: §
VACUUM REFINING COPPER MELTS

5

by

! C

; David Danovitch

-~

A Thesis Submitted to th® Faculty of Graduate
. . i 4!
Studies and Research in Partial Fulfillment
) t
of the Requirements for the Degree of

Master of Engiheering in Metiilurgical Engineering.

4

1

|
~ ® 5
McGill Uniwversit
. Montré&al

March 1982

-

i

g




-1

To

« Diane

«

)

7




o

¢

‘
. T IR R E

t
B T =

ABSTRACT

- 0 I

S ' /

Pilot plantmscale experiments have investiéated the
removal of bismyéh,'antimony and arsenic from éopper melts
(doped copper, blister copper and white metal). 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 found that 45 to 90 % of the initial bismuth,

50 to 60 % of the inifial'arsenic and nil to 60 % ofjthe

‘initial antimony'were removed from molten copper in 1 hour

by vacuum refining. Approximately 45 % of the initial
bigmuth was removed from molten white metal in 1 hour

under vafuum. .
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Refining rate coefficients increased from 2 x 1p°° to
7 % 10'"5 m s-l when melt temperature was increased. from
1500 to 1700 K. A similar increase (i‘x 10°% to 7 x 107>
e P

\

m s'l) was seen when chamber pressure was decreased from
150 to 10:-Pa. Refining ratgg also increased when initial
solute concentration was increased in the range 0.01 to

3

0.1 weight %; the_extent of this increase depended upon
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the conditions of temperaiure and pressure. The presence
of a slag layer on the copper melt lowered refining rates

by approximately a factor of 10. Dissolved iron in the

copper melt (= 1 %) lowered refining rate coefficients of

5 5

antimony (2 x 10" t0 0.1 x 10"~ m s~1) but did not affect

géfining rates of bismuth or arsenic.
f

Elements which can exist as polyatomic gaseous spe-
cies were found to evaporate predominantly in the monatomic

form; that is, the volatility coefficients for As, and Bi

2
were approx{mately 1/500 and 1/3000 of that for As and Bi

2

respectively.

A theoretical modél to describe vacuum distillation
was derived in terms of.Machlin's expression for melt phase
mass transfer, Hertz-Knudsen-Langmuir's éxpression for
evaporation and an expression for gas phase mass transfer
which includes diffusion and convection. Model predic?ions
for bismuth and arsenic refining rates agreed with experi-~

mental results, while no agreement was obtained for E?e

' case of antimony.

)

Both theoretical predictions and“experiméhtal‘results

indicate that vacuum rgfining copper to remove bismuth

COU%Q hecome a wiable indu¥trial process. Slower refining
?.
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rates for antimony ahd 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 industrial scale.
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Les expériences affectubesg 2 l'échelie pilote ont '
&tudigé l'élimination de bismuth, antimoine et arsenic des

bains de cuivre fondu {cuivre 50pé, culvre 'blister' et

mé&tal blanc). Ces expériences ont &té dirigées dans un

four de fusion & induction (d'une capacité de 140 kg et

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

s

vide. Les masses des charge &taient entre 20 et 35 kg, l !
les températures des bains &taient entre 1500 et 1790 K I

et les pressions de chambre &taient entre 7 et 160 Pa.

Il fut dégouve;t’que 45 3 90 % du bisggth initial,
50 3 60 % de l'arsenic initial et zéro & 60 % de l'anti- E
moine initial ont &t& &liminés du cujvre fondu en 1 heure E
d'affinage sous vide. - A peu préds 45 % du bismuth initial o %”

a &t&.8liminé du métal blanc fondu en 1 heure sous vide. !

Les coefficients du taux d'affinage ont augmenté
5

t

de 2 x 10752 7 x-10"° m s~} lorsque 1a temp&rature du

bain fut augmeﬂkée'de 1500 & 1700 XK. Une augmentation

5

similaire (de 3 x 107> & 7 % 107> m s™1) =a &té& observée

lorsque la pression fut diminude de 150 & 10 Pa. Les taux

d'affinage -ont aussi augmenté lorsque 1

cpntenu initial
. _
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en impuretés fut augmenté& entre 0.0l et 0.1 % au poids;
le degr& de cette augmentation d&pendait des conditions
de temp&rature et pression. La pré&sence d'une couche de
scories suryle bain de 9uivre a diminu#& les tahk d'affi-
nage par un facteur approximatif dg‘lo. La pré&sence de
fer ff 1 %) dans le bain de cuivre a dimiqué le§ coeffi-

5 3

cients du taux d'affindge d'antimoine de 2 x 10~

5

0.1 x10 ° m s-l, mais n'a produit aucun effet sur les

taux d'affinage de bismuth ou arsenic.
I1 fut découvert qﬁe les &l&ments qui peuvent ‘exister

comme esp&ce gazeuse polyatomique s'é&vaporent principale-

ment dans la forme monatomigue, c'est-a-dire que les co- i
efficients de volatilité .de Asz‘ef Bi2 ont &té approxima-
tivement 1/500 et 1/3000 de ceux de As et Bi respectivement.

\ 3
Un modéle théorique pour décrire la_distillation;sous
Vide é gt& dérivé en fonction de l'expression de Machlin

:pour le transfert de masse en phase liquide, 1'expression

de Hertz-Knudsen-Langmuir pour 1l'E&vaporation et une ex- !

~«
pression pour le transfert de masse en phase gazeuse qui

kutilize la diffusion et la ¢onvection. Les prédictions du

modéle pour les taux d'affinage de bismuth et arsenpic sont

-

en accord avec les résultats expérimentaux mais aucun ac-

cord a &t& obtenu dans le cas de l'an;imoine.

¢




\ Les pré&dictions théoriques et les résultats expéri- .

mentaux indiquent que 1l'affinage sous vide du cuivre pour

]

&liminer le‘bismuth peut deveﬁir un proc&dé industriel
viable, Des’taux'd'affinagé plus lents pour les cas de
inantimoine et de i'arsehic”indiéuent que lyaffinége sous
vide devra &tre utilis& conjointement avec d'autres pro-
c&dés comﬁe l'oxydétioh et la chloruration s'il est désiré

d'&liminer ces &l&ments du cuivre A 1'&chelle industrielle.
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CHAPTER ONE
) b
; " . INTRODUCTION “
ST \—f
3 "
SECTION 1.1 : GENERAL !

‘ The trend towards lower grade copper ores and the

advent of continuous copper-making processes have resulted

in certain impurity levels in anode copper which are un-

e bk R

acceptably high for electrorefining; hotably, bismuth,

antimony and arlenic. A process which will maintain these

(‘ impurity contents in anodes at a level agreeable to copper

- refineries is needed to complement existing copper-making

practices.

4

~

4

It will be shown that vacuum r%gining molten copper,

«

whereby volatile impurities are evaporated from a copper
o . ° Q

melt under vacuum, is one such process. The idea of using

\edadind

vacuum distillation technology to refine copper evolves
"from sficcesses obtained in removing.more volatile species
from steel and lead melts. ‘ 1

ﬁ ® ’
e

-~

This, study investigates rates of removal of bismuth,
antimony and arsenic from copper melts, as well as variables -

( ' which affect. these rates. ‘ ,

t

’ -
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SECTION 1.2 : THE THESIS =Y )

t

Chapter Two of this thesis examines modern copper<

making practices g}th particular reference to areas which

.

are experiencing problems with high impurity levels.
Possible solutions to this problém are reviewed, of thch
the most prdmising is concluded to be v;cuum refining
molten copper.

Chapter Three examines and summarizes previous stu-
dies of wvacuum fefining molten copper and a theoreﬁical

nodel for the said process is developed.

Chapter Four describes experiments which determine
refining rates in several types qf copper melts and the

results of these experiments are taﬁulgte%, plotted and

3

evaluated in Chapter Five.

/
-y

3
’

Chapter Six discusses the effects of several varia-
bles on refining rates and compﬂres experimentially deter-

mined rates to those predicted by the theoretical model.
\\

\. /

‘Finally,.future work is suggested and ¢onclusions of

this study are formed.
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3 CHAPTER TWO /
O ' BACKROUND .
[
SECTIOF : EXTRACTIVE METALLURGY OF COPPER
s \
&
1 The major processes involved in extracting ‘copper i ‘#ﬁ t
f . from sulphide ore are illustrated in Figure 2.1. Theseg . 4
- pyrometallurgical processes }ﬁﬁch treat sulphide ores ’
¢
" produce 90 % of the world's primary'é;pper. Almost all !
\ El ' g
of the remaining 10 % originate from oxide ores, and is !
treated by hydrometallurgical processes. é& g
!
Before sulphide ores are smelted by one of the pyro- )

metallurgical techniques, they are concentrated to producéﬁg

a copper grade high enough to be economically smelted. h ]

Beneficiation is usually by froth flotation, in which the -
copper sulphide minerals 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 °c in conjunction with a gilica

flux and air or oxygen’/enriched air. The result is two

i
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Figure 2.1 : Major Processes Involved in Fxtracting
Copper from Sulphide Ores (----- Rare) te
Y.
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immiscible phases :. g

> ’ 4

a) a copper rich liquid sulphide phase (matte)
¥

and N
b) a liquid oxide phase. (slag) virtually free of

copper..

’ kY

The matte phase is a mixture of Cu,S and FeS, and is

trﬁ?sferred to: a gecond reaction vessel where it undergoes
o ™
converting. 1In this two stage process, iron and sulphur

are eliminated By oxidation with injected air. TIron is
¢ t o

converted to FeO which enters a slag phase while sulphur
ichonverted to SO, which is exhausted. When all of the
iron has been eliminated, the only phase remaining is

Cu,S. Further oxidation by air eliminates the remaiﬁikg

- o
sulphur as 502 gas and the copper which is produced?is

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

impurities being oxygen and sulphur.

1

#

Almost all blister copper produced today is fire-

refined to prevenf formation of sulphur dioxide 'blisters'

5

during casting of copper anodes. In this process, sulphur

is removed w%@h air, then oxygen wiph‘hydroqarbon gas.

—

4

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 are immerseéd in an

electrolyte composed of H,50,, and Cu,S0,. The copper from

4
thd anode dissolves in the electrolyte and subsequently

plates o;;o the c§thode, Many of the impurities from the
anode are inso}uple in the eleckrolyte and form 'slimésﬂ

at the bottom égfthe electrolytic cells. Others are par-
tiglly$5bluble but do not plate at suffiiciently low con-
centratjons. The resultigﬁ‘copper cathodes are, 99.99 %

1
pure or better. Y o /j

@

?
v F e
Innovation to these conventional copper-making pro- -

cesses has emeréed in the past few years. It has been
found that smditihg and converting can be combined into °
a continuous process carried out in a single‘react?r be-’
cause gmelting and converting are bpth controlled oxida-

tion processes. One advantage of this process is that = |

the need to handle a matte phase fjetween the smelting and

converting stages is eliminate e the reactor produces

. & 3
blister copper from a copper concentrate feed. ‘f

v

smc'r\mg; 2.2 : THE TREND TOWARDS HIGHER IMPURITY LEVELS

>

»
-

There is a trend towards higher impurity contents in

anode copper. The reason is twofold : - -
. ] ‘ ,

.
J O S
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depletéé, the tendency is to exploit the eagily
attainable lower grade ores, resulting,in a
greater impurity content per unit of cépper,
To mainéain a constant imputi%y level in the

anode copper, the additibnal\impurity content

" must be removed during smelting and converting.
This may be achieved by further voIatilization
but, under normal smelting and converting con-

ditions, will consume large amounts of time and
energy.

\

v

“ii) Impurities are more stable and legs volatile in

metallic copper than in copper sulphide. 1In one

, step copper production, blister copper is cont-

3

'inuously\praséyt in the reactor and a large part
v . n Q'x‘_ .

of the impurity which would normally yaporize in
the presence of matte alone will, instead enter

the metallic copper éhase.
\

v

anode copper are increasing. The next two “sections point
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, | SECTIPN 2.3 : THE EFFECTS OF IMPURITIES IN PRODUCT COPPER

Typical levels of the most common impurities found in

smelter matte and blister copper are shown in Table 2.1,
while those for'gnode and cathode, copper are shown in . 3

Table 2.2.

Maintaining extremely low levels of ‘impurities in

—t U

product copper is vital. All soluble impurities’ lower the ,?g
. the electrical and thermal conductivities of the metal. | T
T

'For example, 0.1 weight percent arsenic redpces the elec—

\

trical conductivity by 23 % and the thermal conductiv1ty
i 'Qy a similar amount. The offenders aré Ag, As, Nr, S, Se, N

Te, Sb and Cd. Others form stable insoluble oxldes which !
€
are precipitated in inert form, se that their effects are . o)

less. ’

\
i

Annealing properties are also adversely affected by )

N

impurity content. Almost all lmpurltles lnduce -a rise in
the softening temperature of copper. For\example,nthe

présence of 0.05 weight percent arsenic raises the soft-%

N
N

, >._ening of;fﬂﬁfg;éx_giérfﬁﬂfﬂzj' \ .
\\\‘*_’~#7 %

+
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Element Matte (Eange\of %) ‘Blister C§§pef\(range of %)

Cu - 30-55

30-45
20-25
bx

2-3
0~0.5
0-0.1

" 0-5.

0-1

. S

Zn . 0-~5
4 Au 0-15 x 10~
Ag 0-0.1

4

Table 2.1 : Impurity Levels in Matte and Bli
(weight %) 1®

\ - \_, . ‘\L‘
Element Anodes (range of %) Cathodes (range of %) : -
( » Cu © 99.4-99.8 : 99.99 !
‘ 0 . 0.1-0.3 Cnd. - }
8 Ni . 0-0.5 trace-0.0007 * ;
Pb ] 0-0.1 7 trace-0.0005
As . 0-0.3 ' trace-0.0001 |
Sb - J» 0-0.3 _ trace-0.0002 /
Se T Yt 0-0.02 ® trace-0.0001 : ‘\\
Te ! 0-0.001 * trace~0.0001"
Fe 0.002-0.03 0.0002-0.0006 ’
s . 0.001-0.003 © ~  0.0004-0.0007.
Bi O—B.Ol Frace-0.0003 <
Ag trace-0.1 : 0.0005-0.001 .
—_— , _Au ./ 0-0.005 0-0.00001
- ' g - : B
Table 2.2 : Impurity Levels in Anode and Cathode Copper :
(weight %) '® !
( “~ %R\ : . - )
C

-
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SECTION 2.4 : JHE EFFECT OF IMPURITIES

]

IN THE ELECTROREFINING

3

1

i PROCESS i ' ‘ .

b

P

Electrorefining lowers impuri conéent to an accept-~-
able level in the product copper. Tkhe amount of impurities
that this stage can handle is limited.\ Consequently, a
copper refinery sets a level of impurity\content forlcop-
per anodes above which it will not accept.\ Higher impu-
éity contents cause problems in the two area “where im-
purities accumulate : the anode slimes and the lectrolyte,
Impurities found in the anode slimes are those ' at
are insoluble or form insoluble compounds in the ele:E>bf
lyte. Table 2.3 lists these impurities and the cggpounds
th;y form. Because the precious metals gold, silver and
platinum are precipitated, the anode slimes are very val-

uable. Excessive levels of other impurities make it more

diffiéult to extract these valuable metals. ot

fow

' g Ty
¢ Impurities found in the electrolyte are those that *\\
dissolve' in the electrolyte but are less noble than copper
and hence do not plate on the Ezzﬁsaes*\;ghey include three

) . h 3
elements whose removal from copper are examined in this ia

- —

% )
study (Bi, Sb and As) as well as Co, Fe and Ni. To pre- tf

ent these impurities from contaminating the cathodes by

P R ] R ] G r e e o ey
~ £

o oo e SN
*




»
| Element Insoluble Compounds Formed
* ~ . *
Au s none§
‘ Pt none
’ ‘ Ag ‘ AgCl, Ag,Se, Ag,Te, .
i . | Se ‘ AgZSe' CuZSe ’ | . i
. Te . | Gu,Te ) ‘
Pb ' Pb\SO4
Sn ‘ Sn (OH) ,50,
~ -
‘ S 'Quzs "
, * - altho\sugh no compounds are fox.dﬂiegl, the element itself
’ does not dissolve in the géectrolyt% and conseguently
pre\qipit’étés into the anodé slimes

”
¥

X .
R B \ R
Table 2.3 : Impurities Which are Found in the Anode Slimes ¥
and the Insoluble Compounds that- ey Form - J 3

‘:?, k-

b s [ s e e s [peE—
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3

electrolyte occlusion, they are regularly removed fromq;he
electrolyte in a purification s.ection of thevr"efinery by
Qlectrowihning théﬁ onto an impure ?opper cathode deposit.
Wh;n higher ;mpurity ;evéls are ?zeseht in the electro%yte,
the purification process must be carried out for a long;er
period of time. This raises not only the expense oflth;':
process, but also the pfbbability of dangerous arsine gas

(RsH3) evolving at the cathodes. -
e

[

4 [ RN

£

4

SECTION 2.5 : POSSIBLE PROCESSES FOR REDUCING THE IMPURITY

CONTENT N coPPER

Three potential solutions for eliminating impuritiesD
in copper have been proposed in previous studies : oxida-
tion, chlorination and vacuum rgﬁining. Following is a

[

brief description and general outlook for each of thesF‘

' possible .solutions..- _ y ;
Fa f(‘/ - - ¢

2.5.1 : OXIDATION . o}
; 4
Oxidizing an impure copper melt to form a slag that
. ] . %
"is high in impugitiesngs simply an extention of nérmal i

W\#melting and converting practices. In this process,

o |

t

3 «
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oxygen or air\is feg into-the molten bath, saturéting the
= .

bath with oxygen as dissolv/ed Cuzo. Cu,0 reacts with im-

2
purities according to this general reversible reaction

b | »

!

+

Cu0 * My =y

Mo(lls) . LI BN ) 2:1

-

~

where M is .the metalligd impurity. The degree of oxidation
and removal of an impurity depends upon the concentration
of 1:;ﬁe impurity, the concentration of oxygen in the bath
and the properties of the oxides formed such as vol;tility,
specifi&:ﬂgravity and rate of slagging (by combinatioh with
flux additions). o~

When a metallic impurity oxide n&¥ither dissolves in
copir nor combineslwith oth%; ‘metallic oxi‘dles to gi\;e
compounds soluble in copper, -the con‘tent of that ix’t(tpurity
in copper may be lowered by the above reaction to a min- ’°\

imum level determined by the following equilibrium equation :

e -Tad )
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where a is the activity. Typical values of K for some

-8

-

elements in{ copper are shown in Table 2.4.

! \Thelfirst group .0of elements, with Qery lovaalues of
K, will not be removed by oxidation and‘subsequent slag-
ging. = Thi¥ is not a problem, since they are all valpable
metals to be recovered in the electrorefining stage. The ‘

third grifp,with very high values of K, may easily be re-

moved by oxidation. \ ot -

-

e

Bismuth, antimony and arsenic fall in. the second group

and are problematical since they are néithef desired nor
easily eliminated. Bismuth, witthhe lowest value of K in
thfs‘group, has been found to be very difficult to oxidize.
Arsenic and antimony oxidize to volatile trioxides A5203l
and szb§ which are eaéily reﬁoved with waste.gases. How-

ever, these trioxides easily oxidize further to nonvolatile
/

/
pentoxides which combine with other oxides to form arse-

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

ten copper. One way to avoid this is to £find a £Idx which/
' \
when added, renders these compounds insoluble in the cop-

per. In the case of arsenic, some success has been achieved

using soda as the flux.

et e Ao 8
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Element K
J
s ‘ Au 1.2 x 1077 :
Ag 3.5 x 1H™° 1
Pt 5.2 x 1072
pa 6.2 x 1074
Se . 5.6 x 10~ 2
Te 7.7 x 10”2
Bi 0.64
Pb ' 3.8
Ni 25
cd 31
sb 50 - f
, 1
As 50 ol i
. Co 1.4 x lO2
2 A%
Sn 4.4 x 10;
Ki
b 3
Fe 4.5 x 10 g
Zn .7 % 104
Na 1l x 105
. 4 “waB
s , . Si 5.6 x 10

A

* - as defined in Eguation 2.2

L]

Table 2.4 : Values of the Oxidation Equilibriup Constant K
“ { .

for Some Elements in Copper?

P
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2.5.2 : CHLORINATION '

o

a

s 3

Removal of various impurities from liquid c¢rude 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 some impurities, including bismuth, could be volati-

lized by chlorination. However, experiments revealed that

little or none of the bismuth was volatilized. 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 i
.and calcium antimonate, as it was found that other chlorides

were not effective in eliminating arsenic or antimony. .

» T .,

"2.5.3 : VACUUM REFINING

" Industrial applications of Qacuum distillation to re-
fining steel and lead have encouraged theoretical and ex~
perimental studies of vacuum refining molten copper. 1In
this process; an impure cofper melt is exposed to vaéuum,_

which enhances evaporation of those species more volatile ”»

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

av—— " i -
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+

4

arsenic. In previous studies on vacuum refining copper,
the results of bismuth removal have been promising, while
antimony and arsenit have been removed to lesser extents.
Tt@vacuum levels required, applroximate:‘Ly 10 to 100 Pa,
are comparable to those required for refining steel, but-

less than those required for degassing steel.

2.5.4 : SUMMARY

This section has shown that oxidation and chlorina-
tion treatments for refining copper are unsuccessful in
)
removing bismuth and partially successful in removing an-
timony and aréenic. Vacuum refining' copper appears to be
a more viable technichl solution to the problem of elimi-
nating gng;mony and apsenic. For the case of bismuth re-

i
moval, it appears to be the only solution.

17
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: CHAPTER THREE

VACUUM DISTILLATION

SECTION 3.1 : PREVIOUS STUDIES

Previous studies on vacuum refining copper are sum—
marized in Tables 3.1, 3.2 and 3.3 which show .experimental
conditions and results for elimination/of bismuth, antimony

and arsenic respectively from copper melts.

With_ one exception, experiments were carried out- in
crucibles made of either graphite, mgnesia or alumina.
The exception was a 'vacuum lift' method of refining!?,
where a thin (0.04 m i.d.) vertical quartz tube was evac-
uaﬁed to lift and} refine portions of a copper melt for
2 to 10 minutes and then repressurized with nitrogen gas
to return the copper to the bulk of the melt; this 'lift
and return' procedure was repeated between 5 andf 30 times
-during one experimental run.

> ,

Previous small scale experiments were conducted using

melt magses between 0.02 and 0.15 kg while prior pilot plant

scale experiments used melt masses between 4 and 34 kg.

RS

-
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A
py Melt Melt Chamber Area Initial Processing % Kpi
Source Mass Temperature Pressure Volume Wt.% Bi Time Elimination
_ ’ (kg) (K) (Pa) (m™ 1) (min) (207> m s Y
Kameda" 0.03 1373 13 - - 60 50-80- (20-45) /(A/V)
Kameda®  0.03 1473 13 - - 60 +90 64/(a/V)
Ohno® ~ 0.15 1473-1573. 0.1-1 50-60 0.5 5-15 +95 8-27
Bryan® 0.02 1443 10 - 0.126 60 +99 128/ (A/V)
Bryan® -4 1473-1573 1-150 15-20 0.02-0.3 50-60 80-95 1-8
Bryan‘* 0.02 1443 10 - 0.32 60 80 50/(A/V)
Strel'tsov’ 0.04 1473 0.01 55 0.9 25 30 2.8 .
Komorova® 0.03 1473 1 - - 120 50-80 °  (10-22) /(A/V)
Golovko? - 1473 13-67 - - 5-15 93 443/(a/V)
Kametami'® 0.6-6.0 1473 130-270 Vacuum Lift - 15-90 10 (2-12) /(A/V)
Refining . «
Taubenblat!! 25 1423-1573 0.01 - - 30 50 39/(a/V)
Ozberk!? 34 1423-1623 8-40 6.7-10.2 0.02-0.04 120 40-80 1-3

-

* - the melt was Cu,S

-/

Table 3.1 : Summary of Results from Previous Vacuum Refining Studies

2

a

Elimination from Molten Copper

£

+
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Showing Bismuth
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~7 rd
A Melt Melt Chamber Area Initial Processing % KSb ' .
Source Mass Temperature Pressure Volume Wt.% Sb Time Elimination
(kg) (X) (Pa) (m~ Yy ° (min) (107 m s7Y
Kameda* 0.03 1373 13 - - - 60 50-55 20/(A/V)
. Kameda* 0,03 1473 13 - - 60 30-40 10/ (A/V)
Komorova® 0.03 ' 1473 1 - - 120 50-75 (10-20) /(A/V)
Golovko?® - 1473 13-67 - - 7 . 5-15 20 40/(A/V)
Kim!'? - - - .- - - 40 - -
Kametami'® 0.6-6.0 1473 130-270 Vacuum Lift - - 15-90 20 (4-25) /(a/v)
- Refining : 3 . 2
Ozberk!'? 34 1523 13 7.1  0.15-0.25 120 0 0
a
Table 3.2 : Summary of Résults from Previous Vacuum Refining Studies showing Antimony
Elimination from Molten Copper :
’ . N
N
o
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{
\ ~
M%Zt Melt Chamber . Area Initial Processing 3 Kag
Source Mass Temperature Pressure Volume Wt.% As Time Elimination B
(kq) (K) (pa) = m 1) (min) . (1073 m s Y
Kameda* 0.03 1373 13 - - . 60 10-30
LY
Kameda" 0.03 1473 ¢ 13 - - 60 -40-70
Komorova® 0.03 1473 1 - - 120 50-80
Golovko® - "~ 1473 13-67 - - 5-15 - 20
» Kim??® - - = - - - 30-50 °
Kametami!%0.6-6.0 1473 130-270 Vacuum Lift - 15-90 10-20 .
- Refining ~
Ozberk!? 34 1523 13 7.1 0.3-0.4 120 0 0

R N
by . -
Vs -

o
Table 3.3 "t Summary of Results from Previous Vacuum Refining Studies Showing Arsenic
Elimination from Molten -Copper

J
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experiments at 1600 K as well. A large range of pressures
was investigated : low (0.0 Pa)s/7/%/11, noderate

(10-15 Pa)*’%’%" 12 and high (70-270 Pa)®’°®’1¢, .

in 1 hour) while rates of bismuth eliminations were consis-
tently higher (50-99 % of initial content eliminated in
1 hour). In the case of\the 'vacuum fifer technique, the

-

elimination rates of the ee elements were about the same
and low when compared f5 the ‘other gstudies. On the whole,
high elimination rates app%%g tg have been promoted by high

melt temperatures and high initial\ impurity contents.

It can also be seen that elimination rates were com-
paritively low for the pilot plant scale Studies. Conse-

quently, the goals of the present pilot plant scale study

-
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‘W\SEC'J;ION 3.2 : GENERAL THEORY '

N o \ \\‘ ) - ‘
\ N ]

N \ Vacuum distillation as applied to liquid metals in- \\

volyes changing the composition of a meltwthroﬁg% removal \\\ :
\
N of volatile elements. In practice, two elements with dis-

tinctively different vapour pressures abowe a given melt
are separated when exposed to a sufficiently léw pressure,
since the element with the higher vapour pressure will: e

volatilize to a greater extent. This is the principle of

vacuum refining, in which volatile impurities are distilled !
from a ligquid metal. " : : -
. C K i \
( ( The two predomihant variables in the vacuum refining . %
¢ process are melt temberature and chambe; pressure. They 1
. are adjusted to maximize distillation rate. A clean melt

P

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

volume ratio also enhance distillation.

4

v

The effects of these and other parameters on distil-
lation rate may be determined by using mass t;ansfer theofy
to deveiop a vacuum distillation model: It has been 9
found!?’1%*715 that three mass transfer mechanisms are re-
quired to describe the vacuum distillation process. Tﬂey

are v
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#
a) transport -of a solute at through the melt to

the melt sq;face,

7

1t surface

c) transport of the evaporated atom away from the
f melt surface and through the bulk.gas ;E;;é\\\ .

9

b) evaporation of the atom at the

and

a
" Under different conditions of vacuum distillation, each

-mechanism may.be the rate controlling step.

R

In the sections that follow, théﬁe mechanisms are

described and an overall mass transfe@%equation for vacuum

digtillation is derived. The equation?;s then applied to
vacuum refining copper by inéOfﬁﬁratiné the appropriate

parameters. -
/

¢ .
SECTION 3.3 : MASS TRANSFER IN THE MELT TO THE MELT SURFACE

>

¥
Machlin!?®/deyeloped a model for mass transfer in an

inductively st rred‘me;t. He agéumed'that unit volumes of
melt which are adjacent to the melt-géé\iﬁterface move as
rigid bodies, that is, without shear gradients albng the
interface: Local convection currents;ﬁithin these unit

volumes are agssumed to be negligible. The rigid Body motion
* r
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is from the center of the melt to the walls of the crucible.
-4
Under these conditions of straight streamline flow,
transport normal to the velocity of flow is independent of

that velocity. Hence, Fick's second law of diffusion 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 as the driving force for diffusion.

By incorporating the concentration .gradient into
Fick's law, Machlin obtained the following expression for

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

g8 " v °
i —( _—-'_1-—_)§ (C?- Ci) D) 3-1
, " r
or “ .
m_ .m.,b s '
Ni Ki (ci ci) . .o 00 3-2
' oAk 4
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where
N? = molar flux of solute atoms of species i
« . through the melt to the melt-gas interface,
- =2 =1 s
. kgmole 'm s
Ci = ‘concentration of solute atoms of species i,
kgmole m'b3 )
b,s = melt bulk and melt surface, respectively
D? = coeffiéient of .diffusion for solute species i
through the lfquid melt, m2 gt
v = average melt surface velocity, m s—l
x = ‘melt radius, m
m
8 D, v o
K?“ = (———3——)5 , M'S 1 ' vees 3.2a

T T
Lo

Incorporation of this. expression into the overall mass

b

transfer model requires that vajjues for Ci,

D?, v and r be

"known. The melt radius and bulk concentration are easily

measured. The diffusion coefficient and surface velocity

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

- L]

section which deals with/ 11 parameters specific to the

»

vacuum distillation of copper.

[
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SECTION 3.4 .: EVAPORATION AT THE MELT SURFACE UNDER PERFECT

[

VACUUM

The rate of evaporation of species i from the melt
4

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

Langmuir equation6112'l3r‘15’l7 .

——"'—'_]:'—)? P-s o000 3-3
2mM RT 1 '

or 7

molar flux of species i evaporating,

kgmole n? gl . .

o € = coefficient of evaporation, usually assumed
" to be unity in liquid metal systems -

=
1

{ molar mass of evapor;ting species i, f
" kg kgmole'} ) o~

gas constant 8314.34 J kgmole'l g1

w0
il
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<
T = melt temperature, K
P: =. equilibrium vapour pressure of species i
ks at the melt surface, Pa
Kg = € ( 1 yy kgmole s w L kg .... 3.4a
2T Mi RT .

It is 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, xf, first by Henry's relation!® :

1

¥

S .. 50 5
Pi‘— Pi Xi Yi ’ mo-'.c 3.5

o
]

i vapour pressure of pure species i, Pa

Raoultian activity coefficient of species i
in the melt '

A

At low concentrations of the .solute, it may be assumed that
%

. B xi=ci * e e 3-6

M’b ¥
pb .




v

where

Mb = - molar mass of bulk material in the surface

-

= molar mass of bulk metal

p = density of bulk material in the surface
= density of bulk metal

It may be further assumed that the activity coefficient
approaches the Raoultian activity coefficient in infinite

dilution, Y?_. Equation 3.5 now becomes :

-

"

S _ pO b .8
Pi—Pi Yi Ci e

)
r'd

Substituting Equation 3.7 into Equation 3.3 yields :

°M-3) cs

NS = (—2t? (20 4¢ s .
21rMiRT pb
. or .
- . b
e _ e s
N] = K; ¢, CT \
# [y
<

3.7

3.8

3.9
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where
o ¥
i

Py

©
]

(o]
Pi Y

.and Kf is as previously defined.
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SECTION 3.5 :{EVAPORATION OF S§EC1E§ WHICH CONTAIN MORE
*
THAN ONE ATOM IN THE VAPOUR STATE
Bismuth, antimony and arsenic can form the following

vapour molecules :

Bi, 312
sb, sz, Sb4
As, Asz, ASB’ As4

IS

, The model for evaporation as it is giveﬁ in Equation 3.8

is limited to species which volatilize as monatomic vapour
moleéulesf and must be modified to accomodate evaporation

of polyatomic molecules of bismuth, antimony and arsenic.

The modification is pgrformed as follows.

~

The activity of species i in a melt is defined as!® :

ceee 3.9a

.- 3010
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where
a;, = activity of species i in the melt
Pi = equilibrium vapour pressure of polyatomic
n species i, Pa
Pz = vapour pressure of polyatomic species i in
n its pure state, Pa '
) n = number of atoms in a molecule of species i

in its vapour state

-~

#

. N . o
Rearranging Equation 3.10 and recalling that a; =7; Ci Mb/pb
for species i in dilute solution yields an expression to
déscribe the equilibrium vapour pressure of polyatomic

species i at the melt surface :

{ e,
P} = Py (5 cf E"i)“ cee. 3011
*7n n Py
E 4 -
b This expression for P? may replace Pi in Equation 3.3,
n
to give : . *
N = e ( L. i Py (v c} M-3)“ cee. 3,12
n 2w Mi RT n Pp
) n
o

I

——
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&
or '
n e
e e . s, n <
N, = K7 ¢, (C) eeee 3,130
in i, ih i
where
(
k2 = e 1 y .. . 3.13a
‘ n 2 TM, RT
n
M
6, = P (1] Byn ce.. 3.13b
n "Tn B .

' SECTION 3.6 : EVAPORATION INTO AN IMPERFECT VACUUM

g i RIS 2, I St S0

According to Kriiger®" |, the gas space above a melt is

said to behave like a perfect vacuum whé; the chambér pres;
sire is below 0.1 Torr (13 Pa). This is attributed to the
low probability of atom-atom col}isioeg} which ?llows atoms
to move in straight paths away from/éhe melt surface until

they collide with a bounding surface.

At higher pressures, frequent collisions between atoms

occur, allowing a proportion of the evaporating species to

’

e s e . 4 o o st
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(Equation 3.14). This net flux is expressed as

be back-scattered in the-direction of the melt surface.
Harris!® refers to this phenomenom as Back pressure of the
evaporating species on the gas phase -side of a 'Langmuir'
plane just abovg the melt surface (see Figure 3.2 in the

following section). The flux of atoms back into the melt
/ ' k]

due to the back pressure may be obtained by reapplying the
Hertz-Knudsen-Langmuir expression : *p
NP = g$ PP : cev. 3.14 |
n *n n N
where =

N?pf>= flux of atoms of species.i~back into the
n melt, kgmole w2 gL

P?p = back pressure of species i in the gas 8 ace |
n above the melt, Pa /// ’
Consequently, there exists a net flux of atom$ away from .-

the melt equal to the flux of evapofating specﬁés (Equa-

tion 3.13) less the flux of species back into the melt

3.15 »




Wi o ae v m oo =

’
/
0l

whére all terms have the meanings previously defined.

X, -
///This equation represents the complete model of mass trans-

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

u

atomic species i.

Y

1
SECTION 3.7 : MASS TRANSFER IN THE GAS PHASE

a

Mass transfer of evaporated species in the gas phase
is a combination of convective flow and diffusion. 'Szeke-
ly and Themelis?® developed a mass transfer equation for a

binary gas system, A diffusing through B :

dXA

A B,x

dx

g — . .
NA(B),x A— molar flux of A (B) in the x direction

in the gas space, kgmole m? st

c = avéraqe mofar density of the gas mixturezk
kgmole m3 -
) N
DA—B = diffusion coefficient of A in system A-B,
m? g”1 ' ‘
’/\>~ XA = mole fraction of A in. the gas mixture

_A g g '
+ X (NA'x-ﬁ-N ) cee. 3.16.
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By recognizing tHat ¢ = Pch/(R T) by the universal gas law

and that NJ + N = INY , Equation 3.16 may be ree
A,x - in,x

written in a form which is applicable to a multi-component

B,x

system :
dxi ‘ .
W o =--Bpd _Poax.o.nd cee 3217
n’ RT n dx n_n!
S e o T i i
where »
Ng x = molar flux of species in in the x direction
' - -
n ‘ in the gas space, kgmole m 2 s 1
Pch = chamber pressure, Pa - .
Dg o diffusion coefficient of sp;éigs in in th
n gas mixture, m2 s-l '
xi = mole fraction of species in in the gas
n

mixture ‘

The pressure profile (note that X, =P, /P_) in the
in i, ch
o
gas space which is assumed ‘in this study is illustrated in

Figure 3.2. Using this pressure profile, Equation 3.17
and the assumption that tﬁe vapour pressure of species i

in the gas bulk is much lower than the chamber pressure

g g 17
(Pin << Pgs Xf

. ¥
pregssion for gas phase mass transfer :

= 0), Persson'’' derived the following ex-
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N .
zng -zug' RT2
8 = —2 {1 - expl- gn )yt P?p .o
n Pch . Di Pch n
- n
L
or
Ny =¥ pbP ..
ln 11’1 1n
where rNd -zNd R T 2
f g *n *n ~1
K? = {1 - expl( )Y cree
n Pen  Pi Pa
n
2 =

thickness of gas phase boundary layer, m
(see Figure 3.2)

&
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3.18

3.19

3.19a -

This equation assumes that diffusion is one dimensional in

the direction away from the melt.

o~

o S s ot i it
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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 here :

* a) melt phase mass transfer

- I - ~Sy . ' .
v =k} (c] - c) | veer 3.2 \

b) evaporation

o

- e | s,n _ ,bp .
Nc - Ki {¢' (Ci) Pi } ’.--. 3.15

9 - x9 bp - '
vy =g§ o . e 39

4 4

" Because the accumulation of vapour in the gas space is

negligible, it may be assumed’ that the flux of atoms by
>
each mechanism is the same, that is : - .

i
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' e

e i ” !
N (1+Eﬂ)"'-nxe ¢ (cb-iiﬂ)“ 3.21
s K?J nn * &
1 1
n -
l ‘ AN
e | 4 \
. ~where
qm N an
t 8 D, v
KR = (i)t verw 3.21a -
i v X
‘ 2
¢ = ¢ ( 1 y3 © ... 3.21b
1n 2 TM, RT
l )
. / n I
¥ : - .
L
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3}

where n is the number of atoms per molecule of polyatomic

° species i.

v

&

Equation 3.20 can now be used to combine Equations
3.2, 3.15 and 3.19, yielding an overall expression for the
molar flux of species i from the melt in terms of its bulk

<

concentration : -




cees 3.21c

) : .... 3.21a

The molar flux term Ni on the right hand side of Equat%on
n
3.21 cannot be easily separated from the other terms unless !

the value for n is known. Consequently, this separation

was perfarmed for .each 6f the two values for n which are

L4 -

- encountered in this study. The resulting equations follow

o

i) n= 1 : species i is monatomic in the gas pha%ﬁ

N e B eee 3.22

ii) n = 2 : gpecies i is diatomic in the gas phasé

»
-

.
~
3 - ,
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g
[}
where &
’ _ 2
- as= (Km)z e 3.23a
e
)
4 C? 1 1
b ==t + — + ) eee. 3.23b
K K] 65 Kg b.
. 2 T2 2 12
c =2 (c‘i’)2 ee.. 3.23c

L}

SECTION 3.9 : PARAMETERS IN VACUUM REFINING COPPER

3.9.1 : DIFFUSION COEFFICIENT IN THE MELT PHASE, DI;_‘

With the exception of Ozberk'?, previous studies did (
not publish any data on diffusivity of metallic impurity
atoms in copper melts. For the case of steel, Machlin!®

assumed a value of 1 x 10°° m? s~ 1

but pointed out that
this value corresponds to a limiting value which would tend

to maximize the melt mass transfer coefficient. ““Ozberk

qcalculatéd the diffusion coefficient of bismuth and lead
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in liquid c¢opper using three different diffusivity equa-

tions : Wells and Upthegrove?!, Stokes and Einstein?! and

Sutherland?!. At temperatures of 1523 and 1623 X, the

a

values for each element were in the range of 2-3 x 10~

mé s-l. He also found that the diffusion coefficient of -

9

a given element at a given temperature differed by as much
aﬁ 50 % when calculated by the different equations. Con-
sequently, a constant value of 3 x 10"9 m2 s'1 was chosen
in this work for the diffusion coefficient of an impurity

element in liquid copper in the temperature range of 1500-.

1750 K.

ﬂ 4
3.9.2 : AVERAGE MELT SURFACE VELOCITY, v

Machlin'® observed the rate 1f motion of particles
floatjlng'on top of melts, which rahged from 0.1 kg to
900 kg, and estimated tha1‘: the surface velocity of a st;eel
melt was 0.1l m s-l‘, accurate to within an order of Amag—

nitude. Irons et al.?? used the same method for 55 kg

pig iron melts and obtained a value of 0.2 m s~ L. Szekely -

and Chang?? timed the movement of dark streaks on the sur-

face of large steel melts (~ 14 tonnes). They found that
-y
the average melt surface velocity varied with poweér input.

1

- {
Values of 0.2 m ™" at 500 KW and 0.4 m s~ a 2000 kW
' )

f
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were obtained.

\

¢

It is apparent that there is much variation in melt

surface 'vélocity. 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

surface. The value obtained was approximately 0.1 m s-l.

3.9.3 .: THERMODYNAMIC DATA !

ey

In order to model evaporation from a copper melt,
tﬁree pieces of thermodynamic data are required :
a) dengity of molten copper melts ”
b) Raoultian activity coefficients in igfinite
dilution in copper melts,

and

proy

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-

cent study by Lynch!®, the activity coefficient was found
¢

to be higher than in previous studies?’2*’/2%, This latest

]
A
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vdlue is used in this work. Lynch also claimed that, al-
though jtetratomic arsenic is the predominant vapour species
at low temperatures (300-800 K), considerable dissociation
of this species to As, As, and As, will take place at high-
er temperatures (1373 K). It is difficult to determine the
vapour pressures of these high temperature species. For
the purpose éf this study, the equations which Lynch used

- to deseribe equilibrium constants betwqén two arsenic Ya-
pour species were extrapolated to the 1500-1700 K t;mper-
ature range. Vapour pressures were tﬂen determined using
these equilibrium constants and values for the vapour .

pressure of Ag, as given by Hultgren et al?®. These cal-

culations are described in detail in Appendix 2.

T

3.9.4 : DIFFUSION COEFFICIENT IN THE GAS PHASE, Dg .
n

Szekely andiThemelisz° discuss several semi-empiric;
equations which describe the diffusivity of gases. Each
eéuation differs slightly in form, but they all show that
the diffusion coefficient is inversely proportional to
total pressure of the system and directly proportiondl to

- the 1.5~1.8 power of the absolute temperature.

The equation used in this work was given by Bird
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( o o 3/2
Dyp =2 (52 2 4 2,1 T veee 3.24
3 M, My dA + dB 2 o
P (~——)
2
where
Dpep = diffusion coefficient of species A in
! 2 -1
- system A-B, cm” s
K = Boltzmann's constant ,
1.38054% 10716 erg " molecule™! '
A% = Avogadro's number : j

!
6.022 x 1023 molecule gmole-l . ‘

1

Bi:z
o
1]

' molecular weights of species A and B, g gmole

T = temperature of system, K
P = . pressure of system, dynes cm™2
S
dA’dB = collision diameters for species A and B, cm

-

This expression is; accurate to within en order of magni-
tﬁdei7. Collision diameters of all metal atoms are ap-
proximately 2.5 x 10~ m. A difference in the diffusion
coefficient of two species is consequently due only to

" their different molecular weights. In light bf the claimed

accuracy of the above expression, these differences can be

assumed negligible, and a singie expression for all species
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{

is derived using an average molecular weight :

rv

1.5
Dg=l.32x10-4'£-— er. 3.25
Pen '
.1

where Dg has the units m? s~ 3,

-3

3.9.5 : THICKNESS OF GAS PﬁASE BOUNDARY LAYER, ¢
| \
The overall mass transfer equation (Eéuation 3.2}1)
was applied to,the work of Bryan® on vacuum refining cop-
per to remove bismuth in order to determine the gas phase
boundary layer thickness. Table 3.4 presents the values A
of chamber pressure, overall mass transfer coefficient,

gas phase mass transfer coefficient and boundary layer

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

ample of the calculations is shown in Appendix 3. It can
be seen that 2 ranges between 0.02 and 0.2 m. An average
value of 0.1 m was chosen for tpe present work. This value
appears to be large for a gas boundary layer thickness.
However, Bird et al.?” state that diffusion will occur over'
a distance edual to several times the mean free path of the

evaporating atoms. Ozberk!? calculated the mean free paths
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4
¥
g
Peh Kpi Kgi . b
(Pa) (m s-l) (m s'l) {m) :
- .
26.7 ‘124 x 10°° 1.72 x 10”7 0.19
26.7 5.40 x 107 % 1.35 x 108 0.02
o, 1333 8.10 x 1078 1.08 x 10~/ 0.06

\

Taéle 3.4 : Experimental results of Bryan® on Vacuum
Refining Copper to remove bismuth. Column 2 is the
experimentally determined overall mass transfer coefficient.
Columns 3 and 4 are calculated (Appendix 3) and present

the gas phase mass transfer coefficient and the gas phase
pqundary layer thickness respectively.
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of Bi, Sb,-As, Pb and Cu under the conditions of vacuum

@

(\3 refining, that is, pressures between 8 and 40 Pa and tem-
N ~ ’ u
peratures between 1423 and 1623 K. The resulting values
varied between 0.001 and 0.01 m. The highest values were

i

obtained when the pressure was low and the temperature

high. ‘"These results imply that the gas boundary layer

’

- which is assumed in: this éfudy spans 10 to 100 mean free

——

paths, which are reasonable lengths for diffusion.‘ \

PR

: -

SECTION 3.10 : THEgRETfCAL 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 is 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 tye case of the bulk metal ané’simplifiedrby substitut-

ing Cb Mb/pb =~ 1 and Yp = 1, becomes : i

e . b1 i 0.
, Ny = & (— 1 B2 e 328
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Expected refining rafes are :reflected by the ratio between

the solute evaporation rate (Equation 3.8) and solvent

evaporation rate AEquation ?yQS), that is :

e o }

) \ Nin Pin ¥ .o Mb - ) 1
Ne "-PO (M ) (Y p l L N 3.27 f“g:
b b in b

or

e
i
n 3
—_— = 3 X sess 3.28
f NS Apd i \

( !

{
} ‘-where ’ ' f
L. . .
i o ™ .
P, ,
- l i
a, = 2 Mb IR °) (x5 1 ve.. 3.28a ‘

i .b o i .
n Pb M .
. ln

The ternla b is called the Yolatility coefficient for
species i 1n bulk metal b and was fisst used by Ollette?®.

When @, > 1/n, the ratio of moles of i evaporating to

b
I
moles of b evaporating (Nf/Ng) is greater than the ratio of

moles i to moles b in the melt (xi) and refiniﬁg_of‘the

( _ ' S
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s
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\]

melt occurs. A larger value of‘ai b implies a greater
- n'
difference between these two ratios and hence a greater

\,

refining rate, given that the?e_is no mass transport re-

sistance from other sources in the system.

3

The volatility coefficieht was evaluated at differ-
ent melt temperatures for bigmuth, antimony and arsenic
in their monatomic and diatomic states and selenium and
tellurium in their monatomic states for the case of a
copper melt, Table 3.5a: It was also calculated for Cu,S
melts at,1473 Kv¥or monatomic and diatomic bismuth,

Table 3.5b.

There are three conclusioﬁs which can be drawn from

these tables :
i) Refining rates for antimony will be very low
since its volatility coefficient is close to
one. Refining rates for bismuth, selenium,
tellurium and arsenic will be consideraqu higher.
ii) Refining rates for a species as a\diatomic mol-
ecule will be negligible when compared to those
for the sgme species as a monatomic mo;ecule.
Refinigg rates for triatomic or quadratomic
' species wili be still lower and hencg were not

‘. congidered.

# ta

f‘
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"7 rable 3.5 :

e A i < pmbmmsie v s oA 4 oty ——

(a)
Temperature \hﬁh\gf
(R) — — - ;
Bi Bi,, Sb sb, \KAsz Se ‘Te
1500 7106 3.2 3.0 1.4 x107° 68 0.30 I32.557
1600 2982 1.0 2.0 6.3 x 10~% 100 0.23 80 265
\ 1700 1384 0.38 1.3 3.1 x 1072 140 0.17 52 138
) =
- { ' ° 5 3
. o
* -~ at 0.1 weight % Bi, Sh, As
¢
U ¢
Y . >
Temperature / ay ,Cu S ,
n’-"2° .
(K) ' . —
Bi 312*
1473 4384 5.1 '

* - at 0.1 weight % Bi ‘

Volaéility Coefficients for Qhe Evaporation of
Bi, Biz, sb, sz, As, As,, Se and Te from Copper (a) and
of Bi and Bi, from Cu,S (b). '
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iii) With the exception of As , volatility coefficients

decrease with increasing temperature. This means

that per unit mass of- solute egaporated, the loss

of copper by evaporatlon will be greatEE.

'3.10.2 : COMPUTER SIMULATION OF VACUUM REFINING COPPER

®

The overall %ége transfef\model (Equation 3.21) was
used to 51mulate an experlmental run for vacuum reflnlng

copper. Appendix 4 shows the interactive computer program

.Which was written for this purpose. The method of simula-

.tion which this program used was similar to those of

15

Harris!® and Persson!’.

Values for all constant parameters which appear in
?Q

* Equations 3.2l1a to 3 21d 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 run.

A brief description of the program follows.

R

A flux is first calculated for the initiallconditions’

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

* - the rate of increase of P° 'for a given temperature

increase is greater than the rate of increase of PCu (V“\

[

for that same tempergture increase.

& .

<\
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‘This flux is used to calculate the gas phase mass transfer

4 .
il ﬁ
A"

coefficient for Equation 3.2lc. The program then recal-
culates a flux for the initial time interval and, using thec
melt area and the magnitude of the time interval, calculates ;
the change in concentr;tion through evaporation of each
species in the melt. These values are used to evaluate the
new volume and composition 6f the melt. The prograé then

N

geturns to the géginniné of the loop.and calculations are y

Nt P S

repeated for the next time inteﬁgal. The total flux from

the previous time interval is also used to calculate a new

[
¢ e

gas phase mass transfer coefficient. ’

o ke Py e ¢

-,
¥

. I
This iterative method is accurate as long as the mag- ;

e\

nitudes of the fluxes do not change considerably from one §
« r % >

time interval to the next. Harris!® discovered that this

condition may be satisfied by using timpe intervals of

10 seconds or less. This program also uses 10 second

L]

intervals.

N [N

W

Melt composition is¢outputted every 100 seconds of
> * e
simulation. The program stops after a predetermined time o

¢
-

representing the duration of the experimental run. ( ,

) .

An example of the simulation is shown in Figure 3.3,

THe output is presented as a plot of the weight % of Bi in

e -
the melt as a function of time. The input variables are

»

included in the figure.

.
? L
o n -
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\
) v | ] ¥ ll
* Dg. - 3x10° % w7t
- -1
v-0.lms -
nolo r-0.1m .
Mass - 35~kg .
T -~ 1600 K
v | Py
; 0.08 | Py, - 10 Pa 1 (£ Bi)
Initial 0.1 wt.% Bi
, Impurity - 0.1 wt.% Sb
. Content 0.1 wt.% As N
( 0.06. .
< K ¥
Y
- ﬂ.w B “
N -
5
0.02 r y
i 1
1 1 1 L 1
x .
. 1 2 3 4y 5
' . TIME (10%x%3 SEC) ]
h -l
Figure 3.3 : Computer Simulation of Vacuum Refining Showing
» o a Plot of % Bi against Time for the Conditions listed.
- - 1
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CHAPTER FOUR

EXPERIMENTAL

SECTION 4.1 : EXPERIMENTAL PROGRAM

v

The main objective of the experimental program wasa
to de*®rmine rates of impﬁritf elimination from copper
melts by vacuum distillation. The element of principle
concern was bismuth; subsequently, bismuth elimination was
investigated in all 21 experiments. Other impurities stud-

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

and selenium and tellurium (1 experiment each).

The expérimental program was separatéd into three
parts according to the type of copper melt being uied.
In Part A, experiments were carried out usiné copper doped
with impurities. Metallic bismuth, antimony and arsenic
were added to the liquid copper (mostly cathode type but
occhsionally blis;er copper) without 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 some important parameters on those rates.
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In Part B, two experiments were carried ouﬁ‘using
blister copper melts. Since no iﬁpurities were added, the
initial impd}ity concentrations gfrévthose of thé blister
copper charge. These experiments acted as an important
comparison between industrial type copper and fhit which

. ¢
was experimentally prepared. Furthermore, the removal of

selenium and tellurium (two elements not investigated in

Part A) were looked at in one of the experiments.
-
E
Part C fonsisted of two experiments using white metal
(Cuzs).doped with metallic bismuth.- Bismuth elimination
from this completely different type of melt was studied
and compared to the bismuth elimination in the Part A ‘

experiments.

LR
&

SECTION 4.2 : EXPERIMENTAL\PARAMETERS J
.. ’ ,
Several parameters were controlled and stﬁdiéd in the
Part A experimental investigation. They are listed below, '

together with the ranges in which they were examined and

why these ranges werg chosen. -

Wy
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Melt Temperature *

1500 X to 1790 K. The lower limit was fixed by the
the melting points of the charge material. The upper limit
was chosen by considering the rapid increases in copper
vapour’pressure and refractory wear which occur with in-

A}

creasing melt temperature.

Chamber Pressure

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

imum pressure attainagle by the vacuum pumps. The upper

L4

limit was chosen to be a pressure 'at which the refining

rate was expected to be lower.

.

Y

Melt.Area to Volume Ratio (A/V)

6.8{mf1 to 10.4 m~ Y. More than one experiment was
conducted on the same melt with the result that éach sub-
sequent experiment had a smaller melt depth due 'to copper
losses through sampling, splashing and evaporation and

[ g ¢

consequently a higher melt surface area to volume ratio.

°

Initial Tmpurity Concéhtration

0.002 % to 0.1 % by weight. This represented the

range of impurity lezg%s found in most industrial copper
\ !

melts. Y

& ¥

—~
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Presence of Slag Layer ™

ra

A slag layer did not appear when melting pure cathode

copper, but it was present when meléing blister copper or

previously oxidized copper. The slag layer was manually

" removed in all but two of the Part A experiments. In these

specific cases, the slhg layer was allowed to remain for

the purpose of determining its effect on impurity elimina-

tion rates. ¥

S

Other variables have been suggested!?”!5/1!7 ¢o affect

refining rates. These variables and the reasons for omit~

ting them from consideration are given below :

i) Pumping rate of the vacuum pumps is not expected

ii)

iii)

to affect r%fin;§g rate. It was conseqguently
decided not to take the time or effort to éhange
the pumping rate.

Inert gas bubbling and jetting has been suggest-
ed??’17 to iggrgése mass transport kinetics in |
the melt and at EEZ melt-gas inter{gce. Due to

the incapability o t?e present pumping system

to handle larger voluﬁes of gas, it was not pos-

sible to increase the gas load by either bubbling
or jetting. - . »
a4

Previous studies!?’!% have indicated that the

distance fﬁsm a condenser to the melt surface
3

N \

£ A
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would have to be extremely small (< 0.05 m) to
imcrease refining rates. This poses a practical
problem in that temperature measurement, sampling
‘and visual observation would not be possible.

iv) A previous study® has indicaFed that the presence
of oxygen and sulphur do not affect elimination -
rates of the metallic impuiities from ‘copper at

levels normally found in the copper melts.

1 o t

SECTION 4.3 i EXPERIMENTAL APPARATUS

1N

The copper was melted in a 3000 Hz, 150 kﬁ Tocco
coreless induction furnace-~(see Appe€ndix 5 for a list of
all suppliers), with a coil diameter of 0.35 m and a steel
melting capacity of 140 kg (Figure 4.1). A 3000 Hz, 150 kW,

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

»

3 (L.8 m

The induction furnace was mounted inside a 3 m
diameter x 1.6 m long) vacuum chamber (Figure 4.2) and in-
corporated tilting c%pabilities for casting and deslag-
ging. This chamber was provided with portholes (complete
with,vacuum;tight valves) at the top for measuring tem-

perature, ﬁaking additions to the melt and taking sémples

(Figure 4.3). Vacuum-tight windows in four locations
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Figure 4.1 : Induction Furnace. The cable for the tilting
mechanism can be seen in the top, center portion of the
photograph. The vacuum outlet is seen in the top right
portion.

B

Figure 4.2 : Vacuum Chamber showing-the induction furnace

mounted inside. At the right of the chamber can be seen

the control panels for the chamber and furnace. ,

7
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Figure P Vacuum-tight Valves for temperature measuring (3),

sample taking (B) and gas injecting (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 above the melt.
The vacuum chamber pumping 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 m> g1 (Figure 4.4a and b).

S

%

Two types of crucibles were used to contain the liq-
uid melts. For Part A and Part B experiments, 'Hycor'

alumina crucibles’ of 0.195 n inside diameter and 0,17 m

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

iments, due to the noninductive characteristics of CUZSf

'Tercod' crucibles made of graphite and carbon bonded N

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 thé experimental program, three types
of copper melts were used : doped copper, blister copper
and white metal'(Cuzs) for Part A, Part B and Part C ex=
periments respectively. Additions to the melts consisted g

9
of pure metallic bismuth, antimony and arsenic; the bis-

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

<

. lump form.
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Figure 4.4 : Vacuum Chamber f’umping System showing (a) the.
( Stokes Mechanical Pump and (b) the Roots Blower

-

-



& .
Figure 4.5 : 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
white metal (Cu2>S).
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A tilting type McLeod vacuum gauge 2Figure 4.,6) -
was (us&;d to measure presst;re in all experiments. The
quoted accuracy of the gauge is + 10 % at pressures belm.l
300 Pa. '

_Melt temperature was ‘taken using Norton type MR
'DIP TIP' disposable thermocouple assemblies mounted on
a steel temperature probe (Flgure 4 7) which fitted onto'
one of the portholes on top of the chamber The probe
was ?:onnected to a Fluke 8030A digital potentiometer that |
measured the thermocouple EMF. Meit samples were taken
using sample cups (Figu:r."e 4.8) attached to a sampling
probe. At first, graph:.te cups were chosen for the ease
with wl';n.ch they could be separated from the solidified
copper samples. ’However, these cups frequently snapped
from thes.r graphite stems while the sample was being taken
and the use of black galvanized steel cups was adopted.

It is recommended that, for future work, a graph:.te cup

with a steel stem be used for sampl.tng.

"

r

Samples were prepared for-analysis by dissolving them

in concentrated nitric acid. A lanthanum extraction step’®

was added for the samples witﬁ very low impurity levels.

hud
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. Figure 4.7 : Steel Temperature, Probe show1ng 'DIP TIP®
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Bismuth aﬁalyses of the samples were done on'a Pye
P . ;
Unicam S.P. 190 atomic absorption spectrometer. BAnalyses

for antimony and arsenic were done at the Noranda Research

<

. .Center on a Perkin Elmer Model 306 Atomic Abgorption Spec-

5

trometer.

SECTION 4.4 « PROCEDURE ~

4.4.1 : EXPERIMENTAL PREPARAT%PN

/- - .

. The. inside heights of the 'Hycor' alumina crucibles

©

were reduced from 0.35 m to about 0.17 m by cutting with
a diamond saw.° This was done so that an easily handled
35 kg coﬁber melt almost filled the crucible. The 'Tercod’

crucibles reduired about 20 kg of white metal for filling.
|

?

The crucibles were placéd in the fp nace coi}s so
that all but the toplo.OI m of the crucible was encircled
by the coils( Refractory sand was tightly packed between
the ¢rucible and the furnace zalls. The refractory sand

was kept f;ee from contamination by metal, dirt or refrac-
gory cement, This was especially important for the ;igﬁ
:[' temperature experiments, sirce contamination of the sand
lowered its melting boint. Nevertheless, some sintering
N .

[
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.chamber was sealed with vacuum grease at all locatiéns,

W ,
of the sand did occur when high temperatures were main-

tained ‘for sevg;al hours. After packing was .completed,

réfractory cement was placed on top of the sand to hold

1
-

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 piecés éo faci-
litate packing into the crucible. This ensured that all

of the copper being melted was inside the crucible and

T

therefore directly affected by the induction field. Blis-
) : .
ter copper and white metal were in small enough pieces to

i “

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-
comodate the entire unmelted charge, material was kept
aside for charging after initial melting was achieved.

- . v

With the crucible and initial charge in place, the

that is, chamber door, observa%ipn windows and porthole

valves. The chambefxwas.then evacuated to about 10 Pa by
means of the mechanical pump and kﬁf:blower. This lowered
the oxygen potential to about 2 Pa. Commercial grade ar-

gon was intro&uced very slowly with the pump and blower
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still on to further decrease the oxygen potential by

4

o fluéhing out residual oxygen-for a few seconds. The pumps
weqe then turned off and ar;antwas admitted rapidiy until
the chamb?r éfessuré reached approximately one atmosphere.
This procedure almost cbmpletely eliminated surface oxi-

dation of the copper during melt down.

n\\§.4.2 : MELT DOWN

. Melting of the.cathode copper and blister copper re-
- k)
quired b@tween two and three hours. The white metal,
( placed inside the.highly indudtive 'Tercod' crucible, melt-

ed in about’ 30 minutes. Once the initial charge was mol-

. ten, any remaining charge was added. i
i
— . ?
Some slag occurred on blister copper or oxidized cop-
' .
per melts. On the white metal melts, it was observed that:
: .
silicon carbide from the 'Tercod' crucikle formed a con-
ST ‘ fziderable slag. Any slag was removed manually at that i

-~

point in time in all but two caseg¥f

- 2

‘
1 The furnace conttols were manually adjusted until the

\desired temperaturé was attained. This fias usually ac- '
complished in less
1)

, oo
( - . =

o

then 30 minutes.
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4.4.3 : EVACUATION S

The Stokes mechanical pump was restarted,to evacuaté
the chamber to about 1500 Pa,
er was also restarted. Pressure fell rapidly to about
150 Pé.é%When the melts were not doped,:an initial sample
was taken at that time to begin the experiment. Further
ré§uction of pressure to a steady value in the range of
7-30 Pa required an additional 15 ﬁdnupes. The final
stea%y value depended upon how mﬁch aié leaked through
ﬁinqr leaks in the system as well as the melt temperature.
High melt temperatures itended to increase the final steady
This was probably due to the larger

[

amounts of vapour present at the higher temperatures.
ke

Some of this vapour might have enterged the-vacuum pumps
instead of condensing beforehand, thus creating a greater

load on the pumps.

Temperatures taken Qhen the steady value of pressure
was -attained were found to be higher than before the pumps

were turned on. Minor adjustments of the furnace cpntrois

i

corrected this .increase within 10 minutes.

at which time the Roots blow- _

<

N7
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4.4.% : ADDITIONS, SAMPLES AND CONTROL

L

&,
The impurity or impurities were added (Figlire 4.9) to

the melég which required doping and an initial sample'was

taken. This marked the beginning of aﬁ experimental run.
Samples were taken (Figure 4.10) without breaking vacuum.

Splashing occurred when the sample cup was initially in-

¢

serted into the melt. This was due to :

a) the presence of adsorbed gases on the sample cup

and ’
i

b) the temperature difference between cup and melt.

4

- Consequently, the cup was inserted into the melt three

times before being removed from the chamber so that ther-
mal and chemical equilibriums were reached between the cup
apd sample.
¢ ©
The time interval betwe%h saﬁbles was mgde progres—

sively lar&er from 5 or 10 minutes at the beginning of the
experiment to as much as 30 minutes at the end. Tempera-
ture and ﬁresspre readings were taken'at the time of each
sample. When the time interval between samples became
greater than 10 minutes, readinbs were taken every 10 mi:

nutes. ' e

R

. R R L AR e
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Figure 4.9 . Adding an impurity to the melt under vacuum
3

[}
< -
3 . N

{ Figure 4.10 : Taking a sample of the melt under vacuum.

‘ Note the splashing of the melt for this, the initial
. insertion of the sample cup.
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For temperature measurement, the 'DIP TIP' thermocouple

was attached to a steel probe which was inserted into the
chamber through the temperature port without 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 preventing overheating
of the cold junction located 0.05\! m above the thern:ocouple
bead. At least 5 minutes were required between temperature

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

ing was always taken before the temperat-:ure reading or sam-

ple, since the seals on theﬁprobes allowed some air to 1eak§

into the system,. o

-

4.4.5 : POST-EXPERIMENPAL PROCEDURE

The melt was allowed to cool in the crucible at the
end of a day's experJ'D.mentation and the remaining charge was
ﬂweighed‘ to estimate the weight loss dug to evaporation,
splashing and sampling. The Ya\l{.,grage melt mass in eatch run
was then estimated. This mass }:ras converted to volume

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

was calculated. Finally, samples of the condensate at

different locations in the chamber were scraped off and A

retained for analysis.

B I T R B oS e i N VRN
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SECTION 4.5 : DISCUSSION OF EXPERIMENTAL TECHNIQUE AND

PRECISION . -

. t
The melt surface was kept extremely clean during all

experiments except for two runs when a'\slag layer was de-
sired and one when slag appeared after the chamber was

evacuated despite manual slag cleaning prior to evacuation.

1
-

H

Splashing was negligible in all experiments in which
ycathode or blister copper was used /for charge material,

except for mipor aﬁounts‘which ocgurred when saﬁples were

taken. In expgriments using white metal, sulphur dioxide
bubbling éaused excessive splashing. The splashing was

reduced to a low level by keeping the temperature low and

the pressure high,

Condenéage refluxihg was kept to a minimum by ensuring
that the melt almost entirely filled the crucible. This
prevented.the phenomenom of evaporating species condensing
on the crucible -free wall, then being washed back into the
melt by melt splashing.

,

Chamber pressure was controlled to * 10 % during any -

low p;essure experimﬁgf andjto t 20 % duriné the high pres-

sure, experiments. ' a
"o«

[T TR T R
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Y

Melt temperature was cbhtrolled within 1-2 %. Best
temperature control was attained after experimentation had

proceeded for at least one hour. IS

0

Good visual observation through the several chamber

- windows helped to ensure good sampling and temperature:mea-
. .

surement techniques, as well as providing a good visual un-
derstanding of evaporation under vacuum.

The precision ot\the chemical analysis techniques were
very good. Preparation techniques (i.e. dissolution and
dilution) were reproducible within 10 %, thle precision of

i

atomic absorption analysis was within 5 %.
N (

Q[\‘/ * L

- SECTION 4.6 : SUMMARY “

In summary, the experiments were aimed at measuring
elimination rates of bismuth, antimony and arsenic in doped
copper, blister copper and white metal. The effects of

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

.

initial impurity content and the presence of a slag layer

N o

were examined. These variables were well controlled.

B
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SECTION 5.1 : CONDITIONS . ) #
‘ 3

The parameters which were controlled and mgasuréd

CHAPTER FIVE

were : - 3 o
a) melt mass ~
:b) melt temperature
c) chamber pressure -
)d) area to volume ratio (A/Vi i
i
ang ] g ]
e) elements inveétigated ' %
» -

These gonditions are summarized for each experiment in
Tables 5.1 to 5.3 which tabulate this data for Part A
(doped copper), Part B (blister copper) and Part C (white

metal) experiﬁents,:respectivély.

o

A

.
& . - :
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TABLE 5.1 : Summary of Conditions for Doped Copper Experiments; A-1 to A-17

- . : |

~ 4

PR

APPBEP

oot Test Melt Mass ~Temperature Pressure A/ Duration of Elements
) $ (kg) (K) © (pa) - ¢1/m) _Test (min) Tested - .
: I . ) ,
- a-1 35.0 - 1600-1650 10-12 6.8 38 Bi
' A-2 30.4 1625-1640 10-12 7.8 35* Bi ,
, A-3 27.4 1625-1645 11-12 ‘8.6 21 Bi ;
. A-4 29.0. 1590-1600 12-16 8.2 74 Bi ;
. A-5 24.4 1605-1610 9-11 9.7 72 Bi,Sb ;
- A-6 ©  35.0 1510-1550 12-16 6.8 72 " Bi . . }
A-7 29.0 * 1500-1510 11 8.3 51 Bi,Sb
A-8 22.9 1500 7  10.4 33 Bi,sb
) A-9 35.0 1650-1730 31-34 6.7 69 % Bi
A-10"  28.9 . 1740 32-34 8.1 33 Bi,Sb
a-11" 25.9 1740-1745 27-30 9.0- 43 Bi,Sb,As
a-12" 22.9 1740-1745 31-39 ° 10.2 30 _ Bi,Sb,As ;
A-13  34.0 - 1620-1670 88-163 6.9 85 Bi ]
. A-14 29.6 1600-1615 82-109 8.0 80 Bi,Sb .
A-15 25.1 . 1615-1635 95-122 9.4 50 Bi,Sb ‘
A-16 "  34.1 1730-1790 13-15 6.9 51 Bi )
a-17"%" 31.2 1710-1770 16-20 7.5 40 Bi,Sb
- * ~ the melts in these experim:ants contained apprbximately 1 8 Fe. This
: , was caused by a steel sample cup which fell into the melt 3
** - a slag layer was maintained in these experiments
i : ' -
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# ; - TABLE 5.2 : Summary of cbnditions for Blister Copper Experiments; B-1 & B-2 .
i
Test Melt Mass Temperature Pressure A/V Duration of Elements §
L (kg) (K) (Pa) (1/m)  Test (min) Tested i
T\ \ - z
B-1 35.0 1615-1670 9-13 6.8 77° ! Bi 1
*
B-2 35.0 1685-1775 20-28 6.7 50 Bi,Sb,as
. T Se,Te
.'_ @
1 * - some slag (covering approximately one third of the melt surface area) N
: was present I~
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. TABLE 5.3 : Summary of Conditions for White M{etal (Cu,S) Experiments; C-1 & C-2
i LR ‘& E - . "
- ;?‘ ‘\
Test  Melt Mass Temperature Pressure A)\{ bDuration of Elements
$ {kg) (K) (Pa) (1/m) Teést (min) Tested
I i o ; ; Y T e H
T e-1 20.0 1510-1545  107-267 6.4 90 Bi
c-2 19.0 1540-1550 93-147 6.7 0 Al
- - -
-/
g o
‘ / ‘ ‘ T
x 7
i ’ = ¢ !
- i ' ’ *. -
. . ! . "
v ~ - . Id
’ .
Do . !
! , ) .
|
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i » ‘ A/V t weight % final .

SECTION 5.2 : RESULTS , , \
.

£

The results of this study are the chaﬁges in impurity

content with time. ' This was evaluated by determipning

¥
A %

ihﬂpercent of initial content eliminated in“\i\flourA

et it o it i A SRR

/
* 3

5
s AR

and
*

» *
i}& overall refining rate coefficient K
Tables 5.4 to 5.6 tabulate this data forrbismuth, antimony ;
and arsenic in Part A experiments. Table .7 tabulates
, .
data for impurities in Part B experiments. Table 5%8 tab-
ulates Qﬁta for bismuth in Part Coexpériments.

¢

L -7

A

* - when experimental runs were less than 1 hour, this
value was determined by extrapolation. @
p 0

when only initial

% . K = 1 ln(weJ.ght % 1n1t1a1)

and final analyses were determined ;

A

or ?“ P

7K =- 2-303 . slope of 'log % i wversus time' plot

A/V

i

4 .
The correlation coefficients of these slopes were

° = 0.99 when initial impurity concentration was .

about 0.1 weight %

A ST e R

2 0.96 when initial impurity concentr%tion was
about 0.Q1l weight %

i S B

A
» #%.89 when initial impurity concentration was
about 0.002 weight %



TABLE 5.4 : Summary of Résults for Bismuth Removal from Doped Cc;pper (
Test Initia‘lﬁ ) Final Overall KBi $ of Initial Conte@
$ ‘ Wt.% Bi - Wt.% Bi (107> m s—l) Re?ﬁled in One Hour . ‘ e
A-1 0.072 0.022 7.6 84.3 . i
A-2 0.072 0.018 8.8 90.5 :
A-3- 0.088 ~ 0.045 6.2 85.7 pa .
A-4 0.086 0.017 4.4 q 4 o
A-5 0.012 0.004 2.2 1
_A-6 0.098 " 0.033 3.9 4
S AT 0.014 0.008 2.0
A-8 0.078 0.054 1.6 ’
“A-9 -0.057 0.007 7.4 i
A-10 0.003 0.001 5.0 ) 77.3 .
A-11  0.002 0.0005 6.1 87.7
‘A-12 0.063 0.019 6.4 90.9 P
- A-13 0.046 0.021 1.9 46 .6
"a-14 0.012 0.006 3.0 57.5
A-15 0.055 , > 0.023 3.2 66.5 f} -
A-16 0.124 0.055 0.6 13.0
A-17 0.052 0.047 0.6 14.1

18]
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TABLE 5.5 : Summary of Results for Antimony Removal from Doped

R Copper
Test Initial Final Overall KSb % of Initial Content
- - hY
# Wt.% Sb Wt.% Sb (10 > ms l) Refined in One Hour
l\‘\
A-5 0.066 0.027 2.4 59.6
A-7 0.093 0.076 0.8 21.0
k) -
A-8 0.076 0.045 2.6 61.5
A-10 0.050 0.082 - - : -
A-11 . 0.078 0.074 0,2 6.9
A-12 ~  0.068 "0.069 = - i
A-14 0.058 0.054 0.3 6.9 .
: %

A-15 0.047 0.044 0.2: 7.8 _
aA-17 0.089 0.084 0.3 8.5 .

" "
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TABLE 5.6 : Summary of Results for Arsenic Removal from Doped #
Copper -
Test Initial Final Overall KAS % of Initial Content -
" Wt.% As Wt.% As (107° m s~y Refined in One Hour
v
a-11 0.089 0.039 3.5 67.5
A-12 0.036 0.025 2.0 51.7
L 3
t
|
|
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3 TABLE 5.7 : Summary of Resulté for Impurity Removal from Blister Copper
Test Element Initial Fi - Overall X $ of—Initial Contenmt
# %}[\ Wt. % Wt. % (1073 m s™h Refined in F)ne Hour
— 2
\ B-1 Bi " 0.0026 0.0011 3.5 54.4'
B-2 Bi 0.0028 0.0017 2.2 41
4 B-2 Sb <0.001 <0.001 - SR _
B-2 As ’ <0.002 <0.002 - - -
= B-2 se . 0.035 0.035 0 0
K B B-2, Te ! 0.0064 0.0064 s 0 0 ,

D h e et e sn Y e o s ey ap RO J o8 =% e —————- s = - - R
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TABLE 5.8 : Summary of Results for Bismuth Removal

from'White Metalr(CuZS) B

Test Initial Final Ovérall KBi % of Initial Content
# Wt.% Bi Wt.% Bi (10_5 m s-l) Refined in One Hour
Cc-1 0.081 0.034 2.6 45.0
c-2 0.106 D.056 2.7 47.9
’ &

i
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Each experiment is described in detail in the fiigures

p “

v that follow. Included in each figure are :

7/

a) experimental conditions
N, ]

b)' table of impurity content as a function of vacuum

exposure time
!

Je) plot of log(wt.$% impurity) versus vacuum exposure

/ .
[ time

I ‘ -~

f d) overall refining rate coefficient, K

e

" . .
I e) percent of initial content refined in 1 hour.
( ; .

/ . . i
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TEST NUMBER

TYPE OF MELT

A-1

boped Cathode Copper

MELT TEMPERATURE : 1625 ¥ 25 K
CHAMBER PRESSURE : 11.0 £ 1.0 Pa
AREA TO VOLUME : 6.8+ 0.4 m 1
ELEMENT TESTED : Bi
‘m
TIME (SEC) Wt.% Bi
0 0.072 b
600 0.052
1140 0.040
1560 0.034
2280 0.022
Bi
-5 -1 >
K (100" ms %) : 7.6
% of initial
content refined 84.3 roe

in 1 ‘hour .

|

i
4

~
|

Figure 5.1 : Experimental Conditions and Results
of Bismuth Remowval in Test A-1
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TEST NUMBER : ) A—2 :
TYPE OF MELT : Doped Cathode Copper
MELT TEMPERATURE : " 1633 :8k . .

s "

%@ CHAMBER PRESSURE

11.0 * 1.0 Pa
AREA TO VOLUME

ELEMENT TESTED

. ' Bi . ]
b
‘1 I o s,
- 1 S
-~ TIME (SEC) "Wt.% Bi o ‘
0 0.072 3
240 0.066 i

540 ) o.qgo :
960 0.0%7 _ Avias ]
1260 ' 0.040

1980 0.018 . ° “\\__~ -

Bi
K (107° n s—l) " 8.8 »
. S
% of initial . ‘
content refined : 90.5. .

in 1 hour

Figure 5.2 : Experimental Conditions and Results
of Bismuth Removal in Test A-2 : -

w

e
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TEif NUMBER =~ : LA—i
TYPE OF MELT T Doped Cathode Copper
MELT TEMPERATURE : .° 1635 + 10 K
CHAMBER PRESSURE ' 11.5 + 0.5 Pa
AREA TO VOLUME 8.6 £ 0.4 m L .
ELEMENT TESTED : Bi
{ .
" TIME (SEC) Wt.% Bi ’
.0 - 0.088 ;
420 v © 0.068 - . i

1260 - 0.045

. Bi
K (10-5 m s-l) : 6.2 r
. i
$ 'of initial |
content refined : 85.7

in 1 hour

3

Figure 5.3 : Experimental Conditions and Results
of Bismuth Removal in Test -A-3 y
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Figure 5.3a : Plot of Bismuth Removal
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in Test A-3
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Figure 5.4 : Experimental Conditions/?and Results

2
TEST YUMBER : A-4
TYPE OF MELT : Doped Blister Copper
e
MELT TEMPERATURE : 1595 % 5 K o
CHAMBER PRESSURE : 14.0 + 2.0 Pa
. i ¢
AREA TO VOLUME _  : 6.2 + 0.4 m
ELEMENT TESTED : Bi .
TIME (SECQ) Wt.% Bi
0 0.086
<180 0.075
480 % 0.060
1740 0.039
2640 s 0.028
4440 0.017
o
]
0
y : ' Bi
XK (107° m s~ : 4.4 ~
% of ini‘gziai 75 . 4
content refined : 5. .
i%l hour
3 5
[
FP

of Bismuth Removal -in Test A~4
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TEST NUMBER {
TYPE OF MELT

MELT TEMPERATURE
CHAMBER PRESSURE

AREA TO VOLUME

A-5

Doped Blister Copper

1608 + 5 K

10.0 + 1.0 Pa"

ELEMENTS TESTED Bi Sb
TIME (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 (107° m s~ Y 2.2 2.4
% of initial ™
content refined 56.1 59.6

in 1 hour

Figure 5.5 : Experimental Conditions and Results
of Bismuth and Antimony Removal in

Test A~5
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Figure 5.5a : Plot of Bismuth Removal in Test A-5
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* Figure 5.5b : Plot of Antimony Removal in Test A-5
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TEST NUMBER i
TYPE OF MELT
MELT TEMPERATURE :

CHAMBER PRESSURE

A-6 4
Doped Cathode Copper

1530 £ 20 K

AREA TO VOWUME 6.8 + 0.4 Tzl
ELEMENT TESMED Bi /e
/
/
TIME (SEC) Wt.% Bi /
@ 0. 0.098 /
720 0.079 /
1500 0.065
2760 0.039
4320 0.033
Bi
K (107% » s~ h 3.9
% of initial
content refined : 62.4

in 1 hour

!
!

Figure 5.6 : Exp?rimental Conditions and Resulgs ~~¥‘“»
of Bismuth Removal ih Test A-6 T P
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TEST NUMBER : A-7
TYPE OF MELT : Doped Cathode Copper
MELT TEMPERATURE : 1505 *+ 5 K )
CHAMBER PRESSURE : 11.0 + 0.5 Pa
AREA TO VOLUME : 8.3 + 0.4 m *
ELEMENT TESTED Bi Sb
© e sy . Bi Wt.% Sb v
0 . 0.014 0.093

600 : . 0.011 -

1860 ‘ ‘. 0.010 -

3060 0.008 . 0.076

Bi _Sb_

K (107> ms b - 2% 0.8

$ of initial
content refined : 48.8 21.0
in 1 hour

;@?’

Figure 5.7 : Experimental Conditions and Resultg/
of Bismuth and Antimony Removal in
Test A-7
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Figure 5.7a : Plot of Bivsmuth Removall in Tgst A-=7
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TEST NUMBER

TYPE OF MELT

A-8

F ,b’fﬁ[

Doped‘céthode Copper

MELT TEMPERATURE : 1500
CHAMBER PRESSURE : 7.0 + 0.5 Pa
) (A‘ ]
O /

AREA TO VOLUME : 10.4 % oL
ELEMENTS TESTED Bi Sb

TIME (SEC) Wt.% Bi Wt.s Sb

T N
0 0.078 0.076
600 0.061 - s
1980 0.054 0.045
&
(<%
Bi “Sb

K (10-5 m s-l) : 1.6 2.6

% of initial

content refined : 48.4 6l.5

,.in 1 hour -
(,,,..«‘"
¢ Ermgg ™

Figure 5.8 : Experimental Conditions

and ﬁesults

of Bismuth and Antimony Removal in

Test A~-8
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TEST NUMBER ( : A-9
TYPE OF MELT : ’ Doped Cathode Copper . ; \?1
MELT TEMPERATURE : 1690 *+ 40 K
CHAMBER PRESSURE : 32.5 + 1.5 Pa
AREA TO VOLUME ' : . 6.7 + 0,4,m'l 3 i

»
ELEMENT TESTED : Bi
TIME (SEC) e Wt.% Bi .
‘ . \

0 10.057 ! ’

480 0.046 ]
1500 . 0.031 1
2400, 0.021 .

4140 0.007
| s Bl 5}; ', Y
-5 a3 : 8
K (10 ms ) : 7.4 {
) |
% of initial : d N : ?
content refined : 82.2 . 2
in 1 hour ) ;
i
L
f >
- e

Figure 5.9 : Experimental Conditions and Results -
of Bismuth Remdval in Test A-9
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TEST NUMBER , A-10 4
L 3
TYPE OF MELT : Dogpd Cathode Copper ‘
MELT TEMPERATURE : 1740 + 5 K y
CHAMBER PRESSURE : 33.0 + 1.0 Pa 4
' %
AREA TO VOLUME  : 81+ 0.4 m?
ELEMENTS TESTED Bi Sb .
' * k 1
TIME (SEC) Wt.$ Bi Wt.% Sb !
0 : -9, 003 0.050
1020 0.002 -
1980 0.001 -
2700 - 0.082
i
Bj = sb
K (107> ms™ 1) : 5.0 -
Frpr
% of initial
conte refined : 77.3 -
in 1 h®ur .
¢ -
* - About 1 % Fe is present in the melt for Test #'s
A-10, A-11 & A-~12; this resulted from a steel .
sample cup which fell into the melt and appears .. \
to have affected adversely the removal of Sb. RN

- It is believed that the low value of Wt.% Sb for ‘
the initial sample was due to insufficient time !
between when the Sb was added and when the sample
was taken '

" 2
g

Figu;e 5.10 : Experimental Conditions and Results
Y of Bismuth and Antimony Removal in C,
Test A-10 o
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*
TEST NUMBER : . A-11 -
o \/\.__,__““
TYPE OF MELT : Doped Cathode Copper .
MELT TEMPERATURE : 1743 + 5 K
o
CHAMBER® PRESSURE  : 28.5 ¢+ 1.5 Pa ok
AREA TO VOLUME : 9.0 + 0.4 m * :
ELEMENTS TESTED  : Bi Sb As
TIME (SEC) Wt.% Bi' Wt.® Sb Wt.% As
0 0.0023  0.078 0.089
660 0.0012 - - ;
1680 0.0008 - - f
2640 0.0005  0.074 0.039 ,
3
F
Bi Shb As
K (10°ms™H 6.1 0.2 3.5

% of initial
content refined : 87.7 6.9 . 67.5
in 1 hour

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

+ - due to limits in analytical precision, the’
uncertainty of the fourth decimal place is large

© Figure 5.11 : Experimental Conditions and Results .
of Bismuth, Antimony and Arsenic
Removal in Test A-11
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: Plot of Bismttth Removal in Test A-11l

SR G



115

L
}

e e e
B R

-
-
-
-
-
Camin ot S N T .'24::;";(

-1.0} | :

hl Il Lo f

Y l %

S 4 (% Sb) |

; e T :

-1.6 } | - -
-1.8} .
-2.0+ .

‘ i

.1 2 3 4 5§ |

TIME (10%xx3 SEC) %

Figure 5.11b : Plot of 'Antimony Removal in Test A~1l
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TEST NUMBER
TYPE OF MELT
MELT TEMPERATURE
CHAMBER PRESSURE
AREA TO VOLUME

ELEMENTS TESTED

?

*
A-12

-~

Doped Cathode Copper

i+

1743 5 K

35.0 £ 4.0 Pa

10.2 + 0.4 m *
o
Bi Sb As

TIME (SEC) Wt.% Bi Wt.% Sb Wt.% As
0 0.063 0.068 0.036
600 0.036 - -
1800 0.019 0.069 0.025
29
Bi Sb As
K (1077 m s h : 6.4 - 2.0
% of initial
content refined : 90.9 - 51.7

in 1 hour

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

4

Figure 5.12 :

O

-

Experimental Conditions and Results
of Bismuth, Antimony and Arsenic

/va( Removal in Test A-12
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1.0} ]
-1.2 (‘é 1 \ |
LOG

~1.4 { {71 Bi) ‘
-1.6 . :
-1.8 ! |
2.0} “ ]

1 2 3 4 S - %
TINE (10%x3 SEC) |
%

Figure 5.12a : Plot of Bismuth Removal in Test A-12
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Figure 5.12c : Plot of Arsenic ~Removal in Test A-12




TEST NUMBER

TYPE OF MELT

FUUUUURPRPRE PSSR S L e il

"
A-~13

Doped Cathode Copper

MELT TEMPERATURE 1645 + 25 X
CHAMBER PRESSURE 126 + 38 Pa
: \
AREA TO VOLUME . 6.9 + 0.4 m ¥~
ELEMENT TESTED Bi
4 .
TIME (SEC) Wt.% Bi
0 0.046
600 D.032 ‘f\
1500 0.032 ¢
2700 0.025
3900 0.024 A
5100 0.021 ’ é{'\
p!
,‘4
{ ! -
4
Bil /
K (107> m s~ 1.9
% of initial
content refined 46 .6
in 1 hour *
% ~

Figure 5.13

: Experimental Conditions and Results

of Bismuth Removal in Test A-13
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TEST NUMBER

TYPE OF MELT

A-14

-

Doped Cathode Copper

MELT TEMPERATURE 1608 + 8 K
CHAMBER PRESSURE : ? 96 + 14 Pa
AREA TO VOLUME : 8.0 + 0.4 m* !
ELEMENTS TESTED  : Bi Sb
TIME (SEC) Wt.% Bi Wt.% Sb
0 0.012 0.058
"900 0.011 -
2100 0.007 0.056
3300 0.006 0.054
!
> ‘
» Bi Sb
K (107 ms™h) s 3.0 0.3
% of initial ) s
content refined : 57.5 . 6.9

in 1 hour

Figure 5.14: Experimental Conditions
. of Bismuth and Antimony

Test A—141

and Results
Removal in
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Figure 5.l4a : Plot of Bismuth Removal in Test A-14
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~Qw Figure 5.£4b : Plot of Antimony Remov;l in

LOG
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TEST NUMBER : A-15 #
o ’l‘gc
TYPE OF MELT : Doped Cathode Copper 4
” %
MELT TEMPERATURE : 1625 + 10 K @
¥
CHAMBER PRESSURE : 109 + 14 Pa k
AREA TO VOLUME : 9.4 + 0.4 m ¥ . )
y
ELEMENTS TESTED : Bi Sb :
TIME (SEC) Wt.% Bi Wt.% Sb ;‘
0 0.055 0.047 p
600 0.048 - ,
1500 0.031 - ‘
3000 0.023 0.044
%“R—s‘m
' Bi sb
K (107> ms™ Yy 3.2 0.2
$ of initial
66.5 7.8

content ;efined :
in 1 hour .

Experimental Conditidns and Results
of Bismuth and Antimony Removal in

Test A-15

Figure 5.15 :
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Figure 5.15b : Plot of Antimony Removal in Test A-15
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L4 ’ * o
TEST NUMBER : A-16
TYPE OF MELT : Doped Blister Copper
MELT TEMPERATURE : 1760 * 30 K
CHAMBER PRESSURE : < 14.0 £ i.O Pa
AREA TO VOLUME : 6.9 + 0.4 m .
J
ELEMENT TESTED  : Bi c {
. - ’ i
~ i
TIME (SEC) Wt.% Bi |
0 0.124
540 0.060
1560 0.060
3060 0.055 !
*
- Bi
K (1070 ms™H** 0.6
l $ of initial -
content refined .: . 13.0
in 1 hour
* - a slag layer was maintained ;
** - K is calculated for list three points. It is :
thought that the discrepancy in the first point I
Y may be attributed to slow mixing of the bismuth |
X in the melt due to the slag layer 4
Figure 5.16 : Experimental Conditions and Results :
of Bismuth in Test A-16 3
“ P
\\ A
\
b
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1.5 — -

J i i 1 i
7
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Figure 5.16a : Plot of Bismuth Removal in Test A-16
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. TEST NUMBER : A-17" %
TYPE OF MELT : Q?ped Blister Copper ‘ g
MELT TEMPERATURE : 1740 + 30 K %
CHAMBER PRESSURE : 18.0 + 2.0 Pa ?
AREX TO VOLUME : 7.5 + 0.4 m Tt f ;

ELEMENTS TESTED

)
'.J-
2]
o

b
N

TIME (SEC) Wt.% Bi Wt.% Sb
0 0.052 0.089 y
2400 0.047 0.084
- P
/ [
Bi Sb
K (1070 m s~ . 0.6 0.3
% of initial
- content refined : 14.1 8.5 /
in 1 hour

* - a slag layer was maintained ‘

Figure 5.17: Experimental Conditions and Results
of Bismuth and Antimony Removal in ;

Test A-17
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-1.6 8 -
~1.8F .
-2.0} .
1 ] 1 )ﬂ"\ 1 1 13 ) ;
1 2 3 Y 5
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/\% Figure 5.17a : Plot of Bismuth Removal in Test A~17 ‘}i
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Figure 5.17b : Plot of Antimony Removal in Test A-17
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TEST NUMBER B-1

§

TYPE OF MELT Blister Copper

MELT TEMPERATURE : 1643 + 28 K
CHAMBER PRESSURE : 11.0 + 2.0 Pa
AREA TO VOLUME : 6.8+ 0.4m 7t
ELEMENT TESTED Bi
TIME (SEC) Wt.$ Bi
0 0.0026
) 720 0.0021
* 1440 0.0023
2100 0.0021
2820 0.0014
3720 0.0008
4620 0.0011
Bi
K (1070 m s™h : 3.5
$ of initial
54.4

content refined
in 1 hour

* _ due to limits in analytical precision, the
uncertainty of the fourth decimal place is
large o

S
Y

4

Figure 5.18 : Experimental Conditions and' Resilts
of Bismuth Removal in Test B-1
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~2.7 .
L3G
2.9 { (% B1)
To-301f :
-3.31 .
g,
-3.5- 1 =~
///// 1 A 1 J 1
1 2 3 Y 5
TIME (10x%%3 SEC) .
. \
o | | \
(Flgure 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 m *
ELEMENTS TESTED : Bi Sb As Se Te J
f ;
TIME (SEC) wt.t Bit Wt.%2 Sb Wt.% As f
0 0.0028 <0.001 <0.002 5
3360 ' 0.0017 <0.001 <0.002 g
TIMF (SEC) Wt.% Se wt.s Tel §
0 ) 0.035 0.0064 -
3360 ’ 0.035 0.0064 9
| |
Bi Sb As Se Te o
k (10%mshy . 2.2 - - 0 o . |

$ of initial
content refined : 41.5 - - 0 0 -
in 1 hour A

t+ -~ due to limits in analytical precision, the
uncer tainty of the fourth 'decimal place is large

. e bt i 2= ™
Pt g aain .t

o o Rt 2P

Figure 5.19 : Experimental Conditions and Results
of Bismuth, Antimony, Arsenic,
Selenium and Tellerium Removal in
Test B-2 . ”
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-3.5} 2N -

1
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Figure 5.19a :
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Plot of Bismuth Removal in Test B-2
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TYPE OF MELT

&

KL,

TEST NUMBER : Cc-1

R Tt DU

138

White Metal (Cuzs)

in 1 hour

MELT TEMPERATURE : 1528 + 18 K .
CHAMBER PRESSURE : . 187 + 80 Pa
AREA TO VOLUME  : . 6.4 +0.4m?¥t
ELEMENT TESTED : / Bi .
. .
/
TIME (SEC) Wt.s Bi
0 ‘ 0.081
300 0.083.
720 0.073
1440 - 0.059
2160 0.055
5400 0.034
V4 N «
A - Bi
K (107° m s~ 1) : 2.6
% of initial
content refined : 45.0 .

Figure 5.20 :

&

Experimental Conditions and Results
of Bismuth Removal in Test C-1
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Figure 5.20a : Plot of Bismuth Removal in Test C-l
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¢
\
TEST NUMBER : c-2 g
TYPE OF MELT : White Metal (Cuzs) d ’;
MELT TEMPERATURE : 1545 *+ 5 K ;%
7
'CHAMBER PRESSURE : 120 + 27 Pa |
AREA TO VOLUME : 6.7 + 0.4 o1 ‘
:
ELEMENT TESTED  : Bi : ]
N §
TIME (SEC) Wt.® Bi
0 0.106
300 0.102 .
900 0.093 3
2100 0.075 : ,
3300 0.049 '
4200 0.056
i §
|
g . }
Bi
K (107 ms™h) 2.7 {
% of initial .
content refined : 47.9

in 1 hour

e

Figure 5.21 : Experimental Conditions and Results
of Bismuth Removal in Test C-2 3

ey
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Figure 5.21a : Plot of Bismuth Removal in Test C-2
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€
Day Condensate Analysis
% Bi 3 Sb % As . $ Cu
1 22.3 0.76 - 23.3
2 11.5 2.22 5.80 62.1
37 20.6 0.49 -~ 46 .6
g
Table 5.9 Condensate Analyses (by weight) for Three

Different Days of Experimentation
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CHAPTER SIX

iw
DISCUSSION

SECTION 6.1 : INTRODUCTION

The objectives of this study were
a) to determine rates of elimination of bismuth,
antimony and arsenicnfrom copper melts under

vacuum and to examine the affects of the follow-

ing parameters -

[P

i) melt temperature
ii) chamber pressure ’ e
iii) initial solute concentg:fion
iv) melt surface area to volume ratio
Q) presence of a slag layer
b) to develop a theoretical model which: describes

the elimination of bismuth, antimony and arsenic

PRI

from copper melts under various conditions of
vacuum distillation
and
¢) to compare predictions of the theoretical model

to experimental results.
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The following discussion examines the experimental 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 experiments that bismuth was read-
ily removed from copper melts. Between 45 and 90 % of the
initial content was eliminated in 1 hour (experiments with
a élag layer being excepted). Removal of arsenic and an-
timony was more difficult, the elimination in 1 hour being
50 to 60 % of the initial arsenic content and nil to 60 %
of the initial antimony content. 1In all experiments, melt
temperature was in the range 1500-1790 K and chamber pres-
sures were from 7 to 160 Pa. Melt surface area to volume

ratio was 7-10 m_ ¥ in all cases.

The very low antimony eliminations were thought to be
dtte to the presence of iron in the copper. Experiments
A-10, A-11 and A-12, which were a series of several high
temperature experiméﬁfs,conducted on one melt, contained

about 1 % iron due to a steel sample cup accidentally fall-

'

1t.,No antimony was removed in two of the

ing into that mel

Bt -

5
5

)
4
°g

t
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-

experiments (A-10 & A-12). The third (A-1l) showed only

7 % removed in 1 hour. ©Nothirlg unusual was noticed about

bismuth and arsenic removal in any of these three experiments.

)

Two possible explanations for this phenomenom were :
(et
a) the formation of iron and antimony compounds
which have a lower vapour pressure above a cop-

per melt than antimony alone

!
1
i

or

b) an interaction between dissolved iron and dis-

solved antimony in liquid copper which lowers
the activity coefficient of antimony in the

copper.

Althoﬁgh no data was found in the literature to support
either consideration, the formation of FeSb and Fesz is

documented??®.

6.2.2 : EFFECT OF MELT TEMPERATURE ) .

®
;
> 1
-~ i
H
i

The effect of temperature on vacuum distillation is

shown in Figure 6.1, whers the overall refining rate co-

efficient is plotted against melt temperature: The results

5 5 -1 )

show that K.. increases from 2 x 10 ~to 7 x 10 " m s

Bi

PP IE S

=
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I i L |
1500 1600 1700 1800

TEMPERATURE (K)

A: 7-14 Pa
~@ : 30-35 Pa

Tigure 6.la : Experimentally deternined refining rate

coefficients for hismuth plotted against melt temperature.

Also shown are theoretically predicted rate coefficients
for two sets of confitions - 11 Pa'and 0.08 % 3i which
were representative of most experiments-with melt
temperatures from 1500-1650 K; 32 Pa and 0.055 % Bi
which was representative of most experiments with melt
temperatures above 1650 K.
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Figure 6.1lb : Experimentally determined refining rate
coefficients for antimony plotted against melt temperature.
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when temperature is increased from 1500 to 1700 K. .

A

-

The s0lid lines in Figurev6.la wgich represent pre-
dictions of the theoretical model for bismuth elimination
roughly agree with the experimental.results. They also
show that the refining rate drops off at higher témpera-
tures. This is because the increase of vapour pressure
above the melt with temperature is more rapid for copper
‘£han for bismuth (Figqure 6.2). The same is true for the
case of 'antimony but not for monatomic arsenic (see

s N
Section 3.%0.1).

6.2.3 : EFFECT OF CHAMBER PRESSURE

Figures 6.3a and b plot refining rate coefficients

against chamber pressure. The results show that K and

Bi
Ksb‘are significantly higher at pressures between 10 anQ\

15 Pa than at pressures between 100 and 130 Pa. The model
predictions for bismuth demonstrate the same effect. They)

?
also show that the greatest decrease occurs when the cham-
)

ber pressure rises from 5 to 20 Pa. This can be explained

3

by considering melt vapour pressure.
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Figure 6.2 : Vapour Pressures of Copper and Bismuth above

_a Cppper melt containing 0°.08 % Bi plotted against
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Figure 6.3a : Experimentally determined refining rate coefficients for bismuth pl&tted
against chamber pressure. Also shown are theoretically .predicted rate coefficientsat 1630 K
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1 - SN

N 4
& The total vapour pressure above a copper melt contain-

ey 5
TS

i

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),

e

et

the mass transfer rate is controlled by melt phase mass

T LT

trandfer and evaporation and will be independent of chamber

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

gas phase mass transfer resistance is no longer negligible

S Tt W 1a

and refining rate will decrease exponentially in accordance

with the term ENi/Pch in Equation 3.18. Numerically, the

e
—_—

greatest effect of cpamber pressure on refining rate will A

s T U L

:
A

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

( 20 Pa in this case. N

[

e s it Ao

6.2.4 : EFFECT OF INITIAL SOLUTE CONCENTRATION
4
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

e At A et ik b e Ao = omoom RTIE 2w

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

3

.

8

PRSI N S

* - Further evidence of this statement is seen in‘Figure :
6.la. At high melt temperatures, where the total K
- vapour pressure above the melt is much higher than
‘ 32 Pa (= 60 Pa @ 1800 K, 0.08 % Bi), the refining rate
( ’ at 11 Pa chamber pressure is equal to that at 32 Pa.
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considerable resistance when melt vapour pressure is:less

than chamber pressure. o

[Ad

4

It is apparent from this section and the preceding
one that the ratio of totai vapour pressure to chamber
pressure is an important parameter in terms of influenc;ng :
the refining rate. Figure 6.4 plots KBi against the term

U ' : + +
EPvapour/Pch ‘ior the experiments in this study. The .

graph indicates that there is a fourfold increase in KBi {
. _ 3

when ZPvapour/Pch increases from 0.05 to 1.0. From con »

sideration of the theoretical model, KBi is expected to |

o

reach a maximum for a value of LP /

vapour Pch equal to 2.

At this point, KBi becomes independent of zpvapour/Pch and

will bé affected only by the ratio Pgi/pgu, 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 KBi against area to volume ratio for
experiments with approximately the same temperature and
pressure. The results are scattered and are deemed incon-

clusive for two reasons. The first is that the range of
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A : 1500-1550 K, 7-16 Pa
@®: 1590-1650 K, 9-16 Pa
O: 1600-1670 K, 80-160 Pa
W: 1650-1743 K, 27-39 Pa
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Figure 6.5 : Experimentally deQefhined refining rate coefficients
plotted against melt surface area to volume ratio
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-

area to volume ratios examined was small, so that, consid-
ering experimental error, the difference between each value
is insignificant. The second féason is that the other pa-
rameters were inconsistent within a set of A/V's and their
effects are thought to outweigh the effect of a small

change in A/V.

6.2.6 : EFFECT OF SLAG LAYER

The presence of a slag layer on the copper melt greatly

reduced refining rates of all impurities tested. The re-

fining rate coefficient of bismuth was 0.6 x 107° m s”! in

»
both experiments where a slag layer was maintained (A-16 &
A-17). This was approximately an order of magnitude lower

than that which was obtained in experiments where condi-

tions were similar but no slag layer was present. The
L%

effect on antimony removal was the same, Ksb being 0.3 x 10"5

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

4

fer through the slag phase is‘raté controlling. Evidence
that supports this hypothesis was gi?en in a table of dif-
fusion coefficienfé calculated by Szekely and Themelis??’.
The diffusion coefficients in molten slags were generally
lesg#than those in molten mngls by one to two orders of

N

magnitude. ‘
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SECTION 6.3 : VACUUM DISTILLATION OF BLISTER COPPER

Removal rates of bismuth in two experiments on blis-
ter copper (Tests B-1 & B-2) were in roﬁgh agreement with
ﬁ?sults obtained in doped copper experihents. 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 melt temperatures (1640 & 1730°K) and

low chamber pressures (ll & 24 Pa) were chosen in order to

promote high rates of removal.
/

The removal rate of bismuth in Test B-1l was higher
than that in Test A-5, for which egperimental conditions
were similar, the value of K,, being 3.5 x 1075 m ™1 com-
pared to 2.2 x 107> 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-10 and A~1ll which had similar 'conditions. K was

Bi
2.2 x 107° m s~ in Test B-2 compared to 5.0 x 107> and

6.1 x 107° m s~ ! in Tests A-10 and A-11 respectively. It
is believed that the low rate in Test B-2 was caused by
the presence of some slag which covered about a third of

the surface.
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Removal of other elements from blister copper were

&
R

examined in Test B-2. The initial contents of antimony
and arsenic were below present detection limits and hence
the rates of their removal are unknown. The contents of

selenium and tellurium remained unchanged, indicating that

Tonie dot e A o £ -;;: - .::

no removal of these elements occurred. This behaviour is

PRt

contrary to that expected from consideration of their

volatility coefficients (Table 3.5a).

e b APt )

SECTION 6.4 : VACUUM DISTILLATION OF WHITE METAL !

%ﬁe removal of bismuth from white metal (Cuzs) was
examined in Tests C-1 and C-2. The melts were doped with
bismuth so that the initial contents were close to those
used in doped copper experiments. Melé temperature was
kept low (= 1540 K) and chamber pressure hig§,(100-250 Pa).
Excessive splashing occurred when the temperature was in- J
creased or the pressure dgcreased.

Bismuth refining rate coefficients were 2.6 x 107>

and 2.7 x 10_5 m s"l for Tests C-1 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 coefficient of

-

e e o .

s
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bismuth is higher in white metal than in molten copper
(6.1 compared to 2.3 at 1523 K) *°. This reasoning is
confirmed by the theoretical model. When Ygi is equal to

5

6.1, the model predicts values of K equal to 2.1 x 10~

Bi
and 3.3 x 10'5 m s—l for Tests C-1 and C-2 respectively.

5

When Ygi is equal to 2.3, K_ . becomes 1.0 x 10~ and

Bi
1.7 x 10”° m s~ L.

SECTION 6.5 : COPPER LOSSES

Condensate analyses for three different days of ex-

periments wé;e given in Table 5.9. M?ss ratios of copper
to 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 mass. Also listed for each day afe

a) the experimental tests conducted

bfﬁthe average melt temperatare

') the vacuum exposure time
and ’ ~

d) theoretically predicted copper losses. [L,

]
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s
Day Experimental Average Melt Vacuum . Copper Losses Predicted Copper
" Tests Temperature Exposure Time (% of initial Losses (% of
Conducted (K) (hours) melt mass) initial melt mass)
F]
s ~
1 A-6, A-7 1515 3.5 0.11 - 0.08
A-8 .
2 A-9, A-10 1725 4.0 0.45 0.55
A-11, Aa-12
3 A-13, A-14 16 30 4.0 . 0.15 ) " 0.04

A-15 -
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i

The table shows that experimental copper losses are between
0.1 and 0.5 % of the initial melt mass in about 4 hours.
Losses increased with increasing temperature, as was pre-

dicted from consideration of volatility coefficients (Sec-

tion 3.10.1).

The predicted copper losses are in close agreement
witﬁ the experimentally determined losses in Days 1 and 2.
Predicted losses in Day 3 aée much lower than those ob-
This is consistent with all other

!

Referring back to

tained experimentally.
results in high pressure experiments.

Figure 6.3a, the predicted evaporation rates of bismuth

were considerably lower than those obtained experimentally.

0

SECTION 6.6 : DISCUSSION OF Tﬁ%ORETICAL MODEL

-

Thé”ﬁheoretical model proposed in this study was in-
corporated into a computer program (Section 3.10.2) which
calculated rates of refining of bismuth, antimony and ar-

senic from copper melts under vacuum and used these rates

to predict‘changes in melt composition.

1

For each experiment of this study, the experimental

parameters were input to the program and-a simulation of
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1Y
that experimental test was performed. The results of these

»

simulations are compared to the actual experimental results v
in Pigure 6.6, where measured final content is plotted
against theoretically predicted final content for bismuth

T
@
and arsenic. . ;s

St Sl b

Sb

The agreement was good for bismuth and arsenic,
indicating that the model adequately describes vacuum
¥

distillation of these elements from copper. The model

. was less accurate at high chamber pressures, predicted

D W

refining rates being consistently lower than experimental

*refining rates.
Qf

There was no agreement for antimony, as the predicted

a

values were always equal to the initial antimony content
"

S e St - As g

of the melt. This is thought to be due to an incorrect"
value for the activity coe%ficient of antimony in copper,

the reason being as follows.

A

Azakami and Yazawa®! plotted the activity coefficient

in infinite dilution against the position of each element
in the Periodic Table (Figure 6.7). The results show that
the values for Ygs and ng represent discontinuities in

their respective curves. The latest work by Lynch!'® cal-

PRV S PUNSVIRGE SRR g

culated a higher value of Ygs’ The new value, shown in

v
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Figure 6.6 : Comparison Between Theoretically Predicted
Experimentally Measured Final Bismuth(@®) and Arsenic (i)
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Figure 6.7 I Activity Coefficients of elements in infinite

dilution plotted against their position in the Pericdic

Table (Azakami and Yazawa®')
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j porated into the computer program.

\;SECTION[6.7 : COMPARISON WITH PREVIOUS WORK
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- & 4 B
Figure 6.7 by the hatched line, is in better agreement ,

with the curve. When used in the present study this va-

- lue yielded theoreticalébredictions which were in closer

agreement with the resu%ts than were seen with prébious
A <

values of YA Lynch suggested, in glght of his flndlngs,
that further’ &$a1y51s of thesactivity of antimgny in dl—

lute solution in liquid copper may result in largeravaluegf
-1

of y%sxghan previéusly rgported. A value of 1.0 x 10,
- ,

whichywas taken from the curve in Figure 6.7, was ‘incor-
J .

.
1 -

The new predictions
- %
were slightly closer to but still much lower than experi-

,mentally measured wvalues.
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A summary .of previous work (Tables 3.1, 3s2 & 3.3) is
combined with the results of this study and shoWn in Tables

6.2, 6.3 and 6.4. Melt surface drea to volume ratio was

EX ' “m

not given nor able to be calculated for most of the s{u~-

dies, 6o that a comparison of refining rates using overall

-

» ¥
rate coefficients was not possible.
i : ’ . o ]
The. pe¥centage eliminations of bismuth, antimony and
- f

B - £

arsenic in this study were lower than those in most of the
g .
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S Melt Melt Chamber Area Ini ti?.l Processing % Nai
Source Mass Temperature Pressure Volume '~ Wt.% Bi Time Elimination ° > -
(kg) (K) (Pa)  (m ) (min) (107° m s~ Y
= ) * , -
] Kameda'®  0.03 1373 13 - - 60 50-80 (20-15) /(A/V)
Kameda®  0.03 1473 13 - - " 60 +90 64/ (A/V)
ohno® 0.15 1473-1573 0.1-1 ' 50-60 0.5 5-15 +95 8-27
Bryan® 0.02 1443 10 - - 0.126 60 +99 128/ (A/V)
Bryan® <4 1473-1573 1-150 * 15-20 0.02-0.3  -50-60 80-95 1-8
Bryan®  0.02 1443 10 - 0.32 - 60 80 50/ (A/V)
~ Strel'tsov’ 0.04 1473 0.01 55 0.9 25 30 . 2.8
Komorova®  0.03 1473 1 - - : 120 50-80 (10-22) /(A/V)
Golovko® - 1473 13-67 - - 5-15 © 93 443/(a/V)
Kametami'® 0.6-6.0 1473 130-270 Vacuum Lift -~ 15-90 10 (2-12) /(A/V)
- Refining .
Taubenblat!! 25 1423-1573 0.01 - - 30 50 " 39/(A/V)
Ozberk!? 34 '~ 1423-1623 8-40 6.7-10.2 0.0220.04 120 40-80 1-3
Present 35 1500-1790 7-160 6.8-10.2 0.003-0.1  30~90 45-90 2-8
Present” 20 1540 120-200 6.4-6.7 0.08-0.%  70-90 © 45 2.7

* - the melt was§Cu28

Table 6.2 : Summary of Results from Previous and Present Vacuum Refining Studies Showing

—

Bismuth Elimination from Molten Copper
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Sy

Melt Melt Chamber Area Initial Processing % KSb
Source Mass Temperature Pressure Volume Wt.$ Sb Time Elimination
(kg) (K) (Pa) m™ 1 (min) (107> m s h
Kameda"  0.03 1373 13 - - 60 50-55 - 20/(a/V)
Kameda®  0.03 1473 * 13 - - 60 30-40 104/ (A/V)
Komorova® 0.03 1473 1 - T 120 50-75 (10-20) /(A/V)
¢ ~ .  Golovko® - 1473 13-67 - To- 5-15 20 40/(A/V)
, Kim'?® - - - ’ s T . - 40 -
Kametami'? 0.6-8%0 1473 130-270 Vacuum Lift - 15-90 20 (4-25) /(A/V)
- Refining . Vs
Ozberk!? 34 1523 13 7.1 0.15-0.25 120 ' 0 0
* Present 35  1500-1790 7-160 8,0-10.2 0.05-0.1 30-80 0-60 0-3
. i .
)
"L

Table 6.3 : Summary of Results from Previous and Present Vacuum Refining Studies showing
Anﬁimony Elimination from Molten Copper .

T s b b5 i & meanll os2- kY = . -
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! - ‘ | hal -
Melt Melt Chamber Area Initial Processing %. KAs
g Source .~ .Mass Tempgrature Pressure Volume Wwt.% As : Time Elimination
(xg) (X) (Pa) (m~ 1) " (min) (10°% m s 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)
Komorova® 0.03 1473 1 - - 120 50-80 (10-25) /(A/V) -
Golovko?® - 1473 13-67 - - 5-15 20 40/ (A/V)
~ Kim!? - - - - - - 30-50 -
Kametami’®0.6-6.0 1473 130-270 Vacuum Lift - 15-90 - 10-20 (2-25) /(A/V)
- N Refining
Ozberk!? 34 1523 - 13 7.1 0.3-0.4 120 0 - 0
Present 35 1743 _ 30 9.0-10.2 0.04-0.09 30-45 50-60 2-3.5
7
e f & o . -

. 1 \
Table 6.4 : Summary of Results from Previous and Present Vacuum Refining Studies Showing
Axsenic Elimination from Molten Coppif
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laboratory scale experiments. This,may be attributed to
the generally lower chamber pressures (Chno!‘, streltsov’,
Komorova®), higher initial solute contents (Ohno, §t§el-
tsov, Bryan®) and higher melt surface area to volume ratios-
(Chno, Streltgbv) whicﬁ were used in the laboratory scale

experiments. The chamber pressures in the works of Kameda"

and Golovko® were similar to those used in the present work

and hence this does not explain why higher elimination
rd

rates were obtained. It is speculated that melt area to

volume ratiqs were higher than those used in this study

1

(7-10 m ) ..

Pilot plant scale studies by Bryan® and Taubenblat!!

showed rates for bismuth removal which were close to.those
' 2/

'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 lower pressures (1-7 Pa)

than the present work. The conditions in one of Bryan's

experiments (1513 K and'7 Pa) closely ressembled the con-

ditions.in the low temperature experiments of this study,

except that the area to volume ratio was higher in the case

Bryan's overall rate coeffi-

> nst compa¥ed to 3.9 x 10'5,

&
>

of Bryan by a factor of two.

cient was 3.76 x 10~

2.0 x 10-5 and 1.6 x 10~ é.l obtained in Tests A-6, A-7
'

and A-8 respectively.
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1
The gsst significant comparison may be made between

*the present work and that, of Ozberk!2?. The experiments

» . M ; k] v )
in these two studies were carried out in the same vacuum

induction furnace under similar conditions of melt.mass,

1

melt temperature, chamber pressure and melt surface @rea

to volume ‘ratio.

B4

3

The overall refining rate coefficients.for bismuth in
Ozberk's study were generally lowerothan those of the pre-
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 ite; considered below.

o

Firstly, initial impurity contents in Ozberk's study
) & ©
were different from those in the present study in that,

in the former case, bismuth contents:wexre lower and lead

-

was present. Differences in initial impurity content af-

fect refining rate by changing the total vapour pressure

above the melt (Section 6.2). Hence, total vapour pres-

sures above a'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 work. It can be seen that, for experiments

o
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Initial Content Temperature Zpyapour KBi ‘é
Wt.% Bi Wt.% Pb (K) (Pa) -4
0.620 0.028 1523 " 2.89 ' 1.86
0.038 . 0.059 1523 4.89 2.76 ?
- b
0.039 0.125/ 1523 8.03 . 1.34 j
0.030 0.0}9 1623 11.66 3.15 |
- ; S
: %
Table 6.5 : Total Vapour Pressures above Selected Melts j
N i
, in the work of Ozberk®? . - i
|
i
L.
1 : |
{ . |
T S i
Initial Content Temperature zpvapour\ KBi |
Wt.% Bi Wt.% Sb (K) (Pa) ?

, 0.014 0.093 1505 .09 2.0

0.098 - 1530 4.20 3.9

& a
0.072 - 1625 9.17 7.6 :
=

0.072 - 1633 9.98 8.8 1
) i

) "0.088 - 1635 - 11.26 . 6.2

»
oy

Table 6.6 : Total Vapour Pressures above Selected Melts
in the Present Study
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with the same total vapour pressure, KBi is higher in the
present work than in Ozberk's work. This indicates that
differences in initial impurity content do not.explain why
lower refining rates‘were obtained in Ozberk's study.
Secondly, all crucibles used in Ozberk's work were
placed in the furnace without being shoréened and are
schematically shown in Figure 6.8a containifig the copper
melt (34 kg). It is clear that a pertion of the evaporated
species could condense on the crqcﬁ@le walls and wash back
into the melt by melt splashing. This pheno&enom has been

observed by Harris'® during vacuum refining steel. Fig-

“
ure 6.8b shows the present experimgntal configuration and

indicates that refluxing from

possible.

SECTION 6.8 : INDUSTRIAL APPLICABILITY
Table 6.7 lists levels of bismuth, antimony and ar-
senic in typical blister copper'’2’2°’'3? and Noranda Re-
¢« actor copper’?. Also given are maximum permissible impu-
rity levels for vacuum refined copper’’. 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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Figurd 6.8 : Placement of 34 kg of Molten Copper in
Cruciples for Experiments in (a) Ozberk's work a}-.d
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( J (b) the present study N

R A TE

e, B L AT af e vnn

ot e i

ot




174

g

Bi Sb As 3

!

- ki

«}

Typical Impurity : p
Levels in : 0.02 0.02 0.1
Blister Copper ‘ H
M

Impurity Levels :
in Noranda : 0.028 0.119 0.296 y
Reactor Copper 4 i
Vacuum Refined f
Copper (Maximum 0.008 0.012 0.044 j

Impurity Levels)

[

(_

- IS

Table 6.7

Typical Blister Copper, Noranda Reactor

Vacuum Refined Copper

Levels of Bismuth, Antimony and Arsenic in
Copper and

;
|
3.
|
s
|

1
2
3

<)
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In the case of Reactor copper, 70 % of the bismuth, 90 %

of the antimony and 85 % of the arsenic must be eliminated.
¥ This study has shown that 60-70 % of the initial bis-
muth may be removed from a 35 kg copper melt in about

60 minutes at 1500 K and 10-15 Pa and in about 35 minutes '

at 1600-1750 K and 10-35 Pa. \ \

o
1/ -

Experiments A-11 and A-12 (Figures 5.11 and 5.12)
showed that 60 % of the arsenic could 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.
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-8 showed ‘the highest rates of anti-

mony removal, = 60 % in 1 hour at 1500-1600 K and 7-10 Pa.

Refinin& rate coefficients during vacuum refining
blister copper on an industrial sczle 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 vapdur pressure'of‘$he melt. Using the initial im-

purity levels in Table 6.7 and not including other

4

]
|
§\
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impurities, 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. The inclusion of other
impuritiés such as lead and zinc in*%gg calculations is
expected to increase these values by at least a'factor of
2. Therefore, the vaguum levels required in ihaustry are
expected to be approximately 10 Pa.

Impurity removal from Noranda Reactor copper is ex-
pected to be more rapid than from blister copper since the
impurity contents and hence the melt vapour pressures are
higher. The impurity levels listed in Table 6.7 were used
to determine the vapour pressures above Reactor melts.

The values were calculated to be 1.5, 5.6‘and 21 Pa at
1500, 1600 and 1700 K respectively. Taking into consider-
ation other impﬁkitieé, the required vacuum levels are

’

expected to about 20 Pa.

N .
An import;nt consideration in Qacuum refining copper
on an industrial scale is the melt surface area to volume
ratio. Industrial values for this parameter are between
0.5 a;d 1 m 1! and not between 7 and 10 n ' 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

w

.\L~
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in the steel industry, that is spray degassing or D.H. and
R.H. type units?®’, can be adopted for use in the copper

industry.

SECTION 6.9 : FUTURE WORK

K

Future theoretical investigatigns on vacuum refining s
copper should aim at developing\gv;:;E\transfer model which

will describe vacuum distillation of antimdhy from copper.

TN

Vacuum refining processes should also be studied from an

economics point of view by examining costs and benefits

0

of the process. .

i L i} demsri e, i R

e

Future pilot plant scale experiments should concen-
trate on :
a) developing a metal spraying or metal transfer
technique to compensate for low melt surface
area to &olume ratios presently encountered in

¥

industry.

Y

b) investigating more thoroughly the effect of

various parameters on arsenic and antimony i,
4 ' ~

elimination.
<p
c) purging oxygen or chlorine through the melt to

P

increase melt turbulence and form volatile oxides

S o

K T
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~ v

and chlorides with antimony and arsenic. The
latter effect would not only ‘enhance the vacuum

distillation of antimony and arsenic but would
- A
also benefit the vacuum refining process by in-

creasing the total vapour pressure above the
g
melt. ”

v 4

vacuum refining industrial copper melts of high

impurity content such as those produced from low

grade ores or by continuous ¢opper making prlocesses.

- -

] » -
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CONCLUSIONS
3 Yo,
{ ‘ f \ ~ K
1. Experiments have shown that 45 to 90 % of the

i

initial bismuth, 50 “to\ 60 % of the ‘initial arseénic and
.nil to 60 % of the initial antimony were removed from
moltenfpoppef in 1 hou; by vacuum refiﬁing 35 kg melts at
1500-1790 K under 7-160 Pa\ About 40 % of the initial
5ismuth was remo?ed in 1 hour from molten white metal

(Cuzs) by vacuum purifying.Zo kg melts at 1500-1550 K

under 100-250 Pa. o &
2. The effects of melt temperature and chamber
pressureépn bismuth refining @ﬁigjwéfe found to Be sig-

nificant in the ranges examined in this study. An increase

in melt temperature from 1500 X to 1700 K inereases the

5 -
refining rate coefficient of bismuth from 2 x 10 3 to

7 x 107° m s”!. A decrease in chamber pressure from 150 Pa

to 10 Pa increases the rate coefficient from 3 x 107 to

7 x 10°° m s~ L.

3. - - Experimental results have shgwn that refining -

AY

rate increases with an increase in the value of XPvapour/Pch{

N
A

‘ . , L4 "

S
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which is in turn increased by increasing melt temperature,
A . . . . .
decreasing chamber pressure 6r increasing the concentration

of solute elements more volafile,&han copper.

4

0 S »

«

",

and showed thaﬁ, values of EIP /Pch greater than '

‘ vapour
approximately 2, rgfining rate will become independent”of‘
this ratio and depend solely_upon tﬁe'ratio P?/Pgu. ’The
latter ratio varies opﬁ} with melt temperature.
5. The presence of a slag layer on the copper melt
decreases refining rate by a factor of approximately ten
due to the relatively slow rate of mass transfer through
the slag phase. |

o £ ,
6. The presence of iron in molten copper is thought

to inhibit the removal of antimony by vacuum distillation

L3 13 1] L 13
due to atom~atom interaction between iron and antimony.

N
¢

r ~

7. It was discovered that the elements which can

exist as polyatomic gaseous species evaé;;ate predominantly
in the monatomic form, that is, volatility\coefficients }o?
Asz‘and Bi2 were approximately 1/500 and 1/3000 of that for

As and Bi respectively.

tical calculations agreed with this finding ﬂ
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o

4
8. ‘ A theoretical model was developed to describe

the vacuum distillation process using kinetic_theory of

melt phase mass transfer, evaporation &nd gas phase mass

¢ -
. "

transfer.

f

! a

9. ‘The model adequately predicts removal of bismuth
+and arsenic from molten copper ang bismuth from moléen-

white metal. ’ The model consistently predicted values of

|

antimony fémoval rates which were lower than those observed.

~The use of a higher value of ng as suggested by Lynch only

. 0

partially compensates for the inaccuracy. °

v

t
~

R °, g . '
1o0. i Experiment%l results' and theoretical calculations
indicate that removal &f bismuth £r : coppet melts by vacuum
, Lt N ) L' . -

distillation can become a viable industrial precess. Ef-
o » oo ,

ficiefit removal of antimony and arsenic on an industrial

level may require a process which combines vacuum distjil-
~ * v-. 8 h . ]

1

lation with oxidation~and chlorination.

®” o
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\ APPENDIX 1 N
THERMODYNAMIC DATA
1-1 Density of Copper :
Py = (7-936 - 7.862 x'10”% (T - 1356)) x 1000, kg m™

1-2 Raoultian Activity Coefficients in Infinite Dilution

! In Molten

Copper Melts

log Yp;

¢]
Ysp =

(o]
Yas

1900 T

1
2

2.2 x 10 “ at

5 x 10

3

- 0.885 2%

1573 x 2**

at 1373 K !°

1-3 Vapour Pressures of Species in their Pure States .

log BY = -17520 T™F - 1.21 log T + 13.21, mm Hg®’
log Pg: = -10400 T° - 1.26 log T +12.35, mm Hg®’
log pg. = -10730 771 - 3.02 log T +18.10, mm Eg?’
) ,
In P = -2.80 x 107 71 4 11.95, atn.”
- . *
n 2g = -1.94 x 10* 171 + 10.27, atm.
2 - *
In Y =-1.59 x 10° 1 + 18.22, atn.”. {
o4 4 -1 *
In PAs = -3.14 x 10" T 4+ 25.88, atm.
o 2 4 -1 : L
ln PAS =-4,73 x 10" T +29.17, atm. .
/ 1 -
* - These equations were obtained by taking data given by

Hultgren et al.?® and performing a linear regression

on ln P versus 1/T.

The correlation coefficients were

always better than -0.9999.
** - see Appendix 2

3 ,
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a) Lynch!? derived the following equilibrium constant

eqpatibns from the data of Hultgren et al.2® .

1. As4(g, 1 atm.)

1n Kl

2. Asz(g, 1 atm.)

= =33960

)

_1n K}

Combining 1 an&NZ :

-46500

.3.‘As4(g, 1 atm.)

1n Kj = 1n K

1

I

2

Here, KL

2

4+ 2 1In K

‘,(PAé Ye/p

= 2 as,(g, 1 atm.)

1 4+ 1703

——
—

2 as(g, 1 atm.)

T-l

» )

K

4 as(g, 1 atm.) .

2

Zé , where P

4 As,

and Pro

(900-1200 K) e

+13.7 (400-1200 K)

.

¥

-126960 T L + 44.7 (300-1200 K)

bY’Kl was ‘evaluated at several -high temperatures.
P i k]

are the’
4

partial pressures of Asz and As, respectively when the

total pressure,

‘?f’(%s 1 atm: ‘Becapse PAs4 = PT - PAsz @
.when only A52 and As4 are present, then :
] ) )
(PAs )
- 2
Kl =
_ et T Pas, ‘
This §o£§es by the quadratic rule to : -
: I -k, + 2+ 4k}
PA (@ PT =1 atm.) = —
b 2
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2~

" approximately given by :

g In P, = -4.73 x 10% 771 + 29.17

189

As, when the total . ‘ o

pressure is equal to 1l atm. If it is assumed th§t'the

This is the paftial pressure of P

ratio of P to P, is the same for any value of P_,
ASZ T . O

then P,g at a Value of P other than 1 atm. is given by : °

2 . ‘ ‘

P (@PT)=P

Asz (@ 1 atm,) x P

As T

2

.+ = P (-1 atm.) x P '
A52 . As4

Solving for PAS at several temperatures yields =z o E
. 2 ) ' '

1n PAs

(e py)

= -3.14 x'10% 71 + 25.88 Y

2

s - v

c)\\K3 was evaluated at several high temperatures.

- 4 . . = =
Here, K3 -(PAS) /PAs4 and, since PT = PAs4+ RAs 1 atm.,
th?n PAs4 =1 - PA%iand : ‘ ™~
) 4 .
> (PAS)
1 -vPyg
Because K, is alwayé very small (10_18 at 1500 X to ‘
1071 at 1700 K), the term P, in the denominator may
be neglected, and P solves to :

As

— - v 0.25
PAs (@ PT = 1 atm.) = (K3)

Thi alue of P is for a tdtal pressure of 1 atm. " The
is v As is %}hé P ,
value of PAS at a total pressure other than 1 atm. is

o1

Pag (e PT) =P (¢ 1 atm.i X P (@ PT)

4
at several temperatures yields :

As As

solving for PAs

As




CALCULATION'

BRYAN'S WORK

Given :

By Equation
By Equation

1.24 x 1072

OOO -

g
K3

By Equation

By Equation

1.724 x 10”7

(o]

oo - 2 =0.

o 190

APPENDIX 3

OF GAS P‘HASE BOUNDARY LAYER THICKNESS, &, IN ,

-~ y

Overall K_, = 1.24 x 10 " ms ~.
| Bi Y . ’
m _ -
Kgy = 1.80 x 10 ms
e, — -4
Kg;" ¢gy = 2.57 x 10 .m s

‘Melt T

1513 K

P

ch 26.7 L

Initial % Bi = 0.02

3.214 : ¢Bi = 3931 (2.55) (0.0081) = 81.45
3.22

1 1 1

+ +
1.8 x 10°%  2.37 x 1074 k3. (81.45)
7 B .

L)
1.724 x 10~ ,

= ( y =1

1

3 (0.025) ]

7

= 1.24 x Y0~
3.04 x lo.

3.21 : EIN, = IN_.
i Bi

3.21c : , °

7 7

3.04 x 10~
0.385(26.7)

~

(8314)-(1513) 2, ~1

~ 3.04 x 10° )

26.7

(1 - exp(

19 m &

v
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T APPENDIX 4
¥ »! ‘ '

1
COMPUTER SIMULATION OF VACUUM REFINING COPPER

-

[ R
/LOAD WATFIV

REAT, MASS ,MCU,MBT ,MAS ,MSB nru ,NBI ,NAS ,NSR, ;
#KM,KE ,KECU,KEBT ,KEAS ,KFSB,KG,T,,KRBI2 ,KESR2,KRAS2 - ~

NOUBLE PRECISTION ABI.2,BBI2,CBTI2,ASR2,BGB2 PSRZ,AAQZ BAsz LCOD82,
#NRT2,NSB2,NAS2

WRI™E (6, 101)

101 FORMAT(///'ENTER TEF FOLLOWING MELT PROPERTIE\'///

Y

#10%,'1l. MELT DFAMETRER (M)'/

-

$10X,'2. MEL™ MASS (KG)'/10X,'3. MELT', -
§' TFMPRRATURE (K)'///) "
READ(9,*) DTA,MASS,™ ; .
WRITE (6 ,102) S ‘
102 ' FORMAT(//'ENTER-THE CHAMRER PRRSSURRE (PA)'//) .

READ (9, *) PCH
WRITE (6,103)

103 FORMAT(//'FNTER THR WWIGHT PFRCENTS OF RI,AS,SB & FU‘//)

RFAD (9, *) PERBT , PERAS , PERSR, PERCU P
WRITFE (6, 105)

105 FORMA™(//'FNTER DURATION OF. Fxpwnxmrwm (SRC) ' //) '
RFAD (9, *) TEXP , .

DM=3E-9 -
VEL=.1 , . N -
PT=3.14159265 \ N

MCU=63.54 .. '

MBT=208.98 Ny
MAG=74.92 '~ \

MSR=121.75 ( ¥l
*DEN=1000.%*(7.936-7.862E-3* (T7-1356.))
CCU=PERCU*DEN/MCU/100.

CBI=PFRBI*DFN/MBI/100.

CAS=PERAS*DEN/MAS/100.

CSR=PERSB*DEN/MSB/100. )

%, pELT=10.0 ¢
TIME=DELT ) W
A=PI*DIA**2./4. -
V=MASS/DFN -

R=8,314%w3 '

KM=SQRT (8. *DM*VEL /PT /DTIA*2.)

KE=S0R™(0.5/PI/R/™) ,
ERCU=KF. /SQRT (MCU) #
RFRBI=KE/SORT(MRI) - &

KEBI2=KE /SQR™ (2#MBT)

KEAS=KE /SORT (MAS) s \ ‘
KEAS2=KF /SOR™ ( 2*MAS) \

‘KESR=KE /SQRT™ (MSB) - \
RRSB2=KE /SORT ( 2*MSB)
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- POSB2=EXP (-1.94E4/™+10.27) *¥01325
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camMc=1. 0 " =y ,
'GAMBT =FXP ( (1900/™~0.885) *2.303)
GAMSR=2.0E-1 o
GAMAS=5,0%w-3 ~
POCU=10%* (-17520/=1.21%ALOGLO (™) +13.21) *133.322 -

PORI=10%*(-10400/™-1,26*AT.0G10 (™) +12,35)*133.322
POBI2=10*%*(-10730/7T-3.02*AT,0G10 (T} +18. 1)%133.322
POSB=FXP(~2.8E4,/T+11.95)*101325

POAS=FXP(-4.73E4/7+29.17)*101325
POAS2=FXP (-3.14E4/™+25.88)*101325
PHICU=GAMCU*POrUAMCU/DEN & .

PH IR =GAMBT *POBf *MCU/DEN.

PHIBI 2=POBT2* (GAMBT *MCTJ /DEN) ** 2

PHISR2=POSB2* (GAMSB*MCU /DRN) **2

PHIAS=POAS*GAMAS*MCU/NEN \

PHIAS 2=POAS2* (GAMAS*MCU /DEN) ** 2

PHTSR=CAMSB*POSR*MCU/DEN

NCU=CCU*RFCU*PHTCU

NBI=CBI/(1/KM+1/KRRT/PHIBT)

NSB=CSR/.(]l/KM+1/KRSR/PFRISB) - .
SUMNT=NCU+NBI+NSR . -
DG=1.8194F-4*T**]1 ,5/PCH

L=0.1

RG=SUMNI/PCH/(1.-EXP (- anNT*R*T*r/DG/Prw))

1CSTOP=TEXP/400. .

WRITF. (6,450) PRRCU,PERBI,PRRAS,PEPSB .
FORMAT™(//'™IME',3X,'$ CU',4X,'% BT',3¥,'% AS',

#3%X,'$ SB',6X,'NBT',6X,'NRT2',6X,'NSR',6X, 'NSR2'/ 2

DO 600 T=1,ICS™OP
DO 500 J=1,10 . :
NCU=CCU/ (1/KEQU/PRICU+1/KEG/PRICU)
NBI=CRI/(1/KM+1/KERI/PRIBI+1/KG/PHIBT)
NAS=CAS/ (1/KM+1/KEAS/PHTIAS+1/RG/PHTAS)
NSR=CSB/ (1/RM+1/KESB/PHISR+1/KG/PFISB)
ABI2=2/KM**¥2 N
ASB2=2/KM**2 AN
AAS2=2 /RM**2 ¥ ‘ v ‘ |
BBI2=4*"RI/KM+1/KRBI2/PHIBI2+1/KG/PHTBI2 £ \ ,’
BSB2=4*CSB/KM+1/KRSB2/PHTSB2+1 /KG/PHISR2
BAS2= 4*CAG/KM+1/KPAR2/PHIA€2+1/KG/PHIAS2 T . {-

CBI2=2*CBI**2 -

;cqaz =2*CSP**2 \
CAS2=2*CAS**2 . .
NBRI2= (BBT2-DSORT (BBT2%*2 4*ABI2*PBIZ))/2/AB
NSB2= (BSB2-DSOR™ (BSB2**214*ASR2*CSB2) ) /2/AS i
NAS2= (BAS2-DSQRT (BAS2**2-4*AAS2*CAS2) ) /2 /A
SUMNT=NCU+NBT+NRT 2+NSB+NSB2+NAS+NAS2
SUMV= (NCU*MCU+NBI*MBI+NBI2* 2*MBT+NSB*MSR+NSR2*2*MSR A

$+MAS*MAS+NAS2*2*MAS) *A*DRT,T/DEN :

CCU= (CCU*V=NCU*A*DET.™) / (V=-SUMY)
CBI=(CBT*V-(NBI+2*NBI2) *A*DELT) / (V-SUMV)

.CSB= (CSB*V- (NSR+2*NSB2) *A*DELT) / (V-SUMV)
CAS= (CAS*V= (NBS+2*NAS2) *A*DRLT) / (V-SUMV)
V=V-SUMV
KG=SUMNI /PCH/ (1 .~EXP (~-SUMNT*R*T*T, /DG /PCH) )
PRRCU=CCU*MCU*100/NFEN .
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PERRI=CRI*MBI*100/DEN., .
PERAS=CAS*MAS*100/NEN" LN
PERSB=CSB*MSR*100/DEN ‘ s
TIME=T IME +DET,T o -
CONTINUE ' ' , ’
TC=TTMRE-10 o
WRITE (6,550) ™ DFRPU PERBT,PRRAS,PFRSR,NMBT ,NRT 2 ,NSB,NSR2

- FORMA™ (F6.0,RK7. 3 ¥7.4,2F7.3,4F11. 3) ~

CONTINUE ’ _
ALOSS=MASS~V*DEN ) '

WRITE (6,*)ALOSS ’ ."
STOP

END . ™
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3 ' APPENDIX 5 -

The followiné is a list of the sources of the egquipment
aFd materials which were used in. thiis "study and mentioned
in Chapter Four-:

L)

Induction Furnace : 'Tocco' by Inductotherm Inc., Rancocas,
N.J. supplied Deltec Systems Inc., .
Primrose, PA. (bankrupt}.

5 Sl

Power Supply, : Reliance Electrical, Cleveland, Ohio, _
supplied by Deltec Systems Inc. i
Vacuum Chamber : Deltec Sys;ems Inc. ) .
Pumping S&%tem " : Deltec Systems Inc.
Crucibles , é
a) Hycor : Engigeeriﬁg Ceramics, Gilliberts, illi f 8,
b) Tercod : Ferro Electric, Buffalo, N.Y.

Cathode Copper

Canadian Copper Refineries, Montréal, Qué.

Blister Copper

INCO Metals Ltd., Sudbury, Ont. -

White Metal " : INCO Metals Ltd., Sudbury, Ont. "

* Bismuth K Anachemia, Montréal, Qué. :
Antimony " : Anachemia, Mpnéréal, Qué.
Arsenic : Anachemia, Montr&al, Qué&. ) ’ .
Mc Leod Gauge : Fischer Scientific Co., Mpnﬁféal, Qﬂg. E p

f -
»

'DIP TIP' Pt/Pt-13 % Rh Thermocouple :
Leeds and Northrup, Elliport, PA.
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Digital Potentiometer
o John Fluke Mfg. Co. Inc., Mississauga, "Ont.
Graphite _: Union Carbide Ltd., Lachine, Qu&.
Argon : Welding Products Ltd., Montr&al, Qué.
Lanthanum ~{ : (As Lanthanum Chloride) .
. Fischer Scientific Co., Montréal, Qué.

Nitric Acid : Fischer Scientific 'Co., Momtré&al, Qué.

Atomic Adsorption Standards :
Fischer Scientific Co., Montré&al, Qué.

3

Perkin Elmer Flame Atomic Absorption Spectrometer, :
’ Perkin Elmer, Norwalk, Conn.

Pye Unicam Flame Atomic Absorption Spectrometer :
' Pye Unicam Ltd. Cambridge, England.
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