ts show that K
Bi 

and 

KSb' are significant1y higher at pressures between la an~ 

15 Pa than at pressures between 100 and 130 Pa. The model 

predictions for bismuth demonstrate the same effect. They 

also show that the 
1 

greatest decrease occurs when the cham-

'" ber pressure rises from 5 to 20 Pa. This can be exp1ained 

by considering melt vapour pressure. 

') 

! 

'1 ,1 , 
j , 

l 



'r 

l 

( 

( 

] 49 

20 

" 18 ,. 
16 

1" '\ ..... 
cc 
2: 12 II 

{CU laJ 

~ 10 
en 
en 
~8 
Q. ~' 

~6 :} 
ID ~/ 

Q.. 
-,-

~ll 

2 

"0 
~~~ 

1400 1500 1600 1700 1800 
TEMPERATURE (lU 

Figure 6.2 : Vapour Pressures of Copper and Bismuth above 

a Cppper melt containing 0'. 08 % Bi plotted' against 

Tempera ture 
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Figure 6.3a : Experimenta11y determined refining rate coefficients for bismuth p10tted 
against chamber pressure. Also shown are theoretical1y_predicted rate coefficientsat 1630 K 
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\. 
'" l ' The total vapour pressure above a copper me1t contain-

ing 0.08 % Bi by weight at 1630 K is 10.2 Pa. When the 

chamber pressure is much less than the total vapour pres-

sure (i.e. chamber pressures less than 5 Pa in this case), 

the mass transfer rate is controlled by melt phase mass 

tran~fer and evaporation and will be independent of chamber 

* pressure. As the' chamber pressure increases from 5 Pa, 

gas phase mass transfer resistan~e is no longer negligible 

and refining rate will deqrease exponentially in accordance 

with the term tN./P h in Equation 3.18. Numerically, the 
~ c 

------" 
greatest effect of chamber pressure on refining rate will 

) 

1 _ 

be seen at lower chamber pressures, that is between 5 and 

20 Pa in this case. 

6.2.4 EFFEC~ OF INITIAL SOLUTE CONCENTRATION 

\ ' 

Table 5.4 shows that, for experiments conducted at 

approximately the same temperature and pressure, the re-

fining rate for bismuth tended to'be lower at lower initial 

solute concentrations. This is similar to the effect of 

~chamber pressure, that is, gas phase mass transport offers 

~-------------------- '~ 

* Further evtdence of this statement,is seen in\Figure 
6.1a. At high melt temperatures, where the total 
vapou~ pressure above the melt is much higher than 
32 Pa (= 60 Pa @ 1800 K, 0.08 % Bi), the refining rate 
at Il Pa chamber pressure is equal to that at 32 Pa. 

'~ ~ 

- t , 

J , 
i 
'j 
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considerable resistance when melt vapour pressure is·;.less 

than chamber pressure. 

" 

It is apparent from this section and the preceding 

pne that the ratio of total vapour pressure té charnber 

pressure is- an important parameter in terrns of influencing 
-. 

the refining rate. Figure 6.4 plots KBi against the term 

'I:P IP' for the experiments in this study. The ',,-vapour ch <? ~ 

graph indicates that there is a fourfold increase in KBi 

when rp Ip h increases from 0.05 to 1.0. From con-vp,pour c 

sideration of the theoretical mo~el, KBi is expected to 

reach a maximum for a value of rPvapour/Pch equal to 2. 

At this point, KB, becomes independent of rp IPCh and 
~ vapour 

will bé affected only by the ratio P~i/P~u' which is a 

function of temperature. The inability of the apparatus 

to work at lower chamber pressures did not allow this to 

be investigated rigorously. 

6.2.5 EFFEfT OF MELT AREA TO VOLUME RATIO 

Figure 6.5 plots K
Bi 

against area to volume ratio for 

experiments with approximately the sarne temperature and 

pressure. The results are scattered a~d are deemed incon­

clu$ive for two reasons. The first is that the range of , 

i 

1 
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Â: 1500-1550 K, 7-16 Pa .: 1590-1650 K, 9-16 Pa 
0: 1600-1670 K, 80-160 Pa .: 1650-1743 K, 27-39 Pa 
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Figure 6.5 : EXperirnenta11y determined refining rate coefficients 
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plotted against melt surface are a to volume ratio 
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area to volume ratios examined was small, so that, cons id-

ering experimental error, the difference between each value 

is insignificant. The second reason is that the other pa­

rameters were inconsistent with~n a set of A/VIs and their 

effects are thought to outweigh the effect of a small 

change in A/V. 

6.2.6 EFFECT OF SLAG LAYER 

Jhe presence of a slag layer on the copper melt greatly 

reduced refining rates of aIl impurities tested. The re-

-5 -1. fining rate coefficient of bismuth was 0.6 x 10 m s ~n 

,JI 

both experiments where a slag layer was m~intained (A-16 & 

A-17). This was approximately an order of magnitude 10wer 
, 

than that which was obtained in experiments where condi-

tions 'were similar but no slag layer was present. The 
\.. 

effec~ on antimony removal was the s~e, KSb being o.~, x 10-
5 ' 

m s-l in Test A-17. These results suggest that mass trans-
I 

fer through the slag phase is rate controlling. Evidence .. 
that supports this hypothesis was given in a table of dif­

fusion coefficients calculated by Szekely and Themelis 20
• 

The diffusion coefficients in molten slags were generally 

les~an those in molten met~ls by one to two orders of 
~\ 

magnitude. 
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SECTION' 6.3 VACUUM DI<STILLATION OF BIJISTER COPPER 

Removal rates of bismuth in two experiments on blis-

ter copper (Tests B-l & B-2) were in rough agreement with 

results obtained in doped copper experiments. Initial 
\, 

bismuth content of the blister copper was low (~ 0.003 wt.%) 

in relation to most of the doped copper melts (0.01 to 

0.09 wt.%). High me~t temperatures (1640 & 1730'K) and 

low charnber pressures (11 & 24 Pa) were chosen in order to 

promote high rates of remova1. 
J 

The remova1 rate of bismuth in Test B-1 was' higher 

than that in Test A-S, for which experimenta1 condit~ons . 
-5 -1 were simi lar" the value of K Bi being 3.5 x 10 m s com-

-5 -1 pared to 2.2 x 10 m s This is thought to be due to 

the higher melt temperature in Test B-1 (1643 K compared 

to 1608 K) . 

The refining rate in Test B-2 was lower than that in 

Tests A-IO and A-Il which had sirnilar 'conditions. KBi was 

2.2 x 10-5 rn s-l in Test B-2 compared to 5.0 x 10-5 and 

6.1 x 10- 5 m s-l in Tests A-IO and A-Il respectively. It 

is believed that the low rate in Test B-2 was caused by 

the presence of sorne slag which covered about a third of 

the surface. 
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Removal of other elements from blister copper were 

examined in Test B-2. The initial contents of antimony 

and arsenic were below present detection 1imits and hence 

the rates of their removal are unknown. The contents of 

selenium and tellurium remain~d unchanged, indicating that 

no removal of these elements occurred. This behaviour is 

cont;ary ta that expected from con~eEation of their 

volatility coefficients (Table 3.Sa) . 

SECTION 6.4 VACUUM DISTILLATION OF WHITE METAL 

T!e removal of bismuth from white metal (Cu2S) was 

examined in Tests C-I and C-2. The melts were doped with 

bismuth sa that the initial contents were close to those 

used in doped copper experiments. Melt temperature was 

kept low (::! 1540 K) and chamber pressure hig~,' (100-250 Pa). 

Excessive sp1ashing occurred when the ternperature was in-

creased or the pressure decreased. 

Bismuth refining rate coefficients were 2.6 x 10-
5 

and 2.7 x 10-S m s-l for Tests C-l and C-2 respectively. 

These -rates were higher than those anticipated in view of 

rates measured on doped copper at low temperature or high 

pressure. The reason is that the activity éoefficient of 
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bismuth is higher in white metal than in molten copper 

(6.1 compared ,to 2.3 at 1523 K) 30. This reasoning is 

confirmed by the theoretica1 model. When Y~i is equal to 

-5 6.1, the model predicts values of KBi equal to 2.1 x 10 

and 3.3 x 10- 5 m s-l for Tests C-l and C-2 respectively. 

o -5 When YBi is equal to 2.3, KBi becomes 1.0 x 10 and 

-5 -1 1.7 x 10 ms. 

SECTION 6.S COPPER LOSSES 

Condensate analyses for three different days of ex-

periments were gi ven in Table 5.9. Hass ratios of copper 

te bismuth evaporated may be derived from,these results 

and used in conjunction with the results of bismuth eli-

mination (Table 5.4) to calculate the amount of copper 

which was lost by evaporation during a day of experiments. 

Table 6.1 presents these values as percentages of the ini-

tial melt masse Also listed for each day are 

and 

a) the experimental tests conducted 

hf
1

the average melt temperat~re 

d.) the vacuum exposure time 

d) theoretically predicted copper lasses. 
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Day 

# 

l 

2 

3 

.~ 

.-1 

Experimental 
Tests 
Conducted 

A-6, A-7 
A-8 

A-9, A-la 
A-Il, A-12 

A-13, A-14 
A-15 

Average Melt 
Temperature 

(K) 

1515 

1725 

1630 

...-., 

Vacuum 
Exposure Time 

(hours) 

;J 

3.5 

4.0 

4.0 

" 

Copper Losses 
(% of initial 
melt mass) 

0.11 

0.45 

0.15 

.. 

Predicted Copper 
Losses (% of 
initial melt mass) 

,. 
0.08 

0.55 

0.04 

.--

" 

Table 6.1 Copper Losses Recorded in a Day of Experimentation for Three Different Days 

...:; 
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The table shows tbat experimental copper losses are between 

0.1 and 0.5 % of the initial melt mass in about 4 hours. 

Losses increased wi th incre'asing tempera ture, as was pre-

dicted from consideration of volatility coefficients (Sec-

ti 0 n 3. 10 . 1) . 

The predicted copper los ses are in close agreement 

with the experimentally determined losses in Days ~ and 2. 
1 

Predicted losses in Day 3 a~e rnuch lower than those ob-

tained experimentally. This is consistent with aIl other 

results in high pressure experirnents. Referring Qack to 

Figure 6.3a, the ~redicted evaporation rates of bismuth 

were considerably lower than those obtained experimentally. 

"..> 

SECTION 6.6 DISCUSSION OF ;~ORETICAL MODEL 

ThJ{-tEheoretical model proposed in this study was in-

corporated into a computer program <Section 3.10.2) which 

calculated rates of refining of bi smuth, ,antimony and ar­

senic from copper melts under vacuum and used these rates 

to predict changes in melt composition. 

For each experiment of ~is study, the experimental 

parameters were input to the program and-'a simulation of 

r 
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$\ 

that experimental test was performed. The results of these 

simulations are compared to the actual experimental results 

in F'igure 6.6, wh~re measured final content is plotted 

against theoretically predicted final content for bismuth 

and arsenic'. 

(-~ 

The agreement was good for bismuth and arsenic, 

indicating that the mode l, adequa~ely describes vacuum 
\~f 

distillation of these elements from copper. The model 

was less accurate at high chamber pressures, predicted 

refining rates being consistently lower than experimental 

~refining rates. 

There was no agreement for antimony, as the predicted 

values were always equal to the initial antimony content 

of the melt. This is thought to be due to an incorrect' 

value for the activity coefficient of antimony in copper, 

the reason being as follows. 

Azakarni and Yazawa 31 plotted the activity coefficient 

in infini te dilution against the position of each element 

in the periodic Table (Figure 6.7). The results show that 

the values for Y~s and Y~b represent discontinuities in 

their respective curves. The la,test work by Lynch 19 ca1-

o cùlated a higher value of YAs. The new value, shown in 

( -
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Figure 6.6 : Comparison Between Theoretically Predicted and 
Experimental~y Measur'ed Final Bismuth (e) and Arsenic <.) Content 
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- ~ p 
Figure 6.7 by the hatched line, is in better agreement" 

with the 'curve. ~en used i,n the pJ;:esent study this va-
" 

. lue yielded theoretical~preaictions which were in closer 

, agreement'with the resuJts than were s~en with previous 
~ . ) l 

val~es of ,Y~: Lynch sugges7ed, in light of his findings, 
. ~ r?~'" .B 

that further'~alysis of the~activity of antimr:ny in di-

lute solution in liquid copper may result in larger 0 yalue~, 

-1 1 0 .." 
of ~than previously r~ported. 

~ ; 

A value of 1.0 x 10 , 

~ r. 1 which,,1was taken from the curve in Figure 6.,7, w.ê-.~ 1ncor-
,/ J 

l' porated intl the comP1.7ter program. The new predictions 
~ 

we~e slightly closer to but still much lower th an experi-

,mentally measured ~alues. 

'1 SECTIONr 6. 7 COMPARI,SON WITff PREVIOUS WORK 

1 , 

i 
T ) 

A surninary,.of previous work (Tables 3.;1., 3."2 & 3.3) is 

cOmbined'with the resu~ts of this study and sho~n in Ta~les 

6.2, 6.3 a~d 6.4. Melt surface a~ea to volume ratio was 
, ,1 .. ~ , ~ ... ,. 

not given nor able to be calculated for most df the s~u-

dies; rio 'that a comparison of refining rates using overall 

:çate coefficients w~s not possib le.~' 

The, pe!!centage eliminations of bismuth, antimony and 
" " 

arsenic in this study were lower than those in Most of the 
\.l -
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"- Melt Melt Chamber Area Initial Processing _ ~ ~Bi , 

Source Mass Temperature Pressure Volume 'Wt.%'Bi Time Elimina ti on ç ;r 

(kg) (K) (Pa) (m- l ) (min) (10-S- m s-l) 

---- . , 

Kameda4 0.03 1373 13 60 50-80 (20-45) / (A/Vl 

Kameda" 0.03 1473 13 60 +90 6'4/(A/V) 

Ohno5 0.15 1473-1573 0.1-1 . 50-60 0.5 5-15 +9,'5 8-'27 

Bryan6 
~ 

0.02 1443 10 0.126 60 +99 128/(A/V) 

Bryan6 
"- 4 1473-1573 1-150 15-20 0.02-0.3 ,50-60 80-95 1-8 

Bryan 
6* 

0.02 1443 10 0.32 60 80 50/ (A/V) 
7 " .." Stre1' tsov 0.04 1473 0.01 55 0.9 25 90 ~ 2.8 

Komorova~ 0.03 1473 l , 120 50-80< (10- 22) / (A/V) , 

Go1ovko9 1473 1J-67 5-15 93 443/ (A/V) 
'-' " Kametami lO 0.6-6.0 1473 130-270 Vacuum Lift 15-90 10 (2-12) 1 (A/V) 

Taubenb1at11 
Refining .. 

25 1423-1573 0.01 30 50 39/ (A/V) 
Ozberk12 34 ... 1423-1623 8-40 6.7-10.2 0.02~0.04 120 40-80 1-3 

Près-~mt 35 1500-1790 7-160 6.8-10.2 0 .. 003-0.1 30-90 45-90 2-8 
* o .08-0.~ Present 20 1540 120-200 6.4-6.7 70-90 45 2.7 

* - the me1t was ~cu2S 

Table 6.2 : Summary of Results from Previous and Present Vacuum Refining Studies Showing 

Bismuth EliminatIon from Mo~ten Copper 
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1 J 

Source 

Kameda lt 

Kameda lt 

Komorova 8 
i 

Go1ovko 9 

. Kim! 3 

Melt 

Mass 

(kg) 

0.03 

0.03 

0.03 

Kametami 10 O.6-~~ 

Ozberk! 2 34 
Present 35 

/-.; 
1 

, 1 

~ 

.-, 

"'~ 

Melt Chamber Area Initial 

Temperature Pressure Volume wt.% Sb 

(K) (Pa) (m -1) 

1373 13 

1473 cl 13 

1473 1 

1473 13-67 ~ 

.. 
1473 130-270 Vacuum Lift 

Refining 

152} 13 7.1 0.15-0.25 

1500-1790 7-160 8.0-10.2 0.05-0.1 

/ • 

~ , 

'\ 

/ 

processing % .. KSb 
Time Elimination 

(min) (10- 5 In s-l) 

60 50-55 20/(A/V) 

60 30-40 10.v(A/V) 
t 

120 50-75 00- 20) / (A/V) 

5-15 20 40/(A/Y} 

40 

15-90 20 (4-25) ICA/V) 

~ .. 
120 0 0 

30-RO 0-60 0-3 

Table 6.3 Summary of Resu1ts from Previous and Present Vacuum Refining Studies showing 
~ 

Antimony Elimination from Molten Copper 
; 
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'" Melt Melt Chamber Area Initial processing %- KAS .., 

Source / - Mass Temperature Pressure Volume \'lt. % As , Time Elimination 

" (kg) (K) (Pa) (m- I ) (min) (10- 5 m 5- 1) 

Kameda" 0.03 1373 13 60 10-30 '(3-10) /(A!V) 

Kameda" 0.03 1473 13 60 40-70 ( 15- 30) / (A/V) 
.cr 

Komorova 8 0.03 1473 1 " 120 50-80 (10-25) I(A/V) 

GoIovko 9 1473 13-67 5-15 20 40/ (A/V) 

Kim l3 30-50 

Kametami lOO.6-6.0 1473 130-270 Vacuum Lift 15-90 10"'2-0 (2-25)/(Â';V) 
Refining 

Ozberk 12 34 1523 ~ 13 7.1 o • 3-0.4 120 0 0 

Present 35 1743 30 Q.0-10.2 0.04-0.09 30-45 50-60 2-3.5-
~ 

1! 
'f f"' ,l 

(, 

1, 
Table 6.4 : Surnmary of Results from previous and Present Vacuum Refining Studies Shawing 

A~enic Elimination from Mo1ten Copper 
~ J 
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1aboratory sca1e experiments. Th~s may be attributed to 

the genera11y lower chamber pressures (Ohno 11t , S,tre1tsov', 

Kornprova B
), higher initial solute contents (Ohno, Stfe1-

J 

tsov, Bryan 6
) and higher me1t surface are a to volume ratios' 

f!~ 

(Ohno, Streltsov) which were used in the laboratory scale 

experiments. The chamber pressures in the works of Karneda lt 

and Go1ovko 9 were simi1ar to those used in the present work 

and hence this'does not exp1ain why higher elirnination 

rates were obtained. It is speculated that melt area to 

volume ~ati9s were higher than those used in this study 

-1 (7-10 m )., 

Pilot plant sca1e studie~ by Bryan 6 and Taubenblat 11 

showed rates for bismuth removal which were ciose tOvthose 
..,; 

in this work. Taubenblat's,results, however, were obtained 

under chamber pressures of about 0.1 Pa whereas the present 

low pressure experiments used values of about 10 Pa. Many 

of Bryan's experiments were also at 10wer pressures (1-7 pa) 

than the present work. The conditions in one of Bryan's 

'\ experiments (1513 K and 7 Pa) c105e1y re5se~led the con-

di.1:ions.~n the low temperature experiments of this study, 

except that the area t6 volume ratio was higher in thé case 

of Bryan by a factor of two. Bryan's overall !ate coe~fi­

cient was 3.76 x 10-5 m s-l compa\ed to 3.9 x 10- 5 , 
, /5, 

2.0 x 10-5 and 1.6 x 10-5 
ID 5,-1 ,obtained in Tests A-6, A-7 , 

and A-a respectively. 
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The most significant comparison may be made between 
~ ..... 

~the present ~ork and that. of Ozberk 12 • The experiments 

in these two ~tudies weie carried out in the same vacuum 

induction furnace under similar conditions of melt,mass, 
, 

melt temperature, charnber pressure and melt surface frea 

to volume'ratio. 
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The overall refining rate co~fficients ,for bismuth in 

Ozberk's study were generally lower than those of the pr~-

sent study by a factor of two. Ozberk also obtained no 
-

removal of antimony or arsenic in the two experiments where 

these·elements were considered, which was contrary to the 
-\. 

findings of the present work. Two possible explanations 

for this discrepancy à~~considered below. 

Firstly, initial impurity ~ontents in Ozberk's study 
) (9' " 

were different from those in the present study in th~t, , 

in the former caser bismuth contents'~were lower and lead 

was present. Differences in initial impurity content af-

fect refining ~ate by changing the total vapou~ pressure 

above the roelt (Section 6.2). Rence, total vapour pres-
Ir' ,-

sures above al number, of different melts, covering the range 

of initial contents studied by Ozberk, are given in 

Table 6.5. The same data is presented in Table 6.6 for 

the present wor~. It can be seen that, for experiments 

, 

" 
j 
( 

1 

~ , 
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Initial Content Temperature 

Wt. % Bi Wt. % Pb (K) 

0.020 0.028 1523 

6'.038 0.059 1523 

0.039 0.125 ) 1523 

0.030 1623 o.o~ 

, 
Table 6.5 : Total vapour Pressures 

in the ~ork of Ozberk 12 

\ 
Ini tia1 Conterit 

t 
Temperature 

Wt. % Bi Wt. % Sb (K) 

0.014 0.093 1505 

o. 0~8 1530 
J 

0.072 1625 

0.072 1633 
i. 

. 0.088 1635 
.) 

a.... 

Table 6.6 : Total Vapour Pressures 

in the Presënt Study 

( 

rp KBi .vapour 

(Pa) 

2.89 1. 86 

4.89 2.76 

8.03 1. 34 

11.66 3.15 

above Selected Melts 

" rp 
vapour, K

Bi 

(Pa) 

1. 09 2.0 

4.20 3.9 

9.17 7.6 

9.98 8.8 

Il.26 6.2 

above Se1ected Me1ts 

... 
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with the sarne total vapour pressure, KBi is higher in the 

present work than in Ozberk's work. This indicates that 

differences' in initial - impuri ty content do not. explain why 

lower refining rates were obtained in Ozberk's study. 

" 
Secondly, all crucibles us~d in Ozberk's work were 

placed in the furnace without being shor~ened and are 

schematically shown in Figure 6.Ba containing the copper 

melt (34 kg). It is clear that a portion of the evaporated 

species could condense on the cr~c~le walls and wash back 

into the melt by melt splashing. This phenomenom has been 

observed ,'by Harris 15 during vacuum efining steel. Fig-
e \ 

.' ur~ 6. Sb shows the present experim ~tal con~iguration and 

indicates that reflu~ng from e crucible wall was not 

possible. 

SECTION 6.8 INDUSTRIAL APPLICABILITY 

Table 6. 7 lists levels of bismuth, antimony and' ar­

senic in typical blister copper 1 ,2,25,32 and Noranda Re­

~actor copper 32
• Also given are maximum permissible impu­

rit y levels for vacuum refined copper 32
• These figures 

indicate that a vacuum refining process must remove about 

60 % of each of the impurity elements from blister copper. 

" 
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(a) 

• 
,j' • • Furnace Coils 

• \.., • fMolten 

• Copper Crucible 

• Refractory 

• Packing Sand 

0' 

-' 

/ 

( , 
\ (b) 

• • Molten 

• Copper 
Furnace Coils 

• • Crucible" 

• Refractory 
Packing Sand • • 

Figur~ 6.8 : Placement of 

cruc~~les ior ~xperiments 
?(b) the present s tudy 

!:;,., 
34 kg of Molten Copper in 

in (a) Ozberk's work ~d 
,,1 

'(!j 

'~i 
1 .' 
,î 

" "/ 
[:/: 
" 

,~ 
d' 

~ 
,~ 
'~ 
jl 

:~ 
:~ 
~~ 

~J 
~~ 
j 
,< 

." 

:1 , , 
J 

1 
1 

! 

) 

, 1 
.j , 

I~ 
---,-,--



-~--~ 

, 
-, 

Bi Sb 

Typica1 Irnpuri ty 
Levels in 0.02 0.02 
Blis ter Copper 

Impuri ty Leve1s 
in Noranda o .028 0.119 
Reactor Copper \ 

Vacuum Refined 
Copper (Maximum 0.008 0.012 
;rmpurity Levels) 

( 
., 

(. ,/' 

l~_ 
'. ,( 

Table 6.7 : Levels of Bismuth, An timony and Arsenic 

Typica1 Blister Copper, Noranda Reactor' Copper and 

Vacuum Refined Copper 

,/ 

( 

-- ~--~ (- - -
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As 

0.1 

0.296 

0.044 

in 

1 

j 
\ 

1 

1 
1 

l 
~ 
j ., 
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In the case of Reactor copper, 70 % of the bismuth, 90 % 

of t~;-~;tlmb~y and 85 % of the arsenic must be eliminated. 

This study has snown that 60-70 % of the initial bis­

muth may be rernoved from a 35 kg copper rneÎt in about 

60 minutes at 1500 K and 10-15 Pa and in about 35 minutes 

at 1600-1750 K and 10-35 Pa. 

Il 

Experiments A-Il and A-12 (Figures 5.11 and 5.12) 

showed that 60 % of the arsenic cou1d be removed in about 

1 hour at 1750 K and 30 Pa. Extrapolation indicates that 

removal of 85 % of the arsenic would require about 2 ,hours. 

r 
The removal of antimony in this study was erratic. 

Consequently, it is not possible to obtain a definite value 

for the time required to remove a certain amount of anti­

mony. Tests A~5 and A-a showed'the highest rates of anti-

mony removal, ~ 60 % in 1 hour at 1500-1600 K and 7-10 Pa. 

Refining rate coefficients during vacuum refining 

blister copper on an industrial scale are expected to be 

similar to the present results as long as the chamber 

pressure is close to, or if possible, lower than the to-
. ' 

tal vapour pressure of ~he melt. Using the initial im-

purity levels in Table 6.7 and not including other 

1 , 
! 

, 
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\ 

impuritiés, the vapour pressures above a typical blister 

copper melt are calculated to be 1.2 Pa at 1500 K, 4.6 Pa 

at 1600 K and 17 Pa at 1700 K. ~he inclusion of other 

impuriti~s such as lead and zinc in ,~~ calculations is 

expected to increase these values by at least a factor of 
f 1 

2. Therefore, the va'iuurn le,~els required in industry are 

expected to be approximately 10 Pa. 

Impurity removal from Noranda Reactor copper is ex-

'"~ pected to be more rapid than from blis ter copper since the 

impurity contents and hence the melt vapour pressures are 

higher. The i~purity levels listed in Table 6.7 were used 
. 

to determine the vapour pressures above Reactor melts • 
. 

The values were calculated to he 1.5, ~.6 'and 21 Pa at 

1500, 1600 and 1700 K respectively. Taking into consider­

ation other impÙkities, the required vacuum levels are 

, expected to about 20 Pa. 

An important consideration in vacuum refining copper 

on an industrial scale is the melt surface area to volume 
" 

ratio. Industrial values for this par~eter are between 

0.5 and l. m-ll and not between 7 and 10 m- l as was used 

in this study. These low values must somehow be compen-
.. 

sated for if vacuum refining copper is to be used in in-

dustry. It is thought that technology which already exists 

\ 

1 

l 
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in the steel industry, that is spray degassing or D.H. and 

R. H. type uni ts 33., can be adopted for use in the copper 

industry. 

SECTION 6.9 FUTURE WORK ( 
Future theoretical investigat~s on vacuum refining 

copper should aim at developing~as;transfer model which 

will describe vacuum distillation of antimony from copper. 

Vacuum refining processes 'should also be studied from an 

economics point of view by examining costs and benefits 

of the process. 

Futurè pilot plant scale experiments should concen-

trate on : 

a) deve~oping a metal sprayin~ or metal transfer 

technique to cornpensate for low melt sU,rface 
• 

tarea to volume ratios presently encountered in 

industry. 

b) investigating more thoroughly the effect of 

various parameters on arsenic and antimony 

elimination. 

c) purging oxygen or chlorine through the melt to 

increase melt turbulence and form volatile oxides 

1 
J 
j 

~ 

\ 

j 
! 
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and chlorides with antimony and arsenic. The 

latter effect would not only'enhance the vacuum 

distillation of antimony and arsenic but would 
~ 

aiso benefit the vacuum refining process by in-

creasing the totaL vapour pressure above t:he \ 
~ 

meit. 

d) v~cuum refining indu$triai copper melts of high 
"'- -. 

impurity content such as those produced from Iow 

grade ores or by continuous çopper making processes. 
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CONCLUSIONS 

1. 
{ l , 

Exper~ments have .shown that 4'5 to 90 % of the . \; , 
, initial bismutp, 50 to 60 % of the initial arsenic ana 

. ni1 b; 60 % of the ini tia1 'antimony were removed from 

, , .'I!;c. .... 

molten ~.copper in l hour by vacuum refining 35 kg me1ts at 

1500-17~0 Kunde~ 7-16~ ~a\ About 40 % of the initial 

bismuth was removed in l-hour from molten white meta1 

(Cu2S) by vacuum purifying 20 kg me1ts at 1500-1550 K 

under 100-250 Pa. 

2. The effects of me1t temperature and chamber. 

pressureto\n bi~muth refining ~--'=' ,w';re found to Ile sig­

nificant,in the ranges ex~ined in this study. An increase 

in me1t teIllperature from 1500 K to 1700 K in.creases the 

refining rate coefficient of bismuth f~om 2 x 10 .. 5 to 

~x' 10- 5 m 5-
1 A decrease in c~amber pr~sure f~om 150 Pa 

to 10 Pa increases the rate cpefficient'from ,3 x 10-5 to 

7 x 10-5 m s-l 

3. Experimental results have shown that refining 
<3 

"-
rate increases wi th an increase in the value of EP vapour/P ch', 

-( 
.. ,~ . 

• 
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, 
which is in turn increased by increasing"me1t temperatüre, 

"decreasing c~arnber pressure èr i,ncre'asing the cc;mcentration 
. 

of solute elements 

,~.~fO , , 

more Volatire,~~n copper. 
/ 

~4 . ,n'''''&:S"oat'l'\<>tica+, caicu,lations agree~ wi th this finding 4 
values of ~p /p h greater than ~ vapour c and 

appro~imately 2, will becorne independent" of 

this ratio and depend sole1Y o upon the'ratio p?/Pc
o . The 

l' l U 

latter ratio varies only with melt temperatur.e. 

5. The presence of a slag layer on the copper melt 

decreases refining rate ,by a factor of approximate1y ten 

due to the relatively slow rate of mass transfer through 

the s:J.ag phase. 

6. The presence of iron in mo1ten copper is thought 

to inhibit the removal of antimony by vac~um distillati?n 
, , 

due to atom-atom interaction between iron and antlmony. 

l' 

7. It was discovered that the' elements which can \ 

exist'as polyatomic gaseous species evaporate predominantly 

in the monatomic forro, that is, volatility coefficients lo; 

AS 2 'and Bi 2 were approximately 1/500 and 1/3000 of that for 

As and Bi respectively. 

• 
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8. 
~ ~ 

, A theoretical model was developed to describe 

the' vacuum distillatiôn process using kinetic .. theory of 
~ J 
melt phase mass transfer, evaporation ~d gas phase mass 

transfer. 
.. 

9. 'The model adequately predicts removal of bismuth 

-and arsenic from molten copper anp b~~muth from mQltien' 

white metal. The model consistently predicted values of 
1. (I .. 

~ntimony ~emoval rates which were lower than those observed. 

o 
~he use,of a higher value of YSb as suggest~d by Lynch only 

part~alIy compensates for the inaccùracy. . 

, \ '-\'> 

10. Experi~ental results' and theoretical calculations 
" 

indica,t~ that ~.e~ov,al ~f ?,i~:mUth f~ coppet ,melts by vacuum 

distillation can become a viable indus~riàl prGces~. Ef-
.d " 

ficien~ removal of antimony and arsenic on an indus trial 

l:evel may requi're a prbcess which combines vacuum dist~l-
, " lt' ~ • 

latiç'n wfih oxida'tion:""and chlorination. 
o J 

'1.) 
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rHERMODYNAMIC DATA 
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1 
1 

1 
'-

1-1 Densi ty of Çopper : 

PCu = (7.936 - 7.862 x'10- 4 (T - 1356» x 1000, kg m- 3 
36 

\ 

1-2 Raoultian Activity Coefficients in Infinite Dilution 

1-3 

* 

** -

In Molten Copper Me1ts 

log 'Y~i 1900 T-
l - 0.885 H 

Y~b = 2.2 x 10- 2 at 1573 K 21f 

y O = 5 x 10- 3 at 1373 K 19 
As 

" , ' 

Vapour Pressures of S,pecies' in their Pure States l , 

o -1, 37 
log Peu = -17520 T - 1.21 log T + 13.21, mm Hg 

log P~i = -10400 T,,:,'l - 1.26 log T + 12.35, mm Hg 37 

log po ,_ 
Bi

2
- -10730 

ln 0 -2.80 PSb = x 

ln 0 -1. 94 P
Sb = x 

2 
ln po == ~1. 59 x AS 4 
ln po 

As 2 
= -3.14 x 

ln P~=-4.73 x 

T- 1 _ 

10 4 

10 4 

3.02 

T- 1 + 
T- l .+ 

log T, + 18.10, 

* 11. 95, atm. 

* 10.27, atm. 

104 T- 1 + 18.22, atm.*. 

10 4 -1 ** 
T" + 25-. 88, atm. 

104' T~l + 29.17, ~tm.** 

mm Hg 37 

Tpese equations were obtained by taking data given by 
Hultgren et a1. 26 and pe~forming a linear regression 
on ln P versus liT. The correlation coefficients were 
always better than -0.9999. . 

1 

see Appendix 2 

-j, 
1 
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APPENDIX .2 

CALCULATION OF pO AND po 
AS 2 As 

a) Lynch 19 derived the fo11owing equi1ibrium c~nstant 

e~,uations fro~ th~ da'ta of Hu1tgr~n et al. 26 

l. AS 4 (g, 1 atm.) 2 AS 2 (g, l atm.)' 
\ 

ln KI = -33960 T- 1 + 17 :,3 (900-1200 K) 

2. AS 2 (g, 1 atm.) = 2 As(g, l atm. ) 

-1 , 
ln K'2 = -46500 T + 13.7 (400-,:"1200 K) , 

Combining 1 and' 2 : 

" 3. As 4 (g, 1 atm.) = 4 As ~ g , l atm.) , 
, < 

ln K3 = ln KI + 2 ln K2 

, '= -126960 T- 1 + 44.7 (900-1200 K) 

KI = 
1 - PAs .... . 2, 

Tl1J.s ~~?es by the quadratic rule t'o . 
, -K + (K 2 + 4~K l! 

P (@ PT = 1 atm.) =. 1 l 1 
A~2 2 

. 188 
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This is the paftia1 pressure ,of PAs when the total 
,2 , 

pressure is equal to l atm. If' it is assumed th~t the 

ratio of PAS to PT is the sarne for any value o~ ,PT' 
2 

then P at a v'alu~ of PT other than 1 atm. is given by', AS 2 
, .. 

P (@ PT) = P (@ 1 atm, ) x ,PT AS 2 AS 2 ' , 

::e PAs (@'l atm.) x PAS . (@ PT) 
2 4 

Solving for P at several temperatures yields { AS 2 

ln PA = -3.14 x'10 4 T- 1 ..: 25.88 
,s2 

c)\ K3 was eva1uated at severa1 high' temperaturèS. 

Because K3 is a1ways ~ery sma11 (10- 18 at 1500 K to 

10- 14 at 1700 ~), the term PAs in the denorninator may 

he neg1ected, and PAS solves to 

PAs (@ PT = 1 atm.) = (K;)0.25 

This va1.ue of PAs is for ~tqtâl pressure of 1 atm. " The 
~)' 

value of PAs at a total pressure other than 1 atm. is 

approximate1y given hy : , 

PAs (@ PT) = PAs (@ 1 atm.) x PAs4 (@ ~T) 

solving for PAs a~ seve~al t~mper~tu~es yields 

ln PAS = -4.73 x 104 T-1 + 29.17 
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APPENDIX 3 

, 
CALCULATIQN'OF GAS PHASE BOUNDARY'LAYER THICKNESS, i, IN 

BRYAN'S WORK , 

Given Overa11 KBi = 1. 24 >C 10-5 

m KBi = 1. 80 >C 10-4 

K~i· $Bi = 2.57 >C 10-4 

'Me1t T = lSp K 

P ch = 26. 7 pO;. 

Initial % Bi = 0.02 

-1 m s 
<1\ 

m s -1 

m s -1 

By Equatibn 3.21d <l>Bi = 3931 (2.55) (0.0081) = 81.45 

By Equatioll 3.22 

1. 24 10-5 =( 1 + 1 + 1 )-1 x 
10- 4 '10- 4 1.8 x 2.37 x K~i (81.45) 

<G' , ,.-
0

0
0 - 9 10- 7 KB, 1. 7;4 x 

- ~ 

By Equation 3.21 EN, ENBi 1.~4 
Q -5 

(0.025) :: = X 10 
~ 

1Q-7 = 1.04 x 

By Equation 3.21c 

190 

[-

) 
( 

1 724 10-7 -_ 3.04 x 10- 7 (1 _ exp( 3.04 x 10- 7 
(831-4-),(1513)Jl.)-1 

" x 
26.7 0.385(26.7) 

.. 

J 

\ 
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APPENDIX 4 , 

l' .' 
• 

COMPUTER SIMULATIO~ OF VACUUM REfiINING COPPER 

/l.OAO WATF'I~T 
, REM. MASS ,MCU ,MBI ,MAS ,MSS ,l\lru ;NBI ,NM~ ,N~'R, 

t'KM',KE ,KECU ,mBT , fŒAS, KF.SB, KG, T, ,K'F:SI2 ,JŒSR2 ,KF.AS2 -
nOURLF. PRECI~ION A'8T,2 ,BBI2 ,CBT2 ,ASB2 ,B~2 ,rS'A2 ,-AA.S2 ,BM2 ,r.M2, 

" #Nt\r2,NC;B2,NI\S2 . 
WRT"'E (6,101) 

101 FO~A'J'U//"EN'T'ER 'l'FI" F('\T,r-OWIN.G MF.T ... 'T' PROPERTrF.~'/// 
# 10X, '1. MF,L'T' D:rAME~R (M)' / 
tlOX,'~. MEL'l' MAR~ (KG)'/10X,'3. MET.J'l"t 
fi: , TF.MP~RA'1'URE (K) , /1 Il 
~AD(9,*)DrA,MAss,IT' 
WRT"'F. (6,102) 

102 FORMAT(/I'EN'l"F.R TRt r.HAl-fRF.R PRF.f:SURF. (PA) 1//) 
RF. AD ( 9 , * ) Pé'P 
WRI'1'E (6,103) 

103 F'O~A'T'CI/'F'N"'ER "'~ WP.IGH'!" PF.?r.El\''f'S 0F' FI,AC;,~13 &/ cu'll) 
RF. AD (9, *) PERBT , "PERA,S, 1?ERSR, PERCU "J 
WRI'T'F. (6,105) 

105 FORMAIT' CI /'FN'l"P.R OURAIT'IOti! OF, F.XPERIl-fP.?I!'T' (SEC)' III 
Rl=' AD (9 , *) "/'EXP 
DM=3E-9 
vEL=.l 
PT=3.14159265 
MCU=63.54 
MBI=208.98 1. /~---'-..\ . 

MAS=74.92 --.f , 

MSB=121. 75 ~ 
'DEN=lOOO.*(7.936-7.862E- *('T'-1356.» 
Ccu=pÊRrU*OEl\l/MCU/I00. 
CSI=PF,aBI*OF.l\l/MBI/IOO. 
CAS=PERA~*OEN/MAS/IOO. 
C~B=PERSB*OEN/~SB/IOO. 
OELT=10.0 
'l'IME=DEL'l' 
A=PI*nI-" ** 2. /4J' 
V=Ml\SS/D'PN 
R=8. 3l4~ 3 
KM=SQRT(8.*DM*V8L/PT/DTA*2.) 
KR=SOF.'" (0 .5jPI/R/m) 
F."I':CU=K'F./~QR'T' (MeU) 
KF.Br=KE/~OR"'(~BI) , ~ 
KEIH2=KE/SQRIT' (2*f.1BJ) 
KEAq=KE/ROR"'(MA~) 
KEAS2=KF./ROR"'(2*MAS) 
-KE~R=KE/SQ~"'(MSB) 
KF.SB2=KE/SOF'l'(2*MSB) 

\ 

, , ( 

\ 
\ 
\ 
\ 

--
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• GAMCtl=1.0 

-. o 

'GAMBr=FXP«1900/~-0.BB5)*2.303) 

GAp.1SB=2.0E-:-1 
GAMAS=5.0'F.-3 '" 

--.. 

POCU=lO** (-17520/""-1."21 * AfJOGIO ("') +13.21) * 133.322 
'POEH=lO** (-10400/""-1. 26*Af,OGIU ('T') +12.:3 5) * 133.322 
'POIH2=10* * (-10730 /'T'-3 .02* Ar.c)GIO ('T'j +18 .1) * 133.322 
PO~B=F.XP(-2.8B4/~+11.95)*101325 

. POSB2=EXP (-1. 94E4/""+10. 27) *}l01325 
POAS=F.XP(-4.73E4/'T'+29.17) *101325 

~ POAS2=~XP(-3.14E4/m+25.88)*101325 

PHICU=.GAM(~U*Porf*M(,U/DF.N ~ 
PF I~ ";GAMB J * POB * MCU IDE 1\1, 

ppuh 2=POBT 2* (G MB~*MC'TJ IDEf\l) ** 2 
PHISP2=P('I~B2* (G MSB*MCU/nl!:N) **2 
PHIAS=POAS*GAp.1A.~*MCU/f'\~M \ 
PHIA.S2=POAS2* (GAMAS*MCU/DEN) **2 
PHr::;S=GAMSB*POSB*MCTJ/DF.N 
}I!('U=('CU*K1"CU*P~T('U 

NBI=~!Ù / (1/KM+1/KF.Bt IPHlBt) 
NSB=CSB/O./KM+1/KRSB/PFI~B) -
8UMNl=~CU+NBl+NRR 

~ OG=1.8194F-4*'T'**1.5/prR 
L=O.l 

450 

KG=~UMNI/PC'TiI (1. -EXP (-Srr~T*R*'r.*f,/DG/Pr.~) ) 
T~S'T'OP='T'EXP/.OO. 
WPI'J"F. (6, 450) P~R('U, PERBl, P~RAS, 'PEpC::B 
FORP-1A'T'(//''''IME, ,3X,'% ('U' ,4X,'% BI' ,3X,'% AS', 

t3X,'% !=;B' ,6X,'~Bt' ,6X,'NBt2' ,6X,'~1~B' ,6X,'NRP2'/ 
" _e.#, 0 ',,4F7.3) 

DO 600 T=l,IC'~~"'OP 
DO 500 J=1,10 
NCU=C~UI (l/KE(!U/PP.JCU+l/,t(G/'PPlCU) 
~BI=CBl/(l/KM+1/KERl/PFIBl+1/KG/PH!BI) 
N~S=CAS/(l/~M+1/KEA~/PHTAS+1/KG/'P~TAS) 
NSB=CSB/(l/KM+1/KESB/PHISB+1/KG/PFlSB) 
ABI2=2/KM**2 
ASB2=2/KM**2 
AAff'2~/KM**2 ~ 
BBI2=4*rRI/KM+1/KF.BI2/PHIBI2+1/KG/'P~TBI2 
R~B2=4*CSB!KM+l/KF.SB2/PHT~R2+1/KG/PFTSR2, 
BA~2=4*CA~/KM+l/KEA~2!PFIAS2+1/KG/PHtAS2 
r.BI2=2*CBl**2 .~ 

'('SB2=2*ÇSF**2 . 
·CAS2=2*r.AS**2 _ \ . 
NRI2=(B9I2-DSOR""(BBt2**2~4*ABI2*CBI2)/2/ARij2 
NSB2.= (BSB2-DSOR'T' (.BSB2**2!4*ASB2*CSB2» /2)AS 2 
NAS2=(BA~2-DSQR'T'(RAS2**2-4*AAS2*CAS2)J/2/A 2 
SnMNr=NCU+NBT+NBI2+l'T~B+KI~R2+NAS+NA~2 , 
SUM'7= (N(,U*MrU+~lBJ'*MBI+NBI2*2*MBI+NSB*MSP+NS'R2*2*MSR 
i+~lAS*MAS+NAS2*2*MA~) *A*OP-T,'T'/DEN'­

CCU= (CCU*V-NCTJ*.A *DE r,'r) 1 (V-SUMV) , 
CBl= (CBT*V- (!\'Tl3I+2*NBI2) *A*DEL'J') / p.r-SUMV~ 
.CSBe(CSB*V-(~SB+2*NSB2)*A*OEL~)/(V-SUMV) 
CAS= (CAS*'T- (NAS+2*NAS2) *A*f'\F.L'T') / (V-SUMV) 
V=V-SUM'T 
KG=SUMNT /PCH! (1. -FoXP (-SUMNI*R*'l'*T,/DG/PCH) ) 
l?BRCtT=rCU*MC'TJ* 100 /nF.N 
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500 

'550 
, 600 ~ 

*GO 

• 0 

( 

( 

( 

1 

PF.RRT :('RT *MB T * 10 0 /DF~" / 
PERAR=CAR*MAS*100/nF.N~ 
P'F,R~B=CSB*MSR*100/DEN 
'T'.I~E='1"I~+DF.L'T' 
CO~'T'I?\JUF. 

, . 

, , 

'T'C ='T' T MF.: -1 0 l ' 

WPI'T'E (6, 5S0) ""C, pF.Rru, P'8RBT , 'Pl': RAS , pJ:''l:tS~ ,t-HH ,N'lU 2 ,~~~ ,~~E\2 
, FORMA'" (F'6. 0, J~,,7 • 3,1"7.4, 2'F'7: 3, 4_'F.1L 3)' 
CON'T't~UE 

Ar,OSS=MASS-V*DEN 
WRI'l'E (6, *) Ar~os~ , 
~'l'OP 

END 

.' 

.. 

. ~, \ 

) 

)-

uaaœ 
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~PENDIX 5 

• ,,,",,,, 

The fo11owing is a list of the sources of the equipment 

and materials which were used in· thls'study and ~entioned 
J 

in ,Chapter Four': 

Induction Furnace : 

.d Power Supply" 

Vacuum Chamber 

Pumping sy~ tem 

Crucibles 

a) Hycor 

b) Tercod 

Cathode Copper 

Blister Copper 

Whi te Metal;' 

Bismuth 

Antimony 

Arsenic 

Mc Leod G~uge 

'Tocco' by Inductotherm Inc., Rancocas, 
N.J. supplied Deltec Systems Inc., 
Prirnrose, PA. (bankrupt1 . 

Reliance Electrical, Cleveland, Ohio, 
supplied by Deltec Systems Inc. 

1 

Deltec Systems Inc. 

Deltec System~ Inc. 

Engineering Cerarnics, Gilliberts, Ill. , 
Ferro E1ectric~ Buffalo, N.Y. 

Canadian Copper Refineries, 'Monttéal, Qué. 

INCO Metais Ltd., Sudbury', Ont. 
, '. 

INCO Metals Ltd., Sudl;>ury, Ont. 

Anachernia, Montréal, Qué. 
, 

Anachemia, M9ntréal, Qué. 

AnaChemia, Montréal, Qué. , 
Fischer Scientific Cq~, Montréal, Qué. 

:, 

'DIP TIP! Pt/Rt-13 % Rh Thermocouple: 

Leeds and Northrup, Elliport, PA . 
.-

i 
, ( 

l 
1 

" 
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Digital Potentiorneter 

195' 

John Fluke Mfg. Co. Inc., Mis~issauga,'Ont. 

Graphi te 

Argon 

J Lanthanurn 

Nitric Acid 

Union Carb,ide Ltd., Lachine, Qu~. 

:. Welding proa'uéts Ltd., Mot;ltr~al, Qu~. 

(As Lanthanum'Chloride) 

Fischer Scientific Co., Montr~al, Qu~. 

Fischer Scientific 'Co., Morntr~al, Qué. 

Atomic ~dsorption Standa~ds 

Fischer Scientific Co., Montr~al, Qué. 

perkin Elmer Flame Atomic Absorption SpectrometerJ 

perkin Elmer, Norwalk, Conn. 

Pye Unicam Flame Atomic Absorption Spectrometer : 

Pye Unicam Ltd. Camb~~dge, England. 
,. 

i. 

" 
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