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Abst.ract 

An investigation of copper matte vacuum purification was 

undertaken. A mathematical model using monatomic, diatomic 
sulphide and diatomic oxide vapours of the impuri ties was 

developed to explain the vacuum refining process. The model 

was used to predict the overall refining rates for variables 

such as temperature, matte grade, oxygen activity and chamber 

pressure of the melt. 

A series of experiments was undertaken to characterize the 

dust produced during vacuum refining of copper matte. An 

attempt to selecti vely condense the vapours produced dur ing 

the vacuum refining experiments was carried out. From these 

experiment.s,. it was found that : 

1) The main mineralogical species in the dust were lead 

sulphide (PbS), zinc sulphide (ZnS) and metallic lead (Pb). 

2) More than 80 , of the copper present in the du st was due 

to splashing. A dust of 1 to 2 , copper can be produced by 

reducing matte splashes. 

3) The fifty percent passing size of the dust (dry sieve 

screening) was found to be 80 microns. However, scanning 

electron microscopy shoved that the grains of dust vere 

clusters of sub-micron particles homogeneously condensed. 

4) It was demonstrated that selective condensation of ZnS 

from the vapour mixture vas possible by controlling both the 

tempe rature of the condenser and the total chamber pressure. 

The ItLift-sprayil vacuum refining process was used to retine 

15 to 40 kg batches of molten copper matte containing 35 to 

78 , copper. The removal rates of lead, bismuth, arsenic, 

antimony, selenium, nickel and silver vere measured under 

different levels of matte grade, chamber pressure, lifting 

gas flow rate and dissolved oxygen content in the melt. The 

ranges of the variables under study were from 10 to 600 
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pascals chamber pl~essurel 0 to 40 normal milliliter per 
second of lifting gas flow rate and 10-16 to 10-7 atmosphere 
of oxygen activity. The duration of the experiments varied 
between 40 and 60 minutes and it was found that: 
1) Increases of the rates of refining of 60 percent, 
c')mpared to still melt experiments, were possible in the 
T,ilot LSV apparatus, for the lifting gas flow rate range 

'.lnder study. 

2) Percent removal of up to 99 , of the lead, 97 , of the 
bismuth, 100 , of the arsenic and 73 , of the antimony were 

recorded under certain experimental conditions. 

3) No removal of selenium, nickel or silver was recorded 
durinq the experiments. 

4) The removal rates of lead and bismuth were insensitive to 

the oxygen content of the melt and the percent copper in the 

matte. 

5) The l"emoval rates of 

negi iq ible when the percent 
from 65 to 80 , copper. 

arsenic and antimony became 

copper in the matte increased 

6) The removal rates of arsenic and antimony increase wi th 

increasinq oxygen activity in the melt. 

7) The removal rate of lead, bismuth, arsenic and antimony 

decreased with increasinq pressure, but aIl responded 

ditterantly with respect to pressura changes from 10 to 600 
pascal. 

In conclusion, LSV retining of copper matte was shown to he a 

promising process. Furtharmore, scale-up to industrial size 

is now possible. The scale-up dimensions compare weIl to the 

dimensions of the RH deqassinq unit presently used in the 

steel industry. 
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Resume 

Une étude sur la purification sous vide de la matte de cuivre 

a été entreprise. Un modèle mathématique, utilisant les 

vapeurs monoatomiques, monosulphuriques et monooxidiques des 

impuretés, a été proposé pour expliquer l'affinage sous vide 

de la mc1tte. Le modèle a été utilisé pour prédire le taux 

d'épuration des impuretés lorsque des variables tel que la 

température du bain.. la teneur en cuivre de la matte, 

l'activité de l'oxyqène dans le bain et la pression totale 

ont été variées. 

Une série d'expériences a été faite pour déterminer les 

charactéristiques de la poussière produite durant l'affinage 

de la matte de cuivre. Des essais pour condenser de façon 

sélective les vapeurs produites ont été faits. De ces 

expériences il a été démontré que: 

1) Les principales espèces minérales dans la poussière sont 

le sulphure de plomb (PbS), le sulphure de zinc (ZnS) et le 

plomb metallique (Pb). 

2) Plus de 80 , du cuivre contenu dans la poussière provient 

des éclaboussures et une poussière de l à 2 , de cuivre peut 

être produite sans les éclaboussures. 

3) Par tamisage à sec, il a été trouvé que le d50 de la 

poussière est de 80 microns. Toutefois, des imaqes par 

microscope à balayage électronique ont montré que les grains 

de poussières étaient des aqréqats de plusieurs grains plus 

petits que 1 micron. 

4) Il a été demontré qu'il est possible de condenser le 

sulphure de zinc (ZnS) séparément du mélanqe de vapeurs 

produites à l'affinaqe en controllant la température du 

condenseur et la pression totale dans la chambre à vide. 

Le procédé d'affinage sous vide "Lift-Spray" a été utilisé 

pour purifier des lots de matte contenant 35 à 78 , de 
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cuivre. Les taux d'épuration du plomb, bismuth, arsenique, 

antimoine, selenium, nickel et de l'argent ont été mesurés à 

diff'rentes teneu..:'s en cuivre de la matte, pressions 
atmosphériques, taux d'injection du gaz à élévation et niveau 
d'oxygène dissout dans la matte. La pression totale de la 

chambre à vide a été variée de 10 à 600 pascal, le taux du 
gaz de 0 à 40 mililitre par seconde et l'activité de 
l'oxygène dans le bain de matte de 10-16 à 10-7 atmosphère. 

Les expériences d'affinage sous vide ont duré entre 40 et 60 

minutes et il a été démontré que: 

1) Le taux d'affinage sous vide dans l'appareil LSV est 60 

pourcent plus élevé que pour des expériences dans des bains 
statiques. 

2) Des pourcentages d'élimination maximum de 99 , pour le 
plomb, 97 , pout le bismuth, 100 , pour l'arsenic et 73 , 

pour l'antimoine ont été enregistrés durant les expériences. 

3) Aucune élimination n'a été observée pour le sélénium, le 

nickel et l'argent durant les expériences. 

4) Les taux d'élimination du plomb et du bismuth ne sont 

pas fonction de l'activité de l'oxygène dans le bain et du 

pourcentage de cuivre dans la matte. 

5) Les taux d'élimination de l'arsenic et de l'antimoine 

auqmentent avec l'activit' de l'oxygène dans le bain. 

6) Les taux d'élimination de l'arsenic et de l'antimoine 

deviennent négligeables quand le pourcentage de cuivre dans 

la matte augmente de 65 à 80 ,. 

7) Les taux d"limination du plomb du bismuth, de 

l'arsenique et de l'antimoine diminuent avec l' auqmentat ion 

de la pression totale du système, mais ils démontrent tous 

des comportements différents. 
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Pour conclure, le procédé "Lift-Spray" est très prometteur 

pour le traitement de la matte de cuivr~ et il est maintenant 

possible de calculer la taille d'un appareil pour application 

industrielle. La grandeur de l'appareil se compare bien aux 

dimensions d'un appareil de dégazage de type "RH" utilisé 

dans l'industrie de l'acier. 
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CHAPTER 1 

Introduction 

1.1 Background 

Approximately 90' of the world's primary copper is produced 

through the concentration, matte smelting and electro 

-refininq of copper sulphide ores (1). Of major concern ta 

today'. copper industry is the control of the impurity levels 

in cathode copper. The sources of relatively pure copper ores 

are beinq depleted. Impure, lower quality copper concentrates 

(7) are appearing in today'. market place. Increasing levels 

of impurities, such as bismuth, arsenic and antimony are 

becominq problematic for two reasons. Firstly, these are not 

being efficiently removed during the matte smeltinq processes 

hence, larger residuals are reportinq in the anode copper 

(7). Secondly, the copper electrolytic refinery can only 

tolerate finit. levels of theae impurities for they tend ta 

contaminate th. electrolyte, resultinq in decreased cathode 

purity (1,2). 

In the 70'., the copper industry underwent modernization in 

an attempt to make the copper smel ting processes more cast 

efficient, to reduce metal fume plant emissions, and ta 

increase sulphur recovery levels. The new modern matte 

production methoda, such aa flash smeltinq, Mitsubishi 

process and Noranda Reactor, utilize tonnage oxygen and the 

heat evolved durinq the oxidation of the sulphide 
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concentrates to produce higher grade copper mattes, as weIl 

as higher sulphur dioxide concentrations in the off gases. 

These new processes are more fuel efficient, less labor 

intensive and thus, more cost effective than conventional 

reverberatory matte smel ting methods. However, these 

processes result in higher impurity concentrations in the 

high grade copper matte as well as a shorter copper 

converting time. The end result is increased levels of 

bismuth, arsenic and antimony in the blister copper (2,3,4). 

Several options exist to control the impurity levels in the 

blister copper. Noranda Inc., Horne Smelter, for example, 

controls the impurity levels via the blending and selection 

of the concentrates charged to the smelting unit which 

results in a maximum elimination of impurities (21). It is 

well known that smelters schedule their converting charges 

for maximum volatilization and "slagging-off tl of impurities 

(21). Volatilized products condense in the flue duct to form 

dust. The dust can then be bled from the circuit, instead of 

recirculated, to cr9ate an additional output for the 

volatilized impurities (17). Finally, impurities can be 

slagged off the blister copper during fire refining (15,16). 

An option, not yet commercialized, is the application of 

vacuum refining of copper matte to the removal of impurities 

during copper matte smelting. The advantaqes of vacuum 

refining copper matte are as follows: 
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l-Removal of aIl volatile impurities from the matte, such 

as lead, zinc, bismuth, arsenic, antimony and possibly 

selenium and nickel with commensurate improvements in 

final cathode quality. 

2-Reduction of the emissions of metal fumes in the smelter 

leading to a healthier working environment. 

3-Reduction of the plant emission of lead, cadmium and 

arsenic dust trom the smelter stack into the atmosphere. 
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1.2 Vacuum Refining of Copper Matte 

The author has previously carried out a study on vacuum 

refining of copper matte in simple batch experiments. The 

matte was contained in standard straight sided alumina 

crucibles (52). The objective was to measure the evaporation 

rates of bismuth, arsenic, antimony and lead from copper 

matte mel ts over a range of matte grades, mel t tempe ratures 

and chamber pressures. 

It was concluded that the vacuum refining experiments 

followed first arder kinetics during the initial stages of 

refining after melt degassing. The overall evaporation rate 

coefficients were measured for each impurity as a function of 

the operatine) parameters. To achieve the maximum removal 

rates (melt side mass transfer control), matte grades of 65 , 

copper or less, and chamber pressures less than 100 pascal 

were required. The removal rates were relatively insensitive 

to temperature sinee they were eontrolled by transfer in the 

liquid phase. 

The study demonstrated the feasibility of vacuum refining 

copper matte to remove lead, bismuth, arsenic and antimony. 

The removal rates wera measured and scale-up calculations to 

commercial size were performed. The calculations predieted 

refining rates tao slow for vacuum refining of quieseent 

industrial size copper matte ladles. It was eoncluded that in 
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arder to reduce refininq time, larger surface areas were 

required. 

A proeess ealled "Lift-Spray Vacuum Refi:ainq" (!.SV) is being 

developed at McGill University to create larqer evaporation 

surface areas in an attempt to reduce the refininq time. 
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1.3 Objective of This Study 

The overall objective of this investigation was to examine 

the feasibility and commercial validity of using the LSV 

process to refine copper matte. To achieve this objective the 

experimental work was divided into two sections: the 

characterization of the vacuum refining dust and the 

"Lift-Spray" vacuum refining of copper matte mel ts • 

The characteristics of the dust produced during refining were 

scrutinized both, to obtain information leading to the 

recovêry of the valuable metals present in the dust and to 

limit the extent of copper entrainment. The objectives of 

this section were : 

I-To identify the major mineralogical species in the dust. 

2-To quantify the amount of copper present in the dust and 

determine the mechanism by which it was transported from 

the melt. 

3-To investigate the possibility of fractional 

condensation of the vapours produced during vacuum 

refining of copper matte. 

The objectives ot the ISV retininq of copper matte section 

were to : 
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l-Measure the rate of evaporation of lead, bismuth, 

arsenic, and antimony as function of variables sueh as 

matte qrade, oxyqen aetivity, chamber pressure and melt 

temperature. 

2-Measure the surface area qenerated in the LSV proeess as 

a function of the lifting gas flow rate and to show that 

surface areas available for evaporation in the LSV 

proeess are larger than in straiqht walled crueible. 

3-To develop a mathematieal model to predict the overall 

refininq rates as a funetion of the operating parameters 

such as matte grade, chamber pressure 1 sulphur and 

oxyqen aetivity in the malt, and test the model against 

experimental data. 
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CHAPTER 2 

Li ter. ture Sur vey 

2.1 Introduction 

SeveraI techniques can be used to increase the removal of the 

qroup Vb elements (Bi, As, Sb) during the pyrometallurgical 

treatment of copper sulphide concentrates. This chapte~ 

briefly reviews the existinq and the newly emerqing methods. 

The elimination methods that will b-a discussed in this 

chapter are as follows: 

a) Prior to smelting the copper concentrates, the removal of 

bismuth, arsenic, antimony and lead can be achieved by 

sulphidation or chlorination in a rotary kiln or, by 

roastinq the concentrates. 

b) Durinq the copper matte makinq stage, removal of bismuth, 

arsenic, antimony and lead can be achieved by bleeding the 

flue dust from the smelting and converting vessels or by 

vacuum refining the copper matte. 

c) Once the matte has been converted to blister copper, the 

removal of bismuth, arsenic, antimony and lead can be 

accomplished by either slaqginq-off the impurities usinq a 

sodium carbonate flux or by vacuum refining the bl ister 

copper • 
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2.2 SUlphidation or Chlorination in a Rotary Kiln 

Impuri ties, in particular arsenic, can be volatilized from 

copper concentrates by adding sulphur (sulphidation) in a 

tiqht rotary kiln furnace and heating the concentrate between 

500 and 900 OC. At th.se temperatures, the complex minerals 

decompose and evaporate in the form of sulphide species (46). 

If the content of bismuth, antimony and lead is very high in 

the concentrate, sim'lltanaoua chlorination (addition of a 

chlorinating aqent) with sul phi dation is required for 

evaporation of thesa elements in the form of qaseous chloride 

species (46). 

The proeeeding techniques would ha especially advantageous if 

the coneentrata required drying prior to smeltinq sinee both 

the dryinq and impurity evaporation procass could be combined 

into a single unit. This would only involva the additional 

expendi ture of enerqy required to raise the tempe rature 

between 500 and 900 degrees celsius. 
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2.3 Roastinq of Copper Concentra tes 

Impurity elimination from eopper concentrates, in particular 

arsenic and antimony, is possible in the roasting step prior 

to matte smeltinq (32, 33), sinee metallie, sulphidic and 

trioxide arsenic and antimony have high vapour pressures and 

boilinq points lower than the meltinq point of chalcopyrite. 

Ouring the roastinq operation, care must be taken to maintain 

reducinq conditions (low oxyqen pressures, 10-13 to 10-16 

atm.). This is crucial in order to avoid the oxidation of the 

arsenic or antimony compounds in the concentrate to non 

By reeirculating the coneentrate, the residenee time in the 

roaster can be inereased to maximize volatilization time 

(46). High temperatures will maximize volatilization as weIl. 

The removal effieiency of arsenic and antimony depends on the 

mineraloqy of the eoneentrate. Imris (33) has shown that 

arsenic is vaporized more easily than antimony. Thus, 

roastinq is not suitable for purifyinq aIl copper 

concentrates. 
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2.4 Bleeding and Processing the Flue Oust Produced during the 

Smelting and Converting Operations 

Larqe proportions of the lead, bismuth and antimony input to 

the smel ter are evaporated and condensed into the flue dust 

during the smelting and converting of the copper concentrate. 

This is especially true for the converting process where hiqh 

gas volumes and hiqh melt temperatures are used (17). The 

dust is usually recirculated to the smeltinq unit. However, 

if the dust is aIl or partly bled from the circuit, an 

additional output is created to remove these impurities from 

the smelter. This dust will require a separate 

hydrometallurgical or pyrometallurqical treatment to recover 

the metal values. 

This method ia presently used by Noranda Inc, Horne Smelter, 

in Québec, which ships part of the converter's dust to their 

lead smeltinq faciliti •• for lead and copper recovery (17). 



Chapter 2 Literature Survey 

2.5 Sodium Carbonate Fluxinq of Blister Copper to Remove 

Group Vb Elements 

12 

Impurities can be eliminated from blister copper by producing 

a basic slaq usinq sodium carbonate (soda ash) (29). Under 

oxidizinq conditions, Le., hiqh dissolved oxyqen content in 

copper, arsenic and antimony will dissolve in a synthetic 

soda slaq accordinq to the reaction (29): 

2 (A§ or §R) + 5 Q + Na2co3 (1) = 2 Na(As or Sb)03(1) + CO2 (g) 

However, this process can also be used for the removal of Pb 

and Se under reducing conditions, i.e., low dissolved oxygen 

content in the molten Copper. 

This method is not problem free: 

1- Bismuth ls not fluxed out with arsenic and antimony. 

2- The copper content of the slag is hiqh, lot or more. 

3- The slaqs are very corrosive and lead to hiqh refractory 

wear. 

4- The slaqs are water soluble and thus secondary treatment 

of the synthetic slaq is required. 

5- Soda ash is difficult to handle, toxic and corroslve. 

6- The kinetics of reaction are limited by liquid phase 

melt transport, so large surface areas are required. 
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2.6 Vacuum Refininq of Blister Copper Melts 

Vacuum refining of molten copper metal to remove bismuth, 

arsenic and antimony has been studied by several authors. A 

summary of these resul ts are presented in Table 2. 1. The 

studies covered a larqe range of mel t temperatures, chamber 

pressures and melt area to volume ratios. 

The results of these previous studies showed that 40 to 90 % 

bismuth, 0 to 50 , arsenic and 0 , antimony cou1d be removed 

from a melt with temperatures ranginq from 1423 to 1623 K, a 

refining time of 40 to 120 min'l.lites and. châmber pressures from 

5 to 30 pascals. 

Three authors, Danovitch (36), Ozberk (2) and Harris (6) 1 did 

pilot scale studies in which the surface area for evaporation 

and the melt volume were measured. These kinetic studies 

showed that the remava1 rate of bismuth ranqed from 1.0 to 18 

X 10-5 ms ~1, the remova1 rate af arsenic ranged from 0.0 to 

3.5 X 10-5 ms -1 and the removal rate was neqligible for 

antimony. 

In summary, those studies found that bismuth removal was 

cantrolled by a combinatian of liquid and qas phase control. 

The remaval rates of arsenic and antimony were cantro1led by 

evaporation at the interface. Thus , on1y bismuth could be 

eliminated rapid1y enough ta render it feasib1e for 
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commercial operations. 

Table 2.1: previous Studies for the Removal of Bismuth, 

Arsenic and Antimony from Copper Mel ts (6). 

Source ~~f. 
We1ght Temp. Press. kexp• kexp • 
of Cu Bi As 

14 

kexp . 
Sb 

(kg) (K) (Pa) 105 (msl ) 105 (ms l ) 105 (ms l ) 

Danov i tch ( 36) 23 to 1500 to 7 to 1.6 to 2.0 t 0 <0.5 35 1740 160 7.4 3.5 

Ozberk (37) 34 1423 to 8 to 1.1 to <0.1 <0.1 1623 13 3.1 

Kametami (9) 0.6 to 1473 130 to 2 to 12 2 to 25 4 to 25 
6.0 270 A/V A/V A1 V 

Bryan (34) 4.0 1473 to 3 to 50 
1573 27 A7v -- --

Ohno (83) 0.5 1468 1 to 6.1 to 
1573 13 12.3 -- --

Ohno (83) 0.15 1473 0.1 to 8 to 
1573 1 26 -- --

Komorova (6) 0.03 1473 1 10 to 22 10 to 25 10 to 
A/V A/V A/V 

Strel tsov (6) 0.04 1473 13 to 2.8 
67 A7v -- --

Kameda (6) 0.03 1373 13 20 to 64 3 to 30 10 to 
1473 ALV A/V A/V 

Harris (6) 35 1450 to 3 to 2.6 to 0.5 to <0.1 1610 30 17.5 2.9 

Note:When the area over volume ratio (A/V) of the melt is 

unknown, it is not possible to calculate an experimental 

mass transfer coefficient. The slope of the logarithm of 

the concentration versus time curve needs ta be di v ided 

by A/V to be meaningful. 

20 

20 
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2.7 Vacuum Retining of Copper Matte Melts 

studies on vacuum refining of copper matte are not abundant. 

Only four were found in the literature survey, Ayhan et al. 

(62), Kametami et al. (9,70), Player (5) and Bryan et al. 

(34). These alonq with the author's previous kinetic study of 

the vacuum retininq of copper matte (52), are summarized in 

Table 2.2. 

Bryan et al. (34) carried out two experiments in a tube 

furnace, where 20 gram samples of CU2S doped with bismuth 

were subjected to vacuum. The sample was heated to 1443 K and 

a vacuum pressure of 10 pascal was maintained for one hour. 

One experiment showed an 81 , removal of bismuth, while the 

other showed none. 

Bryan lacked a value for the activity coefficient of bismuth 

in white metal or copper matte and erroneously concluded that 

bismuth removal would be considerably slover in copper matte 

as compared to metallic copper. 

Player (5), studied the removal rate of lead and arsenic from 

copper matte. The experiments were done on matte containinq 

46 , copper. Both the laboratory trials and the pilot plant 

experiments (up to two ton malts) vere performed and 

evaporation rates between 8.0 and 20 X 10-5 m.-1 for arsenic, 

at temperatures between 1273 and 1523, and pressures between 
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40 and 130 pascal, were recorded. Under the same experimental 

conditions, the lead evaporation rata was found to be slower 

than arsenic by a factor of 1.2 to 2.2 . 

Player did not study the evaporation of bismuth and antimony, 

nor did he measure the effect of matte grade on the kinetics 

of ref ining • 

Kametami et al. (9,70) studied the rt:lMoval of lead, zinc, 

bismuth, arsenic and antimony from copper matte mel ts. The 

study was two fold. In the first part, 100 gram samples of 

matte were placed under vacuum for one hour at a temperature 

of 1473 K and a pressure of 60 pascal. It was observed that 

the fraction removed of the five impurities was between 60 

and 100 , for a matte grade of 45 , copper. When white metal 

(71' copper) was subjected to the same experimental 

conditions: there was no removal of arsenic, nil to 60 % 

antimony removal, nil to 80 , bismuth removal and 90 te 100 % 

lead and zinc removal. The results from the three white metal 

experiments were very scattered and inconclusive. 

The second part of Kametami 1 s study was carried out in an 

apparatus simulatinq the D.R. vacuum deqassinq process used 

in steel makinq (9,70). The experiments were carried out on 4 

kq melts of copper matte, at a set temperature of 1473 K, a 

pressure of 60 pascal and a total vacuum refining time of one 

hour. As in part l, the area to volume ratios of the mel ts 
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were not known. 

The D.R. vacuum refining work clearly showed that the removed 

fractions of all impurities were proportional to the stirring 

rates of the melt. For a 45 , copper matte grade, removal of 

up to 80 , of bismuth, arsenic and antimony wère measured. 

One experiment was carried out on 71 , copper white metal in 

which 60 to 80 , of all five impurities were removed. 

Kametami's work on vacuum refining copper matte clearly 

showed that for 45 , copper grade, bismuth, arsenic and 

antimony removal was possible at the pressure and temperature 

studied. The removal was proportional to the mixing rate, 

thus the kinetics were liquid phase controlled. However, the 

kinetic data required to scala up the procass to commercial 

size were not available. The effects of matte grade and 

chamber pressure on the removal rates were not studied in 

detail. 

Ayhan et al. (62) studied the vacuum purification of 

lead-copper matte (30 , copper and 12 , lead) to remove lead, 

zinc, tin, bismuth, arsenic and antimony. The summary of his 

300 kg pilot scale work is presented in Table 2.2. Ayhan did 

not study the affect of matte grade on the kinetics, however 

the effect of tempe rature was claarly observed. It is 

interesting to note that the rate of refining of antimony 

increased with tempe rature but the rate of retininq of 



-

Chapt.er 2 Llterat.ure SUTvey 18 

bismuth and arsenic decreased wi th temperature. The 

experiments further showed that the evaporation rates of 

bismuth and antimony were liquid phase controlled. However, 

the removal rate of antimony was slower due to a blend of 

liquid and gas phase control. 

The present author previously carried out a study on the 

kinetics of elimination of lead, bismuth, arsenic and 

antimony from copper matte melts (52). The study was done 

over a range of copper matte contents, melt temperatures and 

chamber pressures. 

Seven kiloqram batches of copper matte were mel ted in alumina 

crucibles of 0.14m in internaI diameter (nominal melt surface 

area - 1. 54 X 10-2 m2). The vacuum chamber was depressurized 

after the melt reached the desired temperature. Treatment 

times varied from 40 to 60 minutes depending on the specifie 

experiment. Molten matte samples were taken every 5 to 10 

minutes without breakinq the vacuum. The matte samples were 

sent to the Noranda Technology Center in Pointe-claire, 

QUébac, for lead, bismuth, arsenic and antimony an~lysis. 

The ranges of variables under study were as follows: the 

matte grade varied from 35 to 73' copper, the temperature 

ranged from 1373 to 1523 1( and the total chamber pressure 

fluctuated between 50 to 130 pascal durinq the experiments. 
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It was found that the bismuth removal was between 88 ta 98%, 

the arsenic removal was between 60 and 93', the antimony 

removal was between 40 and 92' and the lead removal was 

between 70 and 96' of the initial concentrations. 

1 

The plots of the natural loqarithm of the concentration of 

the impurities versus time showed that the refininq 

experiments followed first order kinetics. The overall 

evaporation rate coefficients were measured for each impurity 

as a function of operatinq parametgrs. The study 

demonstrated that for matte qrades less than or equal to 65% 

copper and chamber pressures less than 100 pascal, the 

refininq rates were maximum (liquid phase mass transfer 

control). The removal rates were thus relatively insensitive 

to temperature fluctuations aince they were controlled by 

transport in the liquid phase. 

The study demonstrated the feasibility of vacuum refininq 

copper matte to remove Bi, As, Sb and Pb and qave the 

refininq rates and operatinq conditions needed for scale up 

of the process to commercial size. 

Such chlculations were perrormed to evaluate the time 

required for the still vacuum refininq or a 40 ton ladle of 

copper matte. It was found that even et maximum refininq 

rates (liquid phase control) the refininq time was 

approximately 10 times too slow for industrial applications. 
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Thus , it was concluded that large surface areas were required 

durinq the vacuum refining proeess. 

Table 2.2: P~evious Studies for the Removal of Bismuth, Arsenic 

and Antimony from ea~per Matte Melts. 

Source Weight Temp. Press. 'Cu J(exp. 
Bi 

KexP· 
As 

(kg) (K) (Pa) ct) (104ms1 ) ( 104ms1) 

Kametami(9) 0.1 1473 60 45 4.9 4.6 
A7V ALv 

Kametami 0.1 1473 60 71 3.1 0.0 
A7v AZV 

Kametami* 4.0 1473 60 45 0.6 to 5 0.8 to 6 
A/V A/V 

Kametami* 4.0 1473 60 62 iTv 0.6 
AV A/V 

Kametami* 4.0 1473 60 77 1.3 0.3 
A7v A7v 

Player CS) 8 to 20 1423 130 46 - 0.8 

Player 8 to 20 1523 130 46 - 0.9 

Player 1800 1273 'Co 40 46 1.0 to 
1323 - 2.0 

Ayhan (62) 300 1100 to 130 30 2.0 0.9 1430 
Ayhan 300 1135 to 210 33 5.9 2.5 1360 
Ayhan 300 1100 to 130 35 5.4 2.9 1270 

Allaire(52) 7 1523 800 33 0.5 -
Allaire 7 1403 to 50 to 33 2.1 to 1.0 to 

1533 100 2.3 1.3 

Allaire 7 1403 to 70 to 43 1.8 to 0.8 to 
1473 100 1.9 1.0 

Allaire 7 1448 70 54 1.2 1.0 

Allaire 7 1423 130 74 2.0 0.8 

Kametami* : Vacuum lift studies, OH proces. simulation 
All Others: Vacuum refining of still melts 

KexP. 
Sb 

(104ms1 ) 
4.0 
Aj"v 
1.0 
A/V 

0.3 to 3 
A/V 
0.9 
ATV 
0.2 
A7v 

--
--
--
1.1 

0.7 

0.5 

0.7 

1.4 to 
2.2 

0.5 

0.4 

--
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2.8 Summarr 

Today' s copper smel tinq industry has severa 1 options 

available for the reduction of the impurities during copper 

matte smel tinq: sulphidation or chlorination in a rotary 

kiln, roastinq of the concentrates, bleeding and processinq 

of the smelter flue dust, basic slaq fluxinq and vacuum 

refininq of copper or copper matte melts. Table 2.3 shows the 

superiority incumbent in vacuum retininq copper matte throuqh 

the simultaneous removal of bismuth, arsenic and antimony in 

a single process, as opposed to other methods which can only 

handle the removal of ona or two impurities at a time. A.t 

present the kinetics of vacuum retining of copper matte 

remain too slow, thus methods which accalerate refininq, such 

as LSV refininq, must be investiqated. 
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Table 2.3 : Potential Elimination of Impurities by Various 

processing Options. 

Element Rotary Roasting Vacuum Treatment Basic 
Kiln Concentrate Fluxing 

Matte White Copper Copper 
Metal 

(Ref. ) ( 46) (32,33) (52) (52) ( 6) (29) 

Bismuth 0 n.r. yes yes yes no 

Arsenic X yes yea no no yes 

Antimony 0 yes yes no no yes 

Lead 0 n.r. yes yea yes yes 

Zinc n.r • n.r. yea yes yes n.r. 

22 

Oust 
Bleed 

(17) 

yes 

no 

no 

yes 

yes 

n.r. = Not Reported, yes - Good Elimination, no = No Elimination 
X = Rotary Kiln, Sulphidation Only 
o = Rotary Kiln, Sulphidation and Chlorination 
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CHAPTER 3 

The Lift-Spray Vacuum Re~inin9 Procas. 

~~ Description ot the LSV Process 

A process called "Lift-spray Vacuum Refining" (LSV) is 

presently under development (27,31,49,53,56,&7,71,86). The 

objective of this process is to provide a largé liquid metal 

surface area tor evaporation ot the impurities trom a melt 

subjected to vacuUM. Figure 3.1 shows a Bchematic diagram of 

the LSV process used in the present laboratory trials. 

The LSV apparatus is composed ot two parts. The bottom 

receptacle holds a bath ot impure malt, for example a liquld 

metal or a liquid sulphide matte. The upper portion, the 

separator, restrains a shower ot metal or matte droplets 

inside the apparatus to fall back into the bath and lets the 

evaporated vapours flow out of the syatem. There is also a 

scavenging qas lance which injects non-condensable gases 

beneath the fallinq shower. 

The LSV ~rocea. ia baaed upon the principle of the gas lift 

pump. A littinq gas is introduced throuqh the bottom ot the 

receptacle via an injector in the bottom of a hollow vertical 

conduit, the riser, which extenda above the bath surface. The 

gas creates a mixture of bubbles and liquid inside the riser. 

The averaqe den.ity in.ide the ri.er i. lower than the 

densi ty of the liquid in the bath outside tha riser. This 

densi ty difference creates a pumpinq effect which causes 
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circulation of the liquid from the bath, up the riser and by 

overflowing, back into the bath. 

As the gas bubbles travel upward in the riser, the 

hydrostatic pressure diminishes gradually causing their 

~xpansion. When they reach the top of the leq, the y explode 

in the presence of the vacuum (zero pressure). This creates 

the desired increase in 1iquid surface area as a shower of 

finely divided droplets which acce1erates the refining 

process. The 1iquid drop1ets fa1l back into the bath, keeping 

the top surface free of coherent s1ag or oxide film and 

providing mixing as well. 

In the separator, the spray of droplets is sUbjected to the 

vacuum. Thare the liquid droplets disenqage from the 

evaporating vapours. The droplets return to the bath and the 

vapours pass on to a condenser, not shown. 

Non-condensable gas can be introduced in the system, between 

the bath surface and the droplet shower, if necessary, via a 

lance. The introduction of gas reduces the impurity partial 

pressures in the vicinity of the spray of droplets by 

dilution and helps flush the vapours out of the separator by 

convection, that is, it acts as a scavenger. The mixture of 

impurity vapours and non-condensable gases flow to the 

condenser where the impurity vapours condense. The 

non-condensable gases exit the system via the vacuum pumps. 
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Fig 3.1 : Schematlc Dlagram of Laboratory LSV Apparatu. Set-Up 

ln an Induction Furnace. Top Section Heated 

by Re.lstance Heater (49). 
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3.2 History of the LSV Process Development 

The LSV process oriqinates from a US patent awarded to Harris 

and Davenport (53) on the Vacuum Purification of Liquid Metal 

in 1982. 

This patent describes the vacuum purification (not degassing) 

of liquid steel by subjectinq it to a vacuum. In summary, 

the patent claims are : 

I-The chamber pressure must be lower than the total 

equilibrium impurity pressure of the melt in order to create 

a bulk flow. This bulk flow permi ts fast removal of the 

impurities from the elean surface of the melt • 

2-A lifting qaa ia provided in the melt in order to mix 

the liquid, ereate a shower of droplets and keep the liquid 

surface free from slaq or oxide film. 

3-The system provides a mean to condense the metallic 

vapors away trom the liquid melt to prevent refluxing of the 

impurities in the melt. 

AIl these conditions must be met simultaneously to accomplish 

maximum evaporation of the impurities. It has been claimed 

that the larqest surface areas for evaporation are obtained 

by introducinq the liftinq qas inside ariser leq which is 

partially submerqed in the liquid (LSV proeess) • 
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The LSV proeess was further investigated by F. Dimayuqa (27) 

for the rapid elimination of Mg, Sn and Pb from molten Al. 

The work of Dimayuqa, Fiqure 3.2, (56) showed that 95', 98% 

and 80t of the Mg, Zn and Pb can be removed by LSV refininq 

of molten Al. Dimayuqa showed that the refinfnq time could be 

reduced by an arder of magnitude usinq LSV refininq instead 

of still vacuum refininq. Photoqraphie studies doeumented 

that the droplets produeed ranged in size from 0.2 to 1.0 cm 

in dlameter. 

Simultaneously, pouliquen (71) was working on water the 

modelinq of the LSV retininq proeess. pouliguen demonstrated 

that the superficial liquid velocity in the riser is linearly 

proportional to the superficial qas velocity, measured at 

midpoint along the Ienqth of the riser. It was further 

demonstrated that the supertieial liquid velocity inereased 

with decreasing lift ratio, see Figure 3.3. The lift ratio is 

eguai ta the fraction of the riser above the surface of the 

melt. The data obtained by Pouliquen made it possible to 

caleulate the recirculation rate and the inj eetor gas flow 

rate required to achieve the desirad refininq rate. Thus 

scale up to industrial size was possible. 

Further work do ne by Harris on the removai of lead from 

mol ten tin using the LSV proeess (49), showed that for a 

specified chamber pressure and tempe rature of the melt there 
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exists a limit to the amount of refining possible. Harris 

introduced scavenginq qas under the shower of metal droplets. 

The scavenginq gas diluted the impurity vapours in the qas 

phase and permitted refininq to a very low level of 

impurities (49,57). 

The present author extended these investigations by studying 

the use of the LSV refininq process to speed up the 

evaporation of Bi, As and Sb from copper matte melts. The 

results are presented in this thesis. 



( 

{ 

Chapter 3 LSV Ref1n1ng Process 

Fig. 3.2 : Ratio of Solute Concentration at Tlme t, Ct, to Initiai 

Solut. Concentration, C Inll., ln Alumlnum Malta dur.ng 

Vacuum Tr •• tment (Ref. 58). 
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Fig. 3.3 : Effact of un Ratlo,,8, on Relatlonshlp aalwaen Superflclal 

Valocillas of oas,~, and Uquld, JI (Ref. 71). 
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CHAPTER 4 

Vacuum Purification Theory 

4.1 Introduction 

The process of vacuum purification can be simply 

conceptualized as a melt consistinq of volatile solute 

impurities and a bulk solvent liquid subjected to a total 

pressure of less th an one atmosphere (vacuum). The volatile 

impurit'les are removed froID the melt by preferential 

evaporation thereby resultinq in apurer bulk solvent liquide 

This chapter will describe the thermodynamics and kinetics of 

the vacuum ret ininq process. 
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4.2 Thermodynamic Considerations 

4.2.1 Volatility Coefficients 

The feasibility of vacuum refining a bulk liquid of an 

impurity can be predicted by the volatility coefficient ('i) 

developed by Olette (6). The equation for 'i is given below. 

Where 

[~ roS (1) 

'i - Olette'. volatility Coefficient 

P~ - Equilibrium Vapour Pressure of bulk 

Species (Pa) 

'\, - Molar Mass of Bulk Liquid (kg kgmole -1) 

M. - Molar Mass of Impurity i (kg kqmole- l ) 
1 

P~ - Equilibrium Vapor Pressure of i over 

it's Pure Species (Pa) 

'1 i - Activity Coefficient of i in the Melt 

p - Density of Bulk Liquid (kg m-3) 

Vacuum refining is possible only if the volatility 

coefficient, 'i' is greater than one (6). 

Olette's coefficient vas derived for monoatomic evaporation. 

Harris (6) modified the criteria to obtain an expression for 

the volat!l!ty coefficients of polyatomic species. Harris' 
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modified volatility coefficient, ~ij , is given by Equation 2 

as follows: 

;. 
1j 

Where : 

z [~J.~ 
(7 i) j X(j-1) p? . i • 

1j 
(2) 

po 
b 

~ij - Harris' Modified Volatility Coefficient 

j = Number of Atoms in the polyatomic species 

XA - Mole fraction of i in Liquid 

Pi j - Equilibrium Vapor Pressure of the pure 

POlyatomic Species 

and all other terms were previously defined. 

For vacuum refining to occur, the volatility coefficient 

(-i j ) must be larger than l/j. By substituting unit y for the 

value of j in Equation 2, Olette's volatility coefficient is 

obtained. 

Equation 2 could be used to evaluate the feasibility of 

vacuum purifying copper matte. The equilibrium vapour 

pressures of many impurities such as Bi, As, Sb and Pb can 

easily be obtained trom the literature. However, no data was 

available for the equil ibrium vapour pressure of the bulk 

liquid species such as cu2s and FeS. This makes it impossible 

ta calculate the volatility coefficients of the above 

mentioned impurities. 
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4.2.2 Vapour Pressure Calculations for Lead, Zinc, Bismuth, 

Arsenic, Antimony and Nickel 

34 

The equilibrium vapour pressures for the basic metallic 

vapours, the diatomic sulphide and diatomic oxide were 

calculated using the thermodynamic data listed in Chapter 5, 

Table 5.1 • 

The calculated vapour pressures were used to produce a graph 

of the logarithm of the equilibrium vapour pres~ure of i, i 2 , 

i 4 , is and iO gaseous species as a function of the logarithm 

of the activity of i, where i represents the metal of 

interest (F igures 4.1 to 4.6). Three vapour pressure curves 

were plotted for each of the is and iO species at sulphur 

pressures of 10-2 , 10:4 and 10-6 atmosphere, and at oxygen 

pressures of 10-6 , 10-8 and 10-10 atmosphere, respectively. 

The impurities of interest in this study of copper matte 

vacuum purification are Pb, Zn, Ni, Bi, As, and Sb. These 

impurities are very dilute in the bulk liquid and thus have 

activities of approximately 0.01 or less. The copper matte 

grade range under study is 30 to 80 , copper, hence the 

sulphur activity in the melt varies fr~:)m 10-2 to 10-6 

atmosphere. For the same copper matte range, the oxygen 

activity varies from 10-6 to 10-8 atmosphere. From Figures 

4.1 to 4.6, it can be observed that the species with 

significant vapour pressures above the melt are Pb, PbS, Zn, 
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ZnS, NiS, Bi, BiS, As, AsS, AsO, Sb, SbS and SbO. However, 

Figures 4.5 and 4.6 do not take into consideration the large 

drop (10 to 100 times) in the activity coefficients (1) of As 

and Sb when the copper matte grade increases from 70 to 80 , 

copper. Deapite this, since all the gas species contain only 

one metal atom, the relative proportions of the vapour 

pressures of the metal, sulphide and oxide species remain 

unchanged. F~r example, the ratio of the vapour pressure of 

arsenic oxide over arsenic metal (AsO/As) remains constant 

for all arsenic activities in the melt. 



~ 

""" 

"JO 

Chapter " Vacuum Purification 

Fig. 4.1: Equlllbrium Vapour Pre •• ure of Lead versu. the Actlvlty 

of Lead ln a Melt al 1473 K. 
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Fig. 4.2: Equilibrium Vapour Pre •• ure of Zinc versu8 the Activlty 

of Zinc ln a Melt .t 1473 K. 
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Fig. 4.3: Equlllbrium Vapour Pre.sure of Nickel versus the Actlvlty 

of Nickel ln a Melt at 1473 K. 
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Fig. 4.4: Equilibrium Vapour Pressure of Bismuth versus the Activity 

of Bismuth in a Melt at 1473 K. 
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Fig. 4.5: Equilibrium Vapour Pressure of Arsenic versus the Activity 

of Arsenic in a Melt at 1473 K. 
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Fig. 4.6: Equilibrium Vapour Pressure of Antlmony versus the Activity 

of Antlmony in a Melt at 1473 K. 
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4.3 Vacuum PUrification I<:inetics 

4.3. 1 Mass Transfer Model 

The model describing the kinetics of vacuum refi~1ing in terms 

of a mUlti-step process was described in detail by various 

authors such as Ward (20) and Ohno (83). In the present study 

a three step mass transfer mechanism is cons idered (6, 20, 

27, 37, 42, 83). The three steps are: 

i) Mass transfer through the liquid phase boundary 

layer to the liquid/vacuum interface. 

ii) Evaporation of the atoms at the interface. 

iii) Mass transfer through the gas phase mass transfer 

boundary layer away from the liquid/vacuum 

interface. 

Any of the se three steps, or colUbination thereof, can 

function as the rate limitinq factor • 
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4.3.2 Overall Mass Transfer Coefficient for Monoatomic 

Impurity Evaporation 

The flux of a solute (i) across one mass transfer step is 

proportional to the concentration drop across that step. 

(3) 

This is analoqous to Ohm'a Law (81) whera the concentration 

difference (ANi) is viewed as the voltaqe drop (âV), the mass 

transfer coefficient (K) ls viewed as the conductance, Le. 

the reciprocal of the resistance (l/R) and the flux (ili) is 

viewed as the current (1). 

l :z (l/R) • AV (4) 

Each of the three mass transter steps can be written down in 

more detail as follows: 

( 5) 

[
Pit LS - Pi,GS] ilE" - IC_. --"E RT RT (6) 

il" = K [PilLS - Pi,CII ] 
G G' RT RT (7) 

Where: il" L • Solute Flux in Liquid (kqmole m-2s-1) 

KL = Liquid Phase Mass Transfer Rate (m ;1 ) 
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N. b = Mole Concentration of Solute i in the 
l, 

Bulk Liquid (kgmole m- 3 ) 

44 

~Ë = Solute Evaporation Flux (kgmole m-2s-1 ) 

P. = Vapor Pressure of Solute on the Liquid 
1,LS 

S ide of the Interface (Pa) 

pi,GS= Vapor Pressure of Solute on the Gas 

Side of the Interface (Pa) 

~G = Solute Flux in the Gas Phase 

(kgmole m-2s-1 ) 

KG = Gas Phase Mass Transport coefficient(ms-1 ) 

P. = Vapor Pressure of Solute in the Gas 
l,GO 

Phase (Pa) 

R = Universal Gas Constant(joules kgmole-1K-1) 

T - Temperature (K) 

Fiqure 4.7 shows the diagram of the electrical circuit which 

expresses the three mass transfer steps. Two conditions must 

be met in order to interconnect the circuit. Firstly, there 

must be no accumulation or generation of solute between each 

step. Secondly, the surface area between each step must 

remain constant, i.e. ... " a ..... - ... " ilL liE - " G • 

In order te perform calculations an interrelationship between 

the solute vapour pressure on the liquid side of the 

interface, P. LS' and the solute concentration on the liquid 
1, 

side of the interface, Ni, LS must be establ ished. The 

required relationship is obtained from the equilibrium 
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constant for the evaporation reaction of the impurity, i(l) = 
i (g). By defining ; i as the equilibrium constant of the 

reaction the following equation can be written. 

(8) 

In the case of a monoatomic gaseous specie the constant ~1 ls 

qiven by the fOllowing equation (27): 

(9) 

Where, li - Activity Coefficient of i 

po 
i - Equilibrium Vapor Pressure of pure Specie,Pa 

Mb - Molar Mass of Bulk Liquid, kg kCJlllOle-1 

Pb - Density of Bulk Liquid, kq m-3 

Through analoqy from the electrical circuit performance, 

I=(ljR) .âV, the result for the overall rate of impurity 

removal (Kov) ia : 

[ 1 

The total resistance ta the mass transfer of impurity i can 

thus be represented by the sum of three resistances. These 
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resistances originate from the mass transfer in the l iquid 

phase, evaporation and mass transfer in the gas phase. 
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( Fig. 4.7 : Aepresentatlon of Monoatomle Vapour Transfer in Vacuum 

( 

( 

by Uslng an Analogy wlth Ohm's Law. 

N1,b -----. 

hll = K.6N 

Such that: 

N1,L 

-----Flco 

---- 6V=R.1 

nll = 1 
6N =6V 

1/K = R 

1/K L RT/KE RT/K 
• ,J\.f\A!v ..... u.............. .j\j\Af'v. ~. 
~,b N,L ~L ~,G F?co 

47 



Chapter 4 Vacuum Purification 48 

4.3.3 Mass Transfer Coefficient for Simultaneous Evaporation 

of Monoatomic, Diatomic Sulphide and oiatomic Oxide 

Vapours 

Arsenic and antimony can evaporate from copper matte in the 

form of three different vapour species, monoatomic, diatomic 

sulphide and diatomic oxide vapours. Figure 4.8 represents 

the evaporation of such an impurity based on an analogy with 

Ohm's law. 

In order to mathematically model this diagram, a relationship 

must be found between the diatomic sulphide and the diatomic 

oxide vapour pressures and the impurity concentration at the 

liquid side of the interface. This derivation was previously 

done by the author (52) and is rewritten here for 

completeness of the work. 

In the case of diatomic sulphide species 1 the equil ibrium 

equation between the diatomic metal vapours and the sulphur 

vapours can be written as follows: 

1/2 i + 1/2 S 
2(9) 2(9) 

= iS (q) (11 ) 

The above reaction equilibrium constant is qiven by: 

(12) 
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The equilibrium constant, x!:' is obtained from the Gibbs 

Energy of the reaction at the temperature specified by the 

relation, AG~s = -RT ln K!: . 

Rearranging Equation 12, we obtain a relationship between the 

diatomic sulphide pressure and the pressure of the impurity. 

P,s 
1 (q) 

(13) 

As in the case of the monoatomic metallic species, we can 

write: 

(14) 

where ~iS is derived below. 

Substituting Equation 14 into Equation 13, we obtain: 

(15) 

Taking into account that the mole fraction of the diatemic 

sulphide impurity in the melt ia equal te the mole fraction 

of the monoatomic impurity in the malt, then Hi,L is equal to 

NiS,L. Furthermora, knowing that tha ralationship between the 

pressure of the solute gas and the solute properties is given 

by : 
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( 16) 

and rearranqing Equation lS, we obtain the following equation 

for the diatomic sulphide vapour pressure: (A similar 

demonstration can be done for the diatomic oxide vapours) . 

eq pO.5 pO.S 
Mb Ki8 • i • 8 . 

~i8, L ,. 
2 2 (17) 

Pb 

eq pO.5 pO.S 
~ KiO • i • o · 

And ~iO,L 
2 2 (18) = 

Pb 

Where, Pi8,L = ~iS • Ni,L (19) 

And (20) 

Assuming no accumulation or generation of sol ute at the 

interface and that the surface area between each step is 

constant, then; ~L - âi + ~i8 + ~io • The circuit can then be 

solved and yield Equation 21 as follows : 
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+ PiS,. + PiO,. Il] 
l RT + RT:t [ RT + RTJ 
~iS KGioJKEiO KGioJ 

tIl iO,. 
( 21) 

]]] 
since the atomic diameters of the metal, sulphide and oxide 

gaseous species are approximately the same, the next two 

assumptions are made: 

Firstly 

And 

KEi ~ KEiS ~ KEiO 
KGi ~ KGiS ~ KGiO 

Then, defining the total pressure of Metal i as the sum of 

the metallic, sulphide and oxide species, we obtain ; 

ptotal = 
i,. Pi + P. + P. ,- 18,. 10,. 

Then Equation 21 reduces to: 

As in the case of monoatomic impurity evaporation, the circuit 

can be represented as the sum of three resistances. However, 

the evaporation and gas phase mass transport resistances are 

reduced due to the formation of diatomic oxide and diatomic 

sulphide gases. The reciprocal of the sum of the three 

resistances is called the overall mass transport coefficient 
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Fig. 4.8 : Repre.entatlon of Multlcomponent Evaporation by An.logy 

wlth Ohm'. Law. 
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4.3.4 Liquid Phase Mass Transfer Coefficient 

The liquid phase mass transfer of the solute atom from the 

bulk of the melt to the liquid/gas interface can be described 

by the "Fluid Motion in Penetration Theory" first proposed by 

Higbie (18). This theory was used by Machlin (8) to describe 

the liquid phase mass transfer coefficient in an inductively 

stirred melt. The model assumes that an element of liquid is 

exposed to the other phase for a time, te' called the 

exposure time. within this time, the impurity is transported 

to the other phase via unsteady state diffusion. Based on 

this model, the melt phase mass transfer coefficient is given 

by: 

Where 

1( - ' [
4 Di L jO.5 

L n te,L 
(23 ) 

D. s Diffusion Coefficient of i in the Liquid(m2s-1) 
1,L 

te = The Exposure Time of the Liquid Element to 

the Surface of the Liquid Phase (s). 

n = 3.1416 

In the case of an inductively stirred melt, the exposure time 

is equal to half the average distance from the c~nter of the 

melt to the edge of the crucible divided by the average 

velocity of the melt surface: i.e., te s r/2v 

Another situation where te can be calculated i8 in the case 

of agas bubble rlsing through a liquide Then the exposure 
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time of a liquid element can be estimated by; 

(24) 

Where, dB .. Di~meter of Bubble, m • 

vB = Upward Velocity of Bubble, ms-le 

te a: Exposure Time, s 

It is seen that KL can be estimated in some situations where 

the impurity diffusivities in the solvent are known and the 

hydrodynamics are simple. However in the LSV system where the 

droplets of liquid are projected in the vacuum space, it is 

impossible to qet a precise value of te and hence an a priori 

estimate of KL is inextricable. 

Several values were found in the literature for the liquid 

phase mass transport coefficient for most liquid metal 

stirred systems (28). The values for KL fluctuate between 1 

and 5 X 1n-4ms-1 • Values of overall mass transfer coefficient 

for still melts in vacuum, measured by the author (52), 

suqgest that an average value of 2 X lO-4ms-l is typical of 

impurities such as Pb, Bi, As and Sb in copper matte melts at 

temperatures of approximately 1473 K. 
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4.3.5 Evaporation Mass Transfer Coefficient at the Interface 

The evaporation of an impurity in vacuum systems ':an be 

predicted by the Hertz-Knudsen-Langmuir modei (18). This 

model was used in severai studies (6,8,27,36,39,42,52) and 

leads to an expression for the evaporation mass transfer 

coefficient of metallic species and compounds of : 

(25) 

where « is generally taken to be unit y for metal systems. 
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4.3.6 Gas Phase Mass Transfer Coefficient 

'1'wo mode1s can be used to exp1ain and quantify the mass 

transfer coefficient from the interface to the bu1k gas 

phase. One model is the Effective Film Thickness Theory and 

the second is the F1uid Motion in Penetration Theory which 

can be app1ied to f1uids in genera1. The second was described 

in section 4.3.4 • 

The Effective Film Thickness Theory was proposed by Lewis and 

Withman (18). In this theory it is assumed that there exists, 

next to the actual liquid interface, an unmixed layer or 

stagnant film in the gas designated as the diffusion boundary 

layer. This stagnant film is assumed to offer a11 the 

resistance to the mass transfer. The gas phase distanced from 

the interface and film is considered to be a weIl mixed 

fluide The tempe rature across the stagnant layer is assumed 

to be constant and mass transfer occurs only by diffusion 

through the film, Figure 4.11 • 

The following equation describes one dimensional mass 

transfer through the diffusion layer (8eff); 

(26) 

And (27) 
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This theory was shown to be accurate in cases where no 

natural or forced convection occurred, such as for low 

density gas phases in a vacuum (up to 1000 Pa) (81). 

The effective film model was valid for the low pressure 

experimental data, <1000 Pa, obtained by Ward (20), who 

studied the evaporation of Mn from steel melts at a 

temperature of 1853 K. The gas phase mass transfer 

coefficient for Ward' s work was calculated from the 

experimental refining rates according to the following 

equation: 

And 

RT 
"'iRE -

(28) 

(29) 

The diffusion coefficient of Mn vapours into argon gas was 

obtained from the literature and a diffusion length of 

roughly 10-2 m was estimated, Equation 29, for gas phase mass 

transport over the pressure range from 10 to 100,000 Pa, see 

Figure 4.12. 

The Flu~d Motion in Penetration model which can also be used 

to describe the gas phase mass transfer coefficient was 

proposed by Higbie (18). It is used when natural or forced 

convection occurs. This model predicts that the gas phase 

mass transfer coefficient ia proportional to the square root 
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of the diffusion coefficient. 

(30) 

Where: D. G = Diffusion Coefficient of i in the Gas Phase. 
1, 

te = Exposure Time of Gas Element at Interface. 

The values of the gas phase mass transfer data from Ward (20) 

were observed to be proportional to the inverse of the square 

root of the chamber pressure for total pressures from .1.000 

to 100,000 Pa (81), see Figure 4.13. Thus, for dense gases 

where convection is important, the penetration theory is 

preferable. 

Experimentally (18), the mass transport coefficient is seen 

to be proportional to On, where n varies from 0.5 to 1.0 

depending on the circumstances or condition of the 

experiments • 

In the LSV process, the evaporation surface area is composed 

of the surface of the mel t and the surface of droplets 

generated in the spray. An alternative method to calculate 

the gas phase mass transfer coefficient around the drop lets 

was to use the Ranz-Marshall correlation (84) . This 

correlation was derived for spherical drops in an isothermal 

system and the correlation is given in terms of dimensionless 

numbers as follows: 
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Where: 

Vacuum Purification 

Sh = Sherwood Number 

Re = Reynolds Number 

Sc = Schmidt Number 

59 

(31) 

In the LSV system, where the chamber pressure is les~ then 

103 Pa, and the gas flow rate is low, the Reynolds number was 

calculated to be less than 0.1, such that the Sherwood number 

is approximately equal to 2, thus: 

KG = 2 • Di, G / 1 c ( 32) 

where: lc = Diameter of the Droplet, m. 

A value of the maxi:num droplet size for freely falling drops 

can be obtained from the following equation (85): 

d
max 

... 4 • {O' / (g • Ap» 0.5 (33 ) 

where: 0' = Surface TAnsion, kg s-2. 

Ap= Densi ty Difference betw~;\n the Liquid and 

Gas Phase, kg -3 m • 

9 = Gravitational Acceleration, m s-2 

Using typical data fOI water, aluminum, copper and iron 
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(Table 4.1) in Equation 28, the maximum droplet diameters of 

0.011, 0.024, 0.016 and 0.020 m were calculated for each set 

of values, respectively. 

Table 4.1 : Kinematic Viscosity for Water and Other Molten 

Metals of Interest (86). 

Temp. 1J X 0.001 P v (J' 

(oC) (kg iD1s1) (kg m- 3) (m2s-1) {kg_ s-21 
H20 20 1.0 1000 1.0 0.072 

Al 720 1.6 2410 0.7 0.85 

Cu 1200 4.2 7940 0.5 1.29 

Fe 1550 7.2 7200 1.0 1.79 
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Fig. 4.9 : Schematic Diagram of the Fluid Motion in Penetration 

Theory (18). 
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Fig. 4.10 : Schematlc of Elements of Llquld or Gas Passlng 

Over the Surface of a Spherlcal Bubble or Droplet (27). 

fluld 
element 
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" 
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Fig. 4.11: Schematlc Diagram of Film Theory (18). 
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Fig. 4.12: Diffusion Path Length versus Chamber Pressure 

Calculated from Ward's Work (20). 

Log (6.ff ) 

(m) O~--------------------------------. 

-1 

-2 

-3 

7 • 6 4 3 2 1 o -1 

64 



( 

( 

( 

Chapter 4 Vacuum Purification 

Fig. 4.13 : Logarithm of the Ga. Pha.e Ma •• Tran.fer Coefficient 

versus the Logarlthm of the Inverse of the Cham ber 

Pressure from Ward'. experimentai Work (20). 
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4.3.7 operating Equations for Vacuum Refining 

The mass transfer refining flux of an impurity from the bulk 

of the melt to the bulk gas phase can be expressed by (6); 

(34 ) 

For a very small time interval, eSt' one can assume ste~dy 

state mass transport. Thus, the flux of the impurity leaving 

the melt times the surface area available for evaporation i5 

equal to the volume of the melt (V) times the rate at which 

the concentration of i in the liquid is dropping, i.e.: 

(35) 

By inserting the right side of Equation 34 into Equation 35 

and rearranging, we obtain: 

Assuming a very low chamber pressure 

(36) 

(P. = 0), and a 
1,co 

constant melt volume, we can integrate the above equation 

from time t = 0 to t = t and from initial concentration, 

N1nit ., to concentration at time t, Nt. The resulting 

expression for the concentration of the impurity in the melt 

as a function of time is: 
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[ ~ J. t = ln[ Nt ] 
N1nit • 

( 37) 

Thus, vacuum refining under low pressure conditions follows 

first order kinetics. 

However, the assumption of P
1
, = 0 is often not realistic, 

,CD 

especially for chamber pressures in the range of 100 to 1000 

Pa. Assuming that the gas phase behaves as an ideal gas and 

is isothermal, the pressure of the solute species is equal to 

its mole fraction times the chamber pressure (49, 57). The 

mole fraction, Xi' of the impurity in the bulk gas phase is 

equal to the flux of the evaporating impurity species divided 

by the total flux of aIl the gases flowing out of the system. 

This total flux includes aIl other evaporating impurities as 

weIl as the flux of inert gases CF) introduced in the system. 

That is: 

( 38) 

By introducing Equation 38 into Equation 36, it is not 

possible ta solve the equation analytically, thus a numerical 

technique must be used. 

The use of a numerical technique enabled further 

sophistication of the model and the volume of the mel t was 

also expressed as a function of time. This is qiven by the 
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following equation: 

Where: Vb,t = Volume of Melt at Time t. 

Vb,o = Initial Melt Volume. 

Pb = Average Melt Density. 

And aIl other terms have been previously defined. 



( 

CHAPTER 5 

Mathematic.l Modelin; of VacUUIIl Purification or Copper Matte 

5. 1. Introduction 

This chapter describes the mathematical modelinq of vacuum 

refininq copper matte to remove Pb, Zn, Ni, Bi, As and Sb. 

The chapter is divided into two parts. Firstly, a computer 

model is used to calculate the maximum theoretical overall 

refininq rate coefficient. This coefficient is calculated 

from equations given in Chapter 4. More precisely, the effect 

of temperature, chamber pressure, copper matte grade, sulphur 

and oxyqen activity are studied. 

In the second part of this chapter, the LSV process ls 

simulated on the computer using a numerical calculation 

technique. This proqram was written by Frank Buijsen, an 

exchange student from the Netherlands. The program is 1 isted 

in Appendix IV. It incorporates operating parameters such as 

lifting qas flow rate, surface area available for 

evaporation, chamber pressure and the evaporating species 

pr.essure in the gas phase. 
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5. 2 Thermodynamic Data 

The theoretical overall evaporation coeffic~ents are based on 

kinetic equations. However, thermodynamic data is required to 

calculate the vapour pressures vf the evaporating species in 

the form of monoatomic, diatomic sulphide and diatomic oxide 

vapours. The thermodynamic data is presented in the following 

tables. 

From Table S. 1, i t can be seen tha t the vapour pressures 0 f 

aIl species are a function of temperature. Thus, the overall 

refining rate coefficient will be temperature dependent when 

it is controlled by a temperature dependent transport pLocess. 

Table 5.2 shows the activity coefficients for Pb, Bi, As and 

Sb from four different authors. In aIl the cases, it is 

observed that the activity coefficient is a function of matte 

grade. A large drop in the activity coefficient ('l) was 

observed as the percent copper in the matte appreached 80. 

This indicates that the evaporation and gas phase mass 

transport resistance will increase with matte grade due te 

their dependence on r/J (see Section 4. 3). Thus, the evera Il 

refininq rate coefficient will depend on the matte grade 

used. 

Table 5.3 shows 

oxygen activity 

the calculated variations of sulphur and 

with matte grade as weIl as the oxygen 
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activity variation with total chamber pressure. These 

variables will also be considered during the overall refining 

rate coefficient calculations. 

Table 5.1 Gibbs Energy of Formation (kJ/kgmole) for various 

Reactions as a Function of Temperature (K), Using 

the Relationship; AGo = A. + B.T. log (T) + C.T . 

Reaction A 

Pb = Pb 193961 
Zn = Zn 126754 
Bi = Bi 190523 
As :0: As 276640 
Sb = Sb 257332 

Pb + 0.5 52 = PbS 62185 

Zn + 0.5 52 :0: ZnS -6319 

Bi + 0.5 52 = Bis 97945 

As + 0.5 52 = AsS 127070 

Sb + 0.5 52 - SbS 158706 

Pb + 0.5 02 = PbO 6566 

Zn + 0.5 O2 = ZnO -174154 

Bi + 0.5 02 - BiO 103213 

As + 0.5_ 02 - AsO 6000 

5b + 0.5 02 II: SbO 40034 

All reactions are in the form: (1) 
or (1) + Cq) 

B 

18.86 
24.03 

0.00 
0.00 

28.91 

0.00 

0.00 

0.00 

0.00 

28.91 

0.00 

0.00 

0.00 

0.00 

28.91 

"" Cg) 
= (g) 

C 

-158.54 
-181.13 
-100.30 
-111.23 
-205.02 

-56.49 

-37.17 

-54.96 

-64.73 

-157.22 

30.59 

55.88 

-54.79 

-65.17 

-159.35 
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Table 5.2 : Activity Coefficients of Impurities in Copper 

Matte for various Matte Grades from Various 

Authors. 

a) Yasawa and Itaqaki 

Matte "Pb "Bi rAs "Sb Ref. 
Grade 
(tCu) 

50 10 16 S.O 10 30 
60 10 16 4.5 8.9 30 
70 10 13 2.0 7.9 30 .. 
80 3.0 5.0 0.04 0.16 30 

-

( b) Roine 

Matte "Pb rBi rAs "Sb Ref. 
Grade 
('Cu) 

31) 1 13 30 56 44 
E.J 4 40 10 40 44 
80 26.1 42.5 0.049 0.34 44 

c) Naqamori and Chaubal 

Matte "Pb rBi rAS "Sb Ref. 
Grade 
('Cu) 

35 -- -- 11.6 64.4 47 
65 -- -- 5.2 50.3 47 
80 -- -- 4.6 36.3 47 
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d) Lau, Lamoreaux and Hildenbrand 

Matte "Pb lei 'lAs lSb Ref. 
Grade 
<'Cu) 

35 -- -- 0.7 -- 87 

e) Values Used for the Computer simulation 

Matte "Pb l Bi 'lAs lSb Ref. 
Grade 
('Cu) 

35 1 13 4 10 --
65 4 10 10 8 --
80 26.1 3 0.049 0.34 --

The activity coefficient were chosen ta reflect best the 
experimental results. 

73 
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Table 5.3 : Variation of the 5ulphur and Oxyqen Activity for 

various Matte Grade and Chamber Pressure. 

Chamber Pressure 10 Pa 100 Pa 1000 Pa 

Matte P5 Po Po Po 
Grade 2 2 2 2 
('Cu) 

35 10-2 10-11 10-10 10-9 

65 10-4 10-10 10-9 10-8 

80 10-6 10-9 10-8 10-7 

Note:The oxyqen activity was calculated usinq the equilibrium 

constant of the equation 502 - 1/2 the 

equilibrium sulphur activity above the melt from the 

literature and assuming that the 502 pressure is equal 

to the chamber pressure. 
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5.3 Mathematical Modelinq of the Overall Mass Transfer 

Coefficient 

5.3.1 Mathematical Model Equations 

75 

The overall mass transfer coefficient, assuming that KE anCt 

KG are the same for aIl vapour species of the same impurity, 

is qiven by Equation 22, in Chapter 4,i.e.: 

AlI terms of Equation 22 were previously defined. 

The overall mass transfer coefficient is a combination of the 

liquid, evaporation and gas phase mass transfer coefficients. 

Liquid Phase Mass Transfer Coefficient 

As explained in Chapter 4, it is difficult to obtain values 

of exposure time for the liquid phase. Thus, a theoretical 

calculation of KL is impossible for the LSV system. However, 

a value of 2 X 10-4 ms-1 is a reasonable estimate when 

compared to vacuum ref1ning rates experimentally measured for 

copper matte melts (52). 

Evaporation Mass Transfer Coefficient 
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In this model it is assumed that the evaporation mass 

transport coefficient is constant for aIl three vapours from 

the same impurity, that is KE . a KE ·s a KE '0. The equation 
,~ .1. ,~ 

for KE can be obtained from Chapter 4, Equation 25. 

(25) 

Gas Phase Mass Transfer Coefficient 

The gas phase mass transfer coefficient is qiven by Equation 

27, Chapter 4. 

(27) 

This expression is simple and valid for chamber pressures up 

to 1000 pascal. A value for the effective film thickness was 

calculated to be 0.02 m from Ward',; work (20) usinq the 

method described in Chapter 4. The value for the diffusion 

coefficient of the impurity vapours in air at low pressure 

was estimated to obey the followinq equation (52): 

o 4 4 X 10-5 T 1 • 75 / p i,Air - • (40) 

Where, Di,Air - Diffusion Coefficient, (m2s-1) 

T • Temperature, (X) 

p - Pressure. (Pa) 
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5.3.2 Resul ts of the Computer simulation 

Having defined aIl the thermodynarnic and mass transfer data, 

the overall mass transfer rate coefficient can now be 

calculated. The prograrn requires the fOllowing input data: 

i) Activity coefficient of the impurities 

ii) Percent Copper in the Melt 

iii) Temperature of the Melt 

iv) Chamber Pressure 

v) Sulphur Activity in the Melt 

vi) Oxygen Activity in the Melt 

The program was used to estimate the overall rnass transfer 

rate coefficients of Pb, Zn, Ni, Bi, As and Sb versus the 

fOllowing parameters: matte grade, chamber pressure and 

temperature of th~ melt. 

In aIl, 54 simulations were rune The low oxygen activity 

represents the situation where graphite crucibles were used. 

The reaction between the graphite and the oxygen Ül the matte 

leads to very low oxygen activity in the melt. The results of 

these simulations are summarized in Figures 5.1 to 5.6. 

Figure 5.1 shows the effect of matte grade (1473 K, 100 Pa) 

on the elimination of Pb, Bi, As and Sb. The results for Zn 

elimination were omitted since the model predicted rates of 



( 

( 

---_._--------

Chapter 5 Hathemat. j cal Hodel ing 78 

evaporation of 2 X 10-4 ms-1 through out the 54 simulations 

due to the very high Zn vapour pressure. Hence zinc is always 

liquid phase controlled over the range of matte grade, 

tempe rature and chamber pressure studied. One can see on 

Figure 5.1 that the rate of Pb elimination is mostly liquid 

phase controlled (> 1.5 X 10-4 ms -1) over the whole range of 

matte grade. In the case of Bi, the removal rate is mainly 

liquid phase controlled up to 70 , Cu and then decreases to a 

mixture of liquid and qas phase control at 80 , Cu (il! 1 X 

10-4 ms-1). 

The arsenic removal rate increases from 1 to 1.6 X 10-4 ms-1 

as the matte grade is increased from 30 to 65 , Cu. This is 

due to increases jn both the arsenic activity coefficient and 

the oxygen activity which result in an increased AsO pressure 

and faster retininq rates. However, the overall refininq rate 

drops sharply from 70 to 80 , CU in the matte due to a very 

large drop in the activity coefficient of arsenic. 

The Sb removal rate is always gas phase controlled at 100 

pascal chamber pressure over the range of matte grade 

studied. The Sb refining rate drops from 0.5 X 10-4ms-1 to 

less than 0.1 X 10-4ms-1 as the matte grade increases from 70 

to 80 , Cu. As in the case with As, this is du~ to a drop in 

the activity coefficient of Sb as the percent copper 

increased from 70 to 80 percent. 
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Figure 5.2 depicts the effect of temperature on the removal 

rates of Pb, Bi, As and Sb. It can be seen that as the 

temperature increases, the rate of Pb and Bi removal 

increases because of the higher vapour pressures of the 

diatomic sulphide and monoatomic metal gaseous species. In 

the cases involving As and Sb, where the vapours are mainly 

monoatomic oxide, this trend is not as pronounced. 

In Figure 5.3, the removal rates of Pb and Bi in 35 and 65 , 

Cu matte are shown as a function of chamber pressure. The 

refining rates decrease as pressure increases. The rate 

changes from liquid phase control at 10 pascal to gas phase 

control at 1000 pascal chamber pressure. 

Figure 5.4 shows the removal rates versus pressure of As and 

Sb in both alumina and graphite crucibles for 35 , Cu matte. 

One observes firstly, that the refining rates decrease with 

increasing chamber pressure. Secondly, the refining rates 

found in alumina crucibles are significantly faster than in 

the graphite crucibles due to the production of AsO and SbO 

vapours in these crucibles. These same trends are observed in 

Figure 5.5 where the matte grade is 65 , copper in the 

simulation. The effect of simulating very low oxygen activity 

(graphite crucibles) upon the Pb and ai evaporation rates is 

very small since their diatomic sulphide and monoatomic 

vapour pressures are an order of magnitude higher than the 

pressure of the diatomic oxide. This is the reason why low 
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oxygen activity curves for lead and bismuth were not plotted 

on Figure 5.3. 

Figure 5.6 shows the overall refining rate coefficients of As 

and Sb at 80 " Cu matte grade in alumina and graphite 

crucibles. Even though the rates are very low and gas phase 

controlled, one can still observe the decrease in rates from 

alumina to graphite crucibles. Again it is observed that the 

refining rate decreases with increasinq vapour pressure of 

the chamber. 
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Fig. 5.1: Ov.rall Evaporation Rate Coefficients versus the Percent 

Copper in the Matte, 1473 K, 100 Pa, Alumina Crucibles. 
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Fig. 5.2 : Ov.rall Evaporation Rate Coefficients vs the Tempera ture, 

100 Pa, 65 % Cu, Alumina Crucibles. 
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Fig. 5.3: Overall Evaporation Rate Coefficients versus the Chamber 

Pressure, 1473 K, 35 and 65 % Cu. 
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Fig. 5.4 : Overall Evaporation Aate Co.fficlenta vers ua the Chamber 

Preaaure, 1473 K, 35 % Cu, Alumina or Graphite Crucibles. 
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Fig. 5.5 : Overall Evaporation Rat. Coefficients versus th. Chamber 

pre.sur., 1473 K, 85 % Cu, Alumina or Graphite Cruclbl.s. 
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Fig. 5.6 : Overall Evaporation Rate Coefficient. versus the Chamber 

Pr •• sur., 1473 K, 80 % Cu, Alumina or Graphite Cruclbles. 
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5.4 MOdeling of the LSV Refining Process 

5.4.1 Equations and Assumptions 

A computer program was written to simulate the LSV refining 

process (Appendix II). The simulation uses the Equations 

described in Chapter 4, more precisely Equations 5, 6, 7, 20, 

22, 38 and 39. The program works as follows. Firstly, the 

chamber pressure is assumed to be negligible. The 

concentration of each impurity in the liquid can be evaluated 

at the interface by assuming that the mass transport flux of 

the impurity in the liquid is equal to the sum of the 

monoatomic, diatomic sulphide and diatomic oxide flux in the 

gas phase. 

The interface concentration of the impurity can th en be used 

to calculate the flux of aIl the gaseous species and thus 

arrive at an approximation of the vapour pressures of each 

species in the bulk gas phase using Equation 38. Using these 

va pour pressures, new impurity concentrations can be 

calculated at the interface. These calculations are repeated 

until the fluxes converge to a constant value. 

Then, assuming that for a very small time interval the flux 

is constant, a new bulk liquid concentration can be 

calculated for the time t + At. Using Equation 39, a new melt 

volume can be calculated for time t + At. With the new bulk 

-
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liquid concentrations, new interface concentrations and 

impurity flux can be calculated. This proeess is repeated 

until the final refininq time has been reached. This is 

similar to performinq a graphieal inteqration of Equation 36. 
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5.4.2 Results of the LSV Computer simulations 

The LSV computer simulation program was used to predict the 

concentration of Zn, Pb, Bi, As and Sb versus time for 

typical experimental conditions used in the laboratory. The 

simulation was used assuming the same oxygen activity as in 

the alumina appar.atus and a copper matte grade of 65 % Cu. 

Two levels of lifting gas and chamber pressure were selected 

as can be seen in Table 5.4, below. 

Table 5.4: Summary of the Variables Studied in the 

Computer Simulation. 

Simulation Matte Grade Chamber Pres. Lifting Gas 

# (% Cu) (Pa) (Nml/s) 

1 65 100 0 

2 65 100 30 

3 65 600 0 

4 65 600 30 

When no lifting gas was used, the simulation resul ts were 

identical to a still vacuum refining experiment. When lifting 

gas was used (JO Nml/s), the surface area available for 

evaporation was increased by the presence of the spray. In 

the present cal~ulations, the surface area of the spray (0.02 

m2 ) was taken from the analysis nf the present experiments, 
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see Table 8.5 in section 8.3.2 • 

Figure 5.7 shows the logarithm of the bulk concentration at 

time, t, divided by the initial concentration for zinc 

against the refininr time. There is little difference between 

the concentration profiles of zinc at chamber pressures of 

600 and 100 pascal. Thus, i t can be deduced that the zinc gas 

phase resistance is t.::'nimal and is not predominating as was 

shown in the previous section. The effect of a lifting gas 

flow rate of 30 Nml/s is observed by an increase in the slope 

of the line of 2.3 times (the refining rate is thus 2.3 times 

faster). The increase in the refininq rate simulates the 

shower of droplets produced in the LSV process. 

The logarithm of the lead concentration versus time is 

plotted on Figure 5.8. It can be observed that the line for 

100 Pa chamber pressure and 30 Nml/s of lifting gas is not 

straight but curves slightly. This is due to the fact that 

the pressure of the impurities in the bulk gas phase is 

affectinq the rate of evaporation, i.e., the concentration 

difference (Npb,b - Ppb,.t~) tends towards zero when the lead 

concentration gets smaller. In the case of .::opper matte 

refining, this effect is insiqnificant due te the large 

number of qaseous species evaporating simultaneously. The 

gases dilute one another keeping their pressures low. 

Scavenginq gas can further be used te dilute the impurity 

vapours and reduce the effect of the chamber pressure. 
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The above result does not change the fact that evaporation is 

a first order kinetic reaction. However, the logarithm of 

«Ni,b - Pi,oo)t / (Ni,b - Pi,GII)t=o vs time should be plotted 

to qenerate a straight line. Since, the lead pressure in the 

bulk gas phase is difficult to evaluate, only the logarithm 

of «Ni,b)t / (Ni,b)t=O) vs time is plotted when experiments 

are performed. 

On Figure 5.8 it can be observed that when the chamber 

pressure ls ralsed from 100 to 600 pascal (with or wi thout 

lifting gas) the lead refining rate decreases by 2.5 times. 

This demonstrates that the qas phase mass transport 

resistance plays an important role in determining the 

refininq rate of lead for pressures higher th an 100 pascal. 

Figures 5.9, 5.10 and 5.11 show the plots of Bi, As and Sb 

concentration versus time. Both bismuth and arsenic are 

observed to behave similarly to lead. Antimony however, shows 

a much slower rate of removal than the other four impurities 

under aIl operating conditions. At a 100 pascal chamber 

pressure, antimony gas phase mass transfer resistance is mu ch 

:llore significant as cOllipared to the other four impuri ties. 
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Table 5.5 

Case 
# 

1 

2 

3 

4 
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Summary of the Predicted Percent Impurity Removal 

after 40 Minutes of Refining for a Matte Grade of 

65 Percent Copper with an Alumina Interior. 

Pres. Lift.Gas Zn Pb Bi As Sb 
(Pa) (ml/s) (t) (t) (t) (t) (%) 

100 0 82.0 72.0 73.6 73.6 33.0 

100 30 94.8 94.1 95.5 96.4 59.3 

600 0 82.0 42.0 48.7 67.1 18.1 

600 30 98.2 69.4 78.9 93.0 35.6 

Table 5.5 summarizes the percentaqe of impurity removal 

expected after 40 minutes of refining in an alumina lined 

apparatus (oxygen activity 10-9atm). It depicts the percent 

removal range trom hiqhest to lowest in the following order: 

Zn, As, Bi, Pb and Sb. These results show the superiority of 

zinc as a tracer over lead in evaluating the surface areas in 

the LSV process. Zinc is the impurity that is least affected 

by the chamber pressure. 
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Fig. 5.7 : Zinc Concentration ver.u. Time, for 85 % Cu, 

1 00 and 800 Pascal Chamb.r Pr •• sur •. 
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Fig. 5.8: Lead Concentration versus Tlm., 1473 K, 

for 85 % Cu, 100 and 800 Pascal Chamb.r Pr •• sur •. 
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Fig. 5.9 : eismuth Concentration versus Time, 1473 K, 

for 85 % Cu, 100 and 800 Pascal Chamber Pr ••• ure. 
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( 

Fig. 5.10 : Arsenic Concentration verlus Tlme, 1473 K, 

for 85 % Cu, 100 and 800 Pascal Chamber Pressur •. 
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Fig. 5. 11 : Antimony Concentration versua Time, 1473 K, 

for 85 % Cu, 100 and 800 Pascal Chamber Pressure. 
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CHAPTER 6 

Characterization of the Vacuum Re~ininq Dust; 

Experimental and Results 

6.1 Introduction 

The impurity vapours produced durinq the vacuum refining 

experiments condensed in the vacuum chamber producinq a very 

fine, black dust. The dust contained 5 to 20 , Cu, 20 to 50 , 

Pb, 20 to 50 , Zn and 0 ta 3 , As, Bi and Sb. Furthermore, 

sorne sulphur and oxyqen were present in the dust. The 

recovery of these valuable metals would be an added aseet to 

the financial viability of the process. Hence, the 

characteristics of the dust were determined sa as to 

comprehend the condensation procass ta determine a possible 

treatment for their recovery. 
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6.2 Characterization of the Oust Produced durinq Vacuum 

Refininq of Copper Matte 

6.2.1 Methodoloqy 

99 

The followinq steps were carried out to gain understanding on 

the characteristics of the dust. 

1- A chemical assay was performed on a bulk sample for each 

of the 15 vacuum refining experiments. 

2- A dry 

Experiment 6 

distribution. 

screening 

was done 

of a 

to 

bulk dust 

determine 

sample from LSV 

the partiele size 

3- A chemical analysis was performed on each size fraction 

of the dry screening test mentioned above to determine if 

chemical segregation occurred. 

4- The dust waa examined under an optical microscope ta 

discern particle size and shape. 

5- An X-Ray diffraction analysis was performed to identify 

the principal phases present in the dust of Experiment 6. 

6- The dust particles were observed and photoqraphed under 

the Scanning Electron Microscope (SEM). 
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7- Finally, an X-Ray Enerqy Dispersion Speetrum analysis 

was earried out on randomly selected partieles. 
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6.2.2 Experimental 

1- Chemieal Analysis: 

At the end of eaeh experiment, the dust produced was 

eollected usinq a brush and pan. AlI the walls and windows of 

the vacuum chamber, and the induction furnace were brushed. 

The dust was put in a plastic bag to be weighed and mixed. 

The dust was then spread out on a table where a sample was 

eut. The sample was labelled and sent for assaying at the 

Noranda Teehnology Center in pointe Claire, Québec. 

2- Partiele Size Distribution : 

A 100 gram dust sample from LSV Experiment 6 was used for a 

dry screeninq test. Sereens of 28, 35, 48, 65, 100, 150, 200, 

210 and 325 mesh size were used. The sample was left in the 

shaker for a period of 30 minutes. After, the oversize 

fraction on each sereen was weighed as weIl as the -325 mesh 

under size. The weiqhts were used to calculate the percent 

oversize fraction for eaeh mesh size. 

3- Chemical Assays versus Size Distribution 

A sample was cut from eaeh sere en fraction in step 2 above . 

The samples were labelled and sent to the Noranda Teehnology 

Center for ehemical assays for lead, eopper, bismuth, arsenic 
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and antimony. 

4- optical Microscopy 

A sample of dust from Experiment 6 was taken to be examined 

under the optical microscope. A pinch of du st was sprinkled 

on a glass slide and mounted on the microscope. The maximum 

maqnification (400X) was used to make observations. 

5- X-Ray Diffraction Analysis : 

The vacuum refining dust sample trom Experiment 6 was mixed, 

a representative sample was cut and mounted for X-Ray 

diffraction analysis. The sample was scanned for 83 minutes 

on the X-Ray diffractometer. The sample was scanned from 5.0 

to 100 • 0 degrees on steps of O. 020 degrees and a scanning 

time of 1.00 second. The computer data bank and programs were 

used to identify the main mineralogical species from the 

X-Ray diffraction pattern lines. 

6- SEM ot Vacuum Refining OUst 

Oust samples were prepared by concocting a mixture of dust 

and isopropyl alcohol used as a dispersant. The solid liquid 

mixture was placed 15 minutes in an ul trasonic bath for 

maximum dispersion. Immediately following the ultra sound, 

two drops of liquid were placed on two aluminum SEM sample 
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holders. After the alcohol evaporated, particles of dust 

remained on the holder. The surface of the samples were 

carbon coated for SEM microscopy. Several photographs of the 

dust particles were taken to evaluate their shape and size. 

7- X-Ray Energy Dispersion spectra Analysis of Oust 

The samples from step 6 were used to qenerate X-Ray EDS 

spectrum in order to identify the elements present in the 

discrete dust particles. Particles of various sizes and 

shapes were selected. The electron beam was focused at the 

center of the particle and the enerqy dispersion spectra was 

recorded. The computer data bank was used to help identify 

the peaks on the energy spectrum to identify the elements 

present in the particles. 
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6. 2 • 3 Resul ts 

1- Chemical Analysis : 

Table 6.1 shows the chemical analysis of the dust bulk sample 

collected in all 15 vacuum refininq experiments. 

As can be seen in Table 6.1, the chemical analysis of Cu, Pb, 

Ni, Bi, As and Sb show wide ranges. The copper ranqes from 3 

to 60 t, lead from 5 to 60 %, nickel from 0.2 to 0.3 %, 

bismuth from 0.1 to 5 t, arsenic from 0.01 to 1. 5 , and 

antimony from 0.02 to 0.5 t. 
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Table 6.1 Chemical Analysis for the Oust Bulk Samples of 

Experiments * 1 to 15. 

Experiment Cu Pb 

* (\) (') 

GL1 10.5 22.6 

GL2 5.52 55.4 

GL3 9.64 28.3 

GL4 5.93 60.4 

GL5 25.3 30.1 

GL6 15.8 35.7 

GL7 3.63 33.9 

GL8 60.4 12.4 

GL9 54.7 15.4 

ALlO 10.1 16.4 

AL11 17.4 13.6 

AL12 22.8 36.2 

AL13 16.9 6.8 

ASl4 45.0 4.59 

ASl5 23.4 23.5 

Legend A - Alumina Crucible 

G - Graphite Crucible 

Bi As Sb 
(') (') (') 

0.91 0.090 0.26 

0.43 0.30 0.42 

0.37 0.12 0.33 

0.12 0.43 0.45 

0.12 0.23 0.066 

0.12 0.36 0.17 

0.45 0.10 0.12 

0.10 0.016 0.027 

0.41 0.018 0.027 

1.07 1.42 0.42 

0.65 0.76 0.13 

0.98 0.66 0.18 

1.68 0.76 0.092 

1.48 0.56 0.029 

5.54 1. 28 0.14 

L - Lift-Spray Vacuum Refining Experiment 

S - still Vacuum Refining Experiment 
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Ni 
(') 

---
---
---
---
---
---
---
---
---
0.32 

0.33 

0.27 

0.33 

0.13 

0.21 
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2- Partiele Size Distribution : 

Table 6.2 shows the percent under size versus the partiele 

size. Fiqure 6.1 shows the cumulative weight percent under 

size versus the partiele diameter. It ean be observed that 

the 50 t passinq size (d50 , is approximately 80 ~m • It must 

be noted .. that at less than 200 mesh, the dust aqqlomerated 

preventinq aIl of it from passinq throuqh the screen. Thus, 

the 50 t passinq size is probably a hiqh estimate. 

Table 6.2 : Weiqht of Each Size Fraction versus the Screen 

Size in Mesh. 

Mesh Equivalent WeiC)ht S1ze CUm. Und. 
Size Size Fraction Fraction 

(~) (qr. ) ct, ct) 

+28 550 9.01 9.16 90.84 

+35 425 4.44 4.51 86.33 

+48 332 5.28 5.37 80.96 

+65 230 5.69 5.78 75.18 

+100 150 7.80 7.93 67.25 

+150 106 7.52 7.64 59.61 

+200 75 10.16 10.33 49.28 

+270 58 24.21 24.61 24.67 

+325 49 11.81 12.01 12.66 

-325 -49 12.45 12.66 

Total 98.37 100.0 

CUm. Und. • CUmulative Undersize 
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3- Chemical Assay versus Size Distribution : 

Table 6.3 gives the chemical analysis of each size fraction 

of the dry screeninq test. These analysis were used to plot 

Figures 6.2 and 6.3. 

Table 6.3 Chemical Analysis of the OUst Fractions of the 

Dry Screening Test of Experiment 6 OUst. 

Mesh Weight CU Pb Bi As Sb 
Size (gr. ) ct) ct) ct) (t) Ct) 

+28 9.01 43.8 9.84 0.033 0.14 0.027 

+48 9.72 43.5 9.09 0.033 0.092 0.027 

+100 13.49 16.2 22.9 0.065 0.23 0.041 

+200 17.68 3.07 47.3 0.13 0.40 0.29 

+270 24.21 1.91 52.2 0.50 0.15 0.26 

+325 11.81 0.82 57.2 0.54 0.19 0.29 

-325 12.45 1.48 51.6 0.62 0.25 0.26 
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Fig. 6.2 : Copper and Lead Analysis versus Size Fraction 
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Fig. 6.3 : Arsenic, Bimuth and Antimony Analysis versus Size 
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4 - Optical Microscopy 

No observations were possible using the optical microscope 

because the dust particles were too small to be properly 

evaluated for their size and shape. 

5- X-Ray Diffraction Analysis 

Usinq the computer data bank and the search program, three 

phases were positively identified, namely PbS, ZnS and Pb. 

The mineralogical form of Bi, As and Sb could not be 

identified due to an insufficient concentration level in the 

dust. Figure 6.4 shows the diffraction pattern of the dust as 

well as those of PbS, ZnS and Pb. 
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6- Scanninq Electron Micro.copy : 

The scanninq electron microscope enabled one to observe that 

the dust partiele. were grouped in elustera ranqing from a 

tew to several hundred particle.. The partiel. .ize ranqed 

from 0.1 to 10 microns. The ahape ot the amall particles were 

very irreqular. The larqer partiel.a were spherical in shape 

as seen by Figure 6.5 A and B. 

1 
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Figure 6.5: Photoqraphs of Vacuum Refininq Oust Usinq a 

Scanning Electron Mjcroscope (SEM). 

Photo A: Submicron Particles of Irreqular Shape. 

114 

Photo B: Large (~ 10 ~m) Particle Almost Perfectly Spherical. 
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7- X-Ray E.D.S. Analysis : 

Figures 6.6 A and B show an X-Ray E.D.S. taken at two 

different sites of a cluster of particles. At location A, the 

X-Ray beam was focused to an area of irregular small 

particles. At that location large Pb and Zn peaks were 

recorded on the spectra. The Al peak can be accredi ted to the 

aluminum composition of the sample holder. At location B, the 

beam was focused toward the center of a large spherical 

particle. At that location only one large peak of lead was 

detected. 
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Figure 6.6: X-Ray Emission Spectra of Vacuum Refininq Dust. 
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Spectra A: Scanninq Electron Beam Focused on an Area of Small 
Irregular Shaped Particles. 
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Spectra 8: Scanning Electron Beam Focused at the Center of 
a Large Spherical Particle. 
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6.3 Selective Condensation of the Vapours Produced during 

LSV Refining of Copper Matte 

6.3.1 objective 

117 

The objective of these experiments was to demonstrate that a 

mixture of vapours produced during vacuum refining of copper 

matte can be condensed selectively into separate metal 

fractions. The ide a originated from a Russian thesis abstract 

(Chem. Abst. 90:125066r) which stated that pure ZnS condensed 

separately from a mixture of PbS and ZnS vapours onto 

condensers at temperatures varying between 800 and 1050 

degrees Celsius. At temperatures below 800 degrees, it was 

stated that PbS containing one percent ZnS condensed. The 

pressure range during those experiments varied from 500 to 

10,000 pascal. The vapour source was copper matte vacuum 

refining dust heated to 1150 degrees Celsius. 
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6.3.2 Experimental Procedure 

The experimental variables under study were as follows. The 

pressure ranged between 30 to 1000 pascal. The temperature of 

the condenser ranged fram 700 to 925 degrees Celsius. The 

source of vapour was a mixture of vacuum refining dust 

collected from several copper matte vacuum refininq 

experiments. The dust was heated ta 1200 deqrees Celsius. 

Five experiments were carried out. Experiments 1, 2, 3, 4 and 

5 represents points A, B, C, D and E on Fiqure 6.7. 

The schematic diaqram of the apparatus used for these 

experiments can be seen in Figure 6.8. The apparatus was 

machined from solid pieces of qraphite electrode. The 

apparatus consistnd of a 0.90 m hiqh qraphi te tube wi th an 

internaI diameter of 0.23 m. The lower section of the 

apparatus was heated by an induction furnace. A type K 

thermocouple was placed inside the source of vapours, from 

the bottom of the graphite crucible. The upper section of the 

apparatus (the Condenser) was kept at the desired temperature 

using a 8 kW resistance heater connectec1 to a variable 

voltaqe power source. 

Figure 6.9 shows an enlargement of the conc1enser section of 

the apparatus. Three type K thermocouples were placed at 

different locations in the upper section of graphite. The 

temperature of the condenser was moni tored precisely 
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throuqhout the experiment. 
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Fig. 6.7 : Equilibrium Vapour Pressure of Lead, Lead Sulphide 
and Zinc Sulphide versus the Temperature (K). 
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Fig. 8.8: Schema tic Diagram of Selective Condensation Apparatui. 
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Fig. 8.9 : Sch.matlc Dlagram of th. Upper S.ctlon of th. 
S.I.etlv. Cond.nsatlon Apparatus. 
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The experimental procedure was as follows: 

1- An 8 kg mixture of vacuum refininq dust was placed in the 

apparatus. 

2- The vacuum chamber was evacuated and then filled with 

nitrogen gas. 

3- The condenser section and the vapour source were heated to 

the desired experimental temperatures. 

4- The vacuum chamber pressure was lowered to the preselected 

value. 

5- The tempe rature was monitored for the next 20 minutes. The 

power input to the induction furnace and condenser were 

controlled to keep the temperatures constant. 

6- After 20 minutes, aIl power was shut off and the vacuum 

chamber was flooded with nitrogen qas. The apparatus was 

cooled under inert atmosphere to prevent oxidation of the 

dust. 

7- After cooling, dust samples were collected from the 

condenser and the vacuum chamber. 

S- The dust collected from the condenser and the walls of the 

vacuum chamber was mixed toqether and put back into the 

apparatus for the next experiment (Note: 0.5 kq of sulphur 

was added while mixing the dust for Experiments Band C). 

9- The dust samples were sent to the Noranda Technology 

Center to be analyzed for Pb, Zn, Bi, As, Sb and S • 
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6.3.3 Results 

The results of the Selective Condensation Experiments are 

presented in Table 6.4. This table gives the location at 

which the sample was taken, the temperature of the condenser 

and the chemical assays of the sample. 
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Table 6.4 Results of Selective Condensation Experiments: 

Chemical Analysis. 

Exp. # Locat~on T P Pb 
(K) (Pa) (%) 

A Condenser 973 1000 52.7 

A Chamber --- 1000 42.4 

B Condenser 1073 100 53.8 

B Chamber --- 100 50.0 

C Condenser 1143 100 11. 6 

C ;. Cond. Cr. 1300 100 0.49 

C Chamber --- 100 45.2 

0 Condenser 1173 40 10.8 

0 Chamber 
. 

40 32.7 --- -
4 . 

Condenser 
.- " E 1203 40 1.01 

E Chamber --- 40 32.0 

Lower detection limit Bi = 0.018 

As = 0.064 

Sb = 0.021 

Zn Bl As Sb 
(%) (t) ( %) (%) 

19.0 0.55 0.42 0.31 

17.0 0.50 0.31 0.26 

20.5 0.43 0.12 0.35 

13.0 0.39 0.48 0.34 

39.4 .082 < 0.12 

53.6 < < < 

12.9 0.34 0.19 0.31 

27.7 0.13 < 0.10 

14.8 0.23 .097 0.21 

49.1 .022 < < 

15.1 0.22 .081 0.19 

Bi, As or Sb = < = Not detected by assayinq method 

Cond. Cr. = Condenser Crusty Material 

S 
(%) 

7.58 

8.77 

13.6 

17.3 

23.7 

29.9 

19.7 

21. 6 

12.0 

26.2 

15.9 
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CHAPTER 7 

LSV Re~inln9; Experimental and Resulta 

7.1 Objective of the LSV Refining Experimental program 

The objective of the experimental program was to explore the 

feasibility of Lift-Spray vacuum refininq copper matte. The 

removal rates of several impurities, namely lead, bismuth, 

arsenic, antimony, selenium and nickel, were measured during 

the experiments. 

The experimental program was divided into two parts. In the 

first part, a graphite apparatus was used to keep the oxyqen 

level dissolved in the melt at a minimum. In the second part, 

an alumina lined apparatus was used for the experiments te 

keep the oxygen activity in the melt at a maximum. 
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7.2 Variables Influencing the Rate of Evaporation 

Several variables affected the rate of evaporation of the 

impurities from copper matte in the LSV process. The 

following is a list of the most important ones: 

1) The Temperature of the Melt 

2) The Chamber Pressure 

3) The Concentration of Copper in the Melt 

4) The Oxygen Activity in the Melt 

5) The Area to Volume Ratio of the Melt 

6) The Scavenging Gas Flow Rate 

7) The Initial Concentration of the Impurities 

8) The Presence of Slag on the Surface of the Melt 

9) The Stirring Condition in the Liquid 

Of the above variables, 1) to 6) were controlled during the 

exper iments, while 7), 8) and 9) were not. However, the 

levels or conditions of variables 7), 8) and 9) were noted 

and taken into consideration when calculating the overall 

refining rates or during the interpretation of the results. 
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7. 2 • 1 Temperature of the Mel t 

The tempe rature ranqe of the experiments went trom 1473 to 

1573 K. These represent typical limits for industrial liquid 

copper matte temperatures. Ideally the temperature was set at 

1523 K and was held constant throuqhout the experiment by 

manually adjustinq the power input to the induction furnace. 

The tempe rature readinqs employed a platinum-rhodium 

thermocouple (Type R) in a graphite probe inserted in the 

mel t. When a thermocouple failed, an optical pyrometer was 

used to monitor the melt temperature and hold it constant. 

The optical pyrometer was calibrated at the beqinrlinq of each 

experiment aqainst the thermocouple readinqs and was used as 

a backup in case of thermocouple failure. 
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7.2.2 Chamber Pressure 

The chamber pressure ranqe investiqated was from 10 to 600 

pascal. The chamber pressure was measured usinq a tilting 

type McCloud gauge. Typically, the chamber pressure was set 

at 10, 100 or 600 pascal by partially openinq the vacuum 

valves to the pumps. Once the desired pressure was obtained, 

the pressure was held constant throuqhout the experiment . 
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7.2.3 Copper Content of the Melt 

Changes in the composition of the mel t affect the rate of 

evaporation of the impurities via the changes in activity 

coefficients of the impurities, and the changes in the 

sulphur and oxygen activities. 

Copper matte can be thought of as a mixture of cu2s and FeS 

molecules. Thus, the chemical composition of the melt can be 

described by the percent copper in the matte (matte grade) 

since it is directly related to the relative proportions of 

cu2S and FeS present in the liquide The matte grade range 

under study was between 30' to 80' copper. 

The matte grade was varied by using three different chargt.~ 

materials; they were: reverberatory furnace matte (35% Cu), 

Noranda reactor matte (65' Cu) and copper converting matte 

(80' Cu). AlI the copper matte was provided by the Noranda 

Horne Smelter. 
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7.2.4 Oxygen Activity in the Melt 

In copper matte, the sulphur activity is directly related to 

the amount of FeS present in the solution and thus the matte 

grade. The oxygen activit.y however, is determined by the 

equilibrium: 0.5 S2 + 02 = 502' and thus is a function of the 

502 pressure in the system. In industrial practice the S02 

pressure is typically 20,000 pascal (1. e., 1/5 atm). Under 

vacuum, the total pressure of the system is reduced to 

approximately 10 to 600 pascal. It was observed that as the 

pressure was lowered, the melt boiled due to the evolution of 

sulphur dioxide gas. Assuming that the sulphur and oxygen 

were at equilibrium with the pressure in the vacuum chamber 

(502 pressure), the dissolved oxygen levels and oxygen 

activities were calculated to be 10 to 1000 times lower as 

compared to industrial smelting practices. 

The oxygen content was further reduced by the use of a 

graphite crucible. In a graphite crucible, the dissolved 

oxygen reacted with the crucible to form carbon dioxide. The 

net result was that the oxygen activities were approximately 

six orders of magnitude lower than the y would have been in 

alumina-silica crucibles. In this study, both types of 

crucibles were used such that a comparison could be made on 

the effect of the dissolved oxygen content on the rate of 

evaporation of the impurities. 
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7.2.5 Area to Volume Ratio of the Melt 

The aim of the LSV process is to create a larqe surface area 

to volume ratio for the mel t durinq vacuum treatment. The 

surface area available for evaporation is composed of two 

components, namely, the area of the bath and the area of the 

suspended droplets in the spray. The bath surface area is 

fixed by the size and qeometry of the system. However, the 

spray surface area can be adjusted by alterinq the amount of 

liftinq gas injected at the bottom of the riser leg. Both the 

diameter and total length of the leq were kept constant in 

the present study to facilitate the analysis of the results. 

Other factors such as the lift ratio and the nozzle 

submerqence affected the surface area produced in the spray. 

These were not controlled and resulted in the scattering of 

the data. 
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7.2.6 scavenging Gas Flow Rate 

An inert gas introduced in a vacuum system can increase 

evaporation rates by dilutinq the vapours of the impuri ties 

in the gas phase, see Reference 49. Howev{:!:, this was not 

attempted in the present experiment. Furthermore, it is 

believed that the small amount of lifting gas that was 

introduced did not have an impact on the resul ts . 
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7.2.7 Impurity Concentration 

The impurity levels found in the copper matte received from 

the smelter were unadulterated for most of the experiments. 

only small amounts of As, Bi and Sb were added in Experiment 

10, Il, 12 and 13 to improve Bi, As and Sb determination by 

using higher concentrations. 
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7.2.8 Slag on the Surface of the Melt 

The maximum rates of refining were attained when the surface 

of the melt was free of slag. During matte melt down, sorne 

entrained slag surfaced to form a layer covering the surface. 

However, in the LSV process, fresh matte is pumped from the 

bottom of the crucible and ejected to the spray. This 

provided a clean surface for evaporation, stirred the bath 

surface thus, preventing the formation of a coherent slag 

layer at the surface. 
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7.2.9 stirring Conditions in the Liquid 

The LSV process provides good stirring of the liquid bath. 

However, it was not possible to quantify that variable. The 

stirring or mel t recirculation rate was determined by the 

experimental operatinq conditions such ~s the pumpinq rate in 

the riser leg and natural convection. 
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7.3 Experimental Set-up 

7.3.1 Apparatus Construction 

The LSV process is undergoing development. Thus, the 

apparatus was designed and built from scratch in the 

laboratory. A total of five vacuum apparatus were machined 

from solid graphite electrodes. Two were made entirely from 

graphite electrodes and three had an alumina castable cement 

or ramming mix lining and internals mounted inside a graphite 

suceptor. The schematic drawings of the two most advanced 

prototypes built can be found in Figures 7.1 and 7.2. 

The apparatus in Figure 7.1 measures 0.90 meters in height 

and 0.21 meters in diameter. It was machined using three 

sections of graphite electrodes bonded together with ceramic 

cement. The bottom two sections were heated in the induction 

furnace and the top section was heated by an eight kW 

resistance furnace connected to a variable voltage power 

supply. The liquid matte and spray occupied the bottom two 

sections. Gas was introduced into the lifting leg through a 

graphite injector. scavenginq gas could have been added into 

the top two sections throuqh a lance. The capacity of the 

apparatus was approximately 35 to 40 kg of liquid matte. A 

second prototype was also built with a smaller capacity of 

approximately 20 to 22 kg. 

Figure 7.2 shows the LSV prototype with an alumina interior. 
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Fig 7. 1 : Schematic Diagram of Laboratory Graphite LSV Apparatus 

Set-Up in an Induction Furnace. Top Section Heated by 

Resistance Heater. 
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Fig 7.2 : Schematic Diagram of Laboratory Alumina LSV Apparatus 

Set-Up in an Induction Furnace. Top Section Heated by 

Resistance Heater. 

Power 
LSV Resistance Crucible 

Furnace Supply 0 

Matte 
: Shower. 

',0 ,0 -0" -
o - \ 

~ 0 00 

0 
0, ,0 <ô 1 0/, 

0 o \0_0 , 0,0 
" 0 

0 
000 0 '" ~ 0 o 0 0 00, 

o 0 
o oro 

0 o 00 0 ~D 0 --o "0 

0 ~ .Cg;::J. 
0 

0 0 0 'C> ~o 0 

0 ~ 0 0 0 Riser 0 

0 0 - -
0 -

Melt-- Alumina 

0 0 Castabl. 

0 - - 0 
0 0 

Thermocouple 
ln je ct or 

139 



{ 

-- ---- --------

Chapter 7 LSV Ref1n1ng Results 140 

The apparatus consisted of a graphite suceptor 0.9 meters in 

height and 0.21 meters in internaI diameter. The alumina 

riser leq and mel t holdinq crucible of approximately 1. 5 cm 

thick walls was cast inside this suceptor. This resulted in a 

melt capacity of approximately 25 kg of matte in the bottom 

section. Tungsten wires were imbedded in the alumina cement 

to prevent breaking of the riser leg due to thermal shock. 

The ~emperature probe was built from a graphite holder and a 

mulite tube running throuqh the qraphite, see Figure 7.3. The 

mulite tube was held in place with ceramic cement to prevent 

matte leaks. The injector was built from a graphite holder 

and an alumina tube, see Figure 7.4. 

Table 7.1 gives the capaclty and the dimensions of the LSV 

apparatus used for these experiments. Table 7.2 shows the 

steps to be followed and the time requirements to build an 

LSV apparatus, prepare the furnace and run one experiment. 

Due to the complexity of the experimental set up, it took a 

minimum of 2 • 5 weeks to complete the experiment, from the 

beqinning of the fabrication to the actual run. If no break 

downs or leaks occurred 1 only phase III had to be repeated 

over for each experiment. Thus , a minimum of three days per 

experiment was required once the initial fabrication and set 

up was performed. 
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Fig. 7.3 : Schema tic Diagram of Thermocouple Probe. 
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Fig. 7.4: Schema tic Diagram of Alumina ln je ct or. 
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During the course of this study, many problems were 

encountered. Phase II and repairs were repeated five times. 

In addition, five separate apparatus were built requiring the 

repetition of aIl three phases of construction. 

Table 7.1 Dimensions and Capacities of Graphite and 

Alumina LSV Refining Apparatus. 

type Mel t section Spray Section Total Melt 

Helght Dla. He~ght Ol.a. Height Capacity 
(m) (m) (m) (m) (m) (kg) 

Gr.A. A 0.28 0.21 0.56 0.21 0.90 35 to 40 

Gr.A. B 0.28 0.15 0.56 0.21 0.90 20 to 22 

Al.A. 0.28 0.17 0.56 0.21 0.90 25 to 27 
--

For all three apparatl Riser InternaI Diameter = O.05rn 

Riser Height = O.26m 

Gr.A. A Graphite Apparatus, Prototype * A 

Gr.A. B Graphite Apparatus, Prototype * B 

Al. A Alumina Apparatus 
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Table 7.2: Time Scale for Apparatus Construction, preparation 

and Experiment Run. 

Phase 1: Apparatus Construction 

a) 

b) 

Machininq of Graphite LSV Apparatus a:ld Base 

(eut, Machine, Face and Drill Electrodes) 

Machininq of Temperature Probe and Gas Injector 

c) Gluinq of Apparatus Sections, Temperature Probe 

and Gas Injector 

For alumina interior apparatus only: 

d) Construction of Alum!num Molds to Cast the 

Alumina Interior 

e) Castinq of the Alumina interior and Leave 

to Dry 

Total : 

Phase II: : Assembly of Apparatus in the Vacuum Chamber 

a) Removal of the Induction Furnace from the 

Chamber, Clean, Empty and Prepare Base 

b) Mountinq of the Apparatus Inside the Vacuum 

Furnace, Cementinq and Packinq Sand 

c) Reassemblinq the Induction Furnace Inside the 

Chamber, connectinq and Checkinq all Hoses 

Total: 

2 Days 

l Day 

l Day 

l Day 

l Day 

6 Days 

l Day 

1 Day 

1 Day 

3 Dayf's 
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Phase III : Preparation and Experimental Run 

a) Cleaning of aIl Vacuum Seals, Preparation of 

Thermocouples, connections, preparation of 

Sample Cups and Bags, Test of Vacuum, Etc., 1 Day 

b) 

c) 

Run Experiment, Let Apparatus Cool Down 1 Day 

Open Furnace, Collect Oust, Clean Chamber, etc., 1 Day 

Total : 3 Days 

Grand Total : 
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7.3.2 Equipment Used and Accuracy 

Vacuum Chamber and Induction Furnace 

The experiments were conducted in a Deltec cylindrical vacuum 

chamber of 1.5 m in diameter and 1.8 m in length. The pumpinq 

outlet was located in the rear wall of the furnace. The 

location of the outlet was of no importance to the impurity 

removal sinee the chamber was water cooled and the impurity 

vapours condensed on the walls. The chamber had several 

vacuum tight windows which allowed for observations and the 

taking of photographs during the experiments. A vacuum lock 

on top of the chamber enabled sample taking without 

disruption of the vacuum. Connections were also provided for 

thermocouples and pressure gauqes attachments. 

A Tocco 3000 Hertz, 100 kW furnace was mounted inside the 

chamber. The furnace could be tiited, via a hydraulic system, 

to pour the matte at the end of each experiment. The 

induction - furnace power supply was assembled by Bradley 

Controls Limited. 

The pumpinq was done via a two staqe system consistinq of a 

"Stokes" meehanical pump (0.142 m3a -1 nominal capacity) 

connected in series to a "Roots" blower (0.614 m3s-1 nominal 

capacity) to obtain lower pressure leveis • 
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The apparatus vas mounted accordinq ta Fiqure 7.1 and 7.2 • 

The apparatus vas supported on tvo retractory bricks placed 

at the bottom of the furnace. Care was taken not ta hit and 

break the injector and thermocouple probe. Quartz sand vas 

used as packinq material ta hold the apparatus in place. The 

resistance heater was placed around the upper section of the 

apparatus and secured using three large stainless steel hase 

clamps. The electric connections vere made and more packing 

sand was placed. High tempe rature cement was used to caver 

the sand and build a pourinq spout. 

Temperature Measurement 

The malt temperatura was measured using a type R 

platinum-rhodium thermocouple protected by a graphite probe 

or by a mulite sheath, Figure 7.3 • The thermocouple probe 

penetrated 0.025 JI into the mel t and was located at the 

bottom of the crucible. The probe vas held in place by 

"Are.co 503" ceramic cement. The seal vas excellent and no 

leaka occurred due to cement tailure. 

The temperature waB reaci dlrectly in degrees celsius on an 

Omega or Analogie type R digital thermometer. The accuracy of 

the tempe rature readings (claimed by the manufacturer) varieci 

plus or minus 1 deqree celsius. 
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An optical pyrometer vaa uaed as a back up to measure the 

tempe rature of the melt in caae the thermocoupJ - tailed. The 

pyrometer vas calibrated against the thermocouple at the 

beqinninq of the experiment. The pyrometer was a disappearing 

hot filament type with an accuracy of plus or minus 25 K at 

best. Once the filament temperature was adjusted at the 

beqinninq of the experiment, it waa not changed sa as to keep 

the melt temperature constant. If the thermocouple tailed, 

the pyrometer was used as a reference to keep the melt 

temperature constant by adjustinq the power ta the induction 

furnace. 

The tempe rature of the upper section of the apparatus was 

measured usinq three type X Chromel-Alumel thermocouples. The 

location of the thermocouples is seen on Fiqure 7. 5 . The 

objective of aIl tifteen experiments was ta keep the 

temperature of thermocouple 1 and 2 around 1273 K so as to 

prevent the condensation of the volatilized impurities on the 

walla and the freezing of copper matte droplets from the 

spray. 

Pressure Measurementa 

Three instruments wara availabl.e to read the pressure. One 

was a mercury manometer which qave an approximate readinq of 

the pressure inside the chamber (range, 0 to 101,000 pascal) • 

The other was a capsule dial qauqe vhich had a ranqe of 0 to 

2500 pascals with an accuracy of plus or minus 100 pascal. 
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The other was a til tinq type Mccloud qauqe which had a ranqe 

of 0 to 665 pascal (0 to 5 mm Hq) with the smallest 

measurable pressure of 0.5 pascal. The accuracy of the 

Mccloud qauge was plus or minus 3 , of the scale readinq, 

as quoted by the distributor. 

samplinq of the Melt 

Mild steel sample cups were machined to obtain 10 qram 

minimum samples, Fiqure 7.6 • The sample cups had interior 

dimensions of 2.5 cm diameter and 1. 0 cm depth. Six cups were 

machined and enqraved , 1 to '6. The cups were reused for 

many experiments since soliditied copper matte did not adhere 

to the steel • 

Oxyqen Activity Measurements 

The oxygen activity of the liquid matte was measured by 

Temp-Q-Tips probes (Ni/NiO reterence) from Leeds and Northrup 

Co. The oxygen probes were connected to an Omeqa 2 channel 

chart recorder with an accuracy of plus or minus 0.5' • One 

channel of the chart recorder was connected to the type S 

(platinum-rhodium) dip tip thermocouple of the probe and the 

other was connected to the Ni/NiO cell of the probe. 

The oxyqen potential was related to the measured Emf usinq 

the followinq equation: 
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Fig. 7.8 : Mild Steel Sampi. Cup. 
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Emf = EC + EO + -RT (l/pO. S ] 
ZF' O2 

where: EO = -dG (NiO) 
ZF 

152 

( 41) 

(42) 

and Ec is the contact vol taqe produced by the two electrodes 

in contact with the copper matte melt. 

Calibration curves were not available from the supplier for 

copper matte melts. Thus, the method of approximation 

described below was adopted. The initial oxygen activities 

were assumed to be 10-8 and 10-7 atmosphere for reverberatory 

and Noranda reactor matte, respectively based on the 

literature (11). By knowinq the startinq oxygen activity 

before the chamber was under vacuum and the melt temperature, 

the. contact Emf (Ec) in Equation 41 was calculated. Assuming 

Ec was constant, an approximate oxyqen pressure was 

calculated for Emf measurements taken during the experiments. 
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7.4 Experimental Procedure 

7.4.1 Copper Matte Preparation 

The reverberatory furnace matte, Noranda reactor matte and 

converter white metal were provided by Noranda Inc., Horne 

smelter. The matte received had pieces ranging from 1.0 to 

15.0 cm. The matte was crushed to minus 0.5 cm and thoLoughly 

mixed. This was done to facilitate manipulation, weighing and 

homogenization of the chemical composition. 
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7.4.2 Chemical Composition of the Melt 

The copper matte grade under study ranged from 35 to 80 % 

copper. The matte composition was varied by selectinq either 

reverberatory furnace matte (35% Cu), Noranda reactor matte 

(65% Cu) or white metal (80% Cu). The matte was weighed 

before being charged into the apparatus to document the 

initial weight (accuracy ±O.05 kg). If any matte additions 

were required after mel tinq, they were aiso carefully 

weighed. 
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7.4.3 Charge Meltinq 

Before meltinq started, the vacuum chamber was evacuated to 

verify that no air infiltration occurred. The pressure was 

then increased to approximately 20,000 pascal (150mm Hg). The 

lifting qas (nitroqen) flow rate was adjusted to the 

preselected value and then the furnace power was turned on. 

The maximum power used was 40 kw to avoid damaging the 

thermocouples. The resistance furnace, on the top part of the 

apparatus was also turned on. Once the mel t tempe rature was 

attained and the resistive heater tempe rature reached 1273 K, 

a sample was taken and labelled as the initial condition. 

Typical initial impurity concentrations ranged from 1.5 to 

3.0 % lead, 0.01 to 0.03 , bismuth, 0.02 to 0.09 % arsenic 

and 0.01 to 0.04 % antimony. 
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7. 4 • 4 Pump Down 

After taking the initial sample, the auxiliary vacuum valve 

was opened and depressurization started. The chronometer was 

started as well. At pressures below 5000 pascal , very 

violent bubbling occurred due to 502 or CO
2 

evolution from 

the melt. The melt was closely observed durinq that time. The 

extent to which the vacuum valve was open was adj 'lsted to 

minimize matte los ses d'le to excessive splashing. After the 

bubbling diminished (15 to 30 minutes later and charnber 

pressure less than 500 pascal), the main vacuum valve was 

opencd if necessary and the pressure was set to the 

preselected value. By openinq and closing the vacuum valves, 

the chamber pressure could be controlled. 

) 
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7.4.5 Temperature Control 

The tempe rature of the melt was kept constant by varying the 

power input to the induction furnace. US'.lally a power of 25 

kW was required durinq depressurization due to the high heat 

losses during the S02 or CO 2 boil. After depressurization, 

the power was decreased and 10 ta 15 kW was sufficient ta 

keep the tempe rature constant at plus or minus 25 K. 
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7.4.6 Samplinq of the Melt 

Durinq an experiment, a maximum of six samples were taken. 

The ma~te samplinq was carried out as follows: 

Sample 1: At t ime t = 0, Once the selected mel t tempe rature 

was reached, before depressurization. 

sample 2: After the S02 boil, t = 15 to 20 minutes. 

Sample 3-5: Every 15 to 20 minutes, as required. 

Sample 6: At the end of the experiment. 

The time at which the samples were taken was dc=umented in 

the experiment loq book at plus or minus 30 seconds. The 

samples were cataloqued and sent to the Noranda Technoloqy 

Center for assaying. 
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7.4.7 Oxygen Activity Ueasurements 

Oxyqen activity measurements were taken on1y in Experiments 

13, 14 and 15. To take oxygen measurements, the vacuum had to 

be broxen. This meant that measurements were taxen at the 

beqinning and at the end of the experiments. In Experiments 

14 and 15, an oxyqen measurement was a1so taxen after the S02 

boi1. The time during which the vacuum was disrupted was 

measured and taxen into consideration for the concentration 

versus time curves of Experiments 14 and 15 in Section 7.5 . 
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7.4.8 Termination of Experiments 

After the last sample, the power to the furnace and 

resistance heater was turned off. The apparatus was til ted 

and the matte was poured into a steel mold. During the 

cooling of the apparatus, the lifting gas was left on (3 to 4 

hours). This prevented the blocking of the injector by 

residual freezing matte. The apparatus was left to cool 

overnight before the vacuum was broken. The matte ingot was 

then retrieved and weighed to record the final weight. 
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7.4.9 Oust Sampling 

The next day, after removing the matte ingot, the dust was 

swept off the walls and collected. The dust was weIl mixed 

and an 8 mesh screening was done to remove the matte which 

had splashed out of the bath. The dust was spread on a table 

and a 50 gram sample was cut ta be sent for assay ing. The 

vacuum chamber was cleaned using a vacuum cleaner. 

Preparation for a new experiment could then be started. 

A mention must be made here regarding safety precautions that 

must be taken during the clean up of the vacuum chamber. The 

dust contains high levels of lead, arsenic, cadmium, etc. 

Hence, a du st mask must be worn at aH times during clean up, 

or other work done in the vacuum chamber. Furthemore, i t is 

advisable to wash hands and shower to avoid lead and cadmium 

poisoning through the ingestion of the dust (i. e., eat i ng 

your lunch with dirty hands) • 
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7.5 Tabulation and Presentation of the Experimental Results 

This section of Chapter 7 presents the results of all the 

experiments in tabular and graphical forme For each 

experiment, one table will be provided as well as the 

corresponding graphs of the loqarithm of the concentration of 

lead, bismuth, arsenic and antimony versus the time. 



Chapter 7 LSV Refining Results 163 

Table 7.4: Results of Experiment 1, Concentration of Pb, Bi, As, 

Time 
(s) 

0 
600 
1200 

Notes 

Sb, and Se versus Time in a Graphite Apparatus. 

Temp. Press. Pb Bi As Sb Se 
(K) (Pa) (%) (%) (%) (% ) (% ) 

1473 19950 4.64 0.084 0.029 0.045 0.0047 
(pyro. ) 3990 3.52 0.045 0.027 0.039 0.0070 

1330 1. 30 0.013 0.025 0.037 0.017 

Matte Grade 35.8 % Cu 

Lifting Gas 130 Nml/s scavenging Gas 30 Nml/s 

Matte Weight: Start 30.5 kg, End 22.6 kg 

Oust and Splashing Weight : 6.04 kg 

(pyro.) : Temperature measured with the pyrometer. 
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Table 7.5: Results of Experiment 2, Concentration of Pb, Bi, As, 

Time 
(s) 

a 
150 
240 
450 
600 
900 
1200 
1440 
1800 
2100 
2220 
2400 
2580 
2700 
2820 
3000 
3060 
3240 
3420 
3660 
3900 

Notes : 

Sb, and Se versus Time in a Graphite Apparatus. 

Temp. Press. Pb Bi As Sb Se 
( K) (Pa) (% ) ( %) (t) (%) (%) 

1423 19950 4.05 0.015 0.032 0.054 0.029 
1403 7980 
1373 3990 
1373 3000 
1383 2600 3.96 0.017 0.030 0.056 0.039 

2400 
1523 2200 3.40 0.012 0.030 0.046 0.025 

(Pyro. ) 2000 
1000 

1.14 0.0063 0.026 0.041 0.032 
300 
80 
66 
240 
53 0.29 0.0043 0.023 0.033 0.040 
53 
130 
40 
66 
40 0.24 0.0038 0.022 0.033 0.061 

Matte Grade 65.3 % Cu 

Lifting Gas 39.0 Nml/s Scavenging Gas 50 Nml/s 

Matte Weight : Start 39.0 kg, End 33.2 kg 

Oust and Splash Weight : 

At time equal 50 minutes, good spray observed. 

Sorne dust falls from the roof to the bath, refluxing. 

, 
1 

,1 
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Table 7.6: Results of Experiment 3, Concentration of Pb, Bi, As, 

Sb, and Se versus Time in a Graphite Apparatus. 

Time Temp. Press. Pb Bi As Sb Se 
(s) (K) (Pa) (t) (t) (t) (t) (% ) 

0 1473 21280 3.61 0.062 0.028 0.037 0.015 
120 1459 13300 
240 1473 6650 
360 1473 5320 
420 14 "/3 3990 
600 3.56 0.042 0.040 0.045 ----
720 1473 3330 
840 (pyro. ) 3330 
960 2100 
1080 1500 
1200 1500 3.34 0.041 0.031 0.041 ----
1320 1300 
1500 1000 
1860 700 0.99 0.011 0.022 0.028 <0.0047 
2100 100 
2250 100 
2460 100 0.49 0.0090 0.021 0.027 <0.0047 
3900 100 0.054 0.0062 0.016 0.024 0.0047 

Notes Matte Grade 35.0 % Cu 

Lifting Gas 30 Nml/s scavenging Gas : 50 Nml/s 

Matte Weight : Start 34.0 kg, End 26.1 kg 

Oust and Splashing Weight : 6.1 kg 
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Table 7.7: Resul ts of Experiment 4, Concentration of Pb, Bi, As, 

Sb, and Ni versus Time in a Graphite Apparatus. 

Time Temp. Press. Pb Bi As Sb Ni 
(s) ( K) (Pa) (%) ( %) (%) (%) C%) 

0 Approx. 2260 4.75 0.012 0.041 0.060 0.41 
300 1523 1330 
1800 No 1330 
2700 Measure 1330 5.13 0.013 0.051 0.055 0.43 
3000 930 
3120 2020 
3300 1520 
3600 1210 
3900 808 3.85 0.0038 0.045 0.063 0.45 
4200 505 
4500 93 
4800 27 
5100 13 
5400 13 0.23 0.0035 0.020 0.051 0.49 
5700 27 
6000 13 
6300 27 0.10 0.0040 0.011 0.033 0.47 

Notes Matte Grade 63.4 % Cu 

Lifting Gas 13 Nml/s 

Matte Weight : Start 21.1 kg, End 9.9 kg 

Oust and Splashing Weight : 10.5 kg 

At 50 minutes, the matte froze on the top' of the 

apparatus. At 65 minutes, the main vacuum valve was 

opened. At 75 minutes, the melt was white hot. At 90 

minutes the spray was very small and there was not 

enough matte. 
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Table 7.8: Results of Experiment 5, Concentration of Pb, Bi, As, 

Time 
(s) 

0 
300 
600 
900 
1200 
1500 
1800 
2100 
2400 
2700 
3000 
3600 
3900 
4200 
4500 
4800 
5100 
5400 
5700 
6000 

Notes 

Sb, Se and Ag versus Time in a Graphite Apparatus. 

1 

Bi Temp. Press. Pb As Sb 
(R) (pa) (% ) (%) (%) (%) 

1473 19950 4.47 0.014 0.033 0.053 
1523 7980 
1510 2400 
1503 1200 
1503 900 3.82 0.0090 0.028 0.044 
1503 600 
1473 200 
1503 100 
1533 27 0.34 0.0061 0.011 0.030 
1549 13 
1533 20 
1523 13 0.24 0.0076 0.0093 0.021 
1515 5 
1533 13 
1535 13 
1536 13 0.022 0.0030 0.0071 0.019 
1533 13 
1528 27 
1523 5 
1515 5 0.34 <0.0030 0.0079 0.022 

Matte Grade: 60.3 % Cu 

Matte Weight : Start 18.8 kg, End Il.8 kg 

Oust and Splashing Weight : 5.8 kg 

Lifting Gas: 8.5 Nml/s 

Spray Quality At 0 mi~utes, filled to rime 

At 50 minutes, good spray. 

At 100 minutes, poor spray. 

Se 
(% ) 

0.078 

0.080 

0.074 

0.070 

0.070 

0.073 

Ag 
(% ) 

0.24 

0.26 

0.28 

0.28 

0.29 

0.29 
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Table 7.9: Results of Experiment 6, concentration of Pb, Bi, As, 

Time 
(s) 

0 
120 
300 
600 
900 
1080 
1200 
1380 
1500 
1560 
1800 
1920 
2220 
2400 
2700 
3180 
3600 
5400 

Notes 

Sb, and Se versus Time in a Graphite Apparatus. 

Temp. Press. Pb Bi 
(R) (Pa) (%) (%) 

1523 13300 3.67 0.015 
(pyro. ) 9310 

5320 
2000 
1300 
900 
800 
400 
200 
80 
80 0.88 0.0053 
13 
13 
13 
33 0.20 0.0053 
27 
27 0.15 0.0053 
27 0.028 0.0068 

Matte Grade: 62.9 % Cu 

Matte Weiqht : Start 20.6 kq 

Dust Weight 

Lifting Gas 

1.6 kg 

8.5 Nml/s 

As Sb 
(%) (%) 

0.033 0.053 

0.016 0.032 

0.0093 0.026 

0.0076 0.019 
0.0075 0.020 

End 18.4 kg 

At 32 minutes, poo~ spray due to a big skull 

Se 
(%) 

0.059 

0.055 

0.053 

0.054 
0.052 
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Table 7.10: Results of Experirnent 7, Concentration of Pb, Bi, As, 

Time 
(s) 

0 
300 
600 
900 
1200 
1320 
1500 
1800 
2100 
2400 
2700 
3000 
3600 
3900 
4200 
4500 
4700 
5000 
5400 

Notes 

Sb, and Se versus Time in a Graphite Apparatus. 

Temp. Press. Pb Bi As Sb Se 
(K) (Pa) (%) (%) ct) (%) c%) 

1523 19950 3.07 0.048 0.0097 O. 04'. ----
1523 6650 

3990 
1523 3990 2052 0.020 0.010 0.042 ----

(pyro. ) 1500 
1000 
500 
300 1.28 0.0061 0.0089 0.028 ----
67 
40 
27 0.24 0.0045 0.0048 0.024 ----
13 
13 0.023 0.0030 0.0043 0.021 ----
13 
10 
10 
10 
10 
10 0.033 0.0030 0.0040 0.012 ----

Matte Grat.- a 40.2 % Cu 

Liftinq Gas 7.0 Nml/s 

Matte Weiqht : start 21.3 kq, End 17.6 kq 

Oust and splashing Weight : 2. 7 kq 

At 15 minutes, crucible filled to rim, very qood spray. 

At 30 minutes, no skull forming. 

At 40 minutes, very qood spray. 
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l Table 7.11: Results of Experiment 8, Concentration of Pb, Bi, As, 

Sb, and Se versus Time in a Graphi te Apparatus. 

Time Tem~). Press. Pb Bi As Sb Se 
(s) (K) (Pa) (!f;) (%) (t) (%) (% ) 

0 1523 19950 1.00 0.0056 0.013 0.01.9 ----
120 (pyro. ) 10640 
300 4660 
600 2000 
900 1500 0.64 0.0056 0.013 0.019 ----
1200 1000 
1320 500 
1500 319 
1800 130 0.53 0.0048 0.011 0.017 ----
1920 27 
2100 13 
2401) 13 
2700 10 0.'22 0.0024 0.0085 0.023 ----
3300 10 
3600 10 0.070 0.0020 0.015 0.025 ----
4500 la 0.046 0.0016 0.010 0.015 ----

Notes Matte Grade 78.3 % 

Lifting Gas 8.6 Nml/s 

Matte weight : Start 22.7 kg, End 21.0 kg 

Oust and Splashing Weight : 1.1 kg 

At 0 minutes, the crucible was filled to the rim, sorne slag 

was present on the melt surface (very viscous). 

At 25 minutes, good spray. 
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Table 7.12: Results of Experiment 9, Concentration of Pb, Bi, As, 

Sb, and Se versus Time in a Graphite Apparatus. 

Time 
(s) 

0 
300 
600 
900 
1020 
1200 
1500 
1620 
1800 
2100 
2400 
2700 
3000 
1300 
3600 
4500 

Notes 

Temp. Press. Pb Bi As 1 Sb 
(K) (Pa) (t) (t) (%) ( %) 

1523 13300 0.69 0.0052 0.011 0.017 
1543 6650 
1543 1500 
1543 700 0.61 0.0060 0.012 0.018 
1541 300 
1540 120 
1535 67 
1536 13 
1536 0.19 0.0036 0.012 0.020 
1538 27 
1533 10 
1533 27 0.084 0.0028 0.016 0.026 
1527 10 
1528 10 
1533 10 0.037 <0.0016 0.0085 0.017 
1531 10 0.017 0.0020 0.009U 0.015 

Matte Grade 77.6 % Cu 

Lifting Gas 8.0 Nml/s 

Matte Weight : Start 22.7 kg End 21.6 kg 

Oust and Splashing Weight : 0.4 kg 

Good spray throughout the experiment. 

Se 
(t) 

----

----

----

----

----
----
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Table 7.13: Results of Experiment 10, Concentration of Pb, Bi, As, 

Sb, and Ni versus Time in an Alumina Apparatus. 

Time Temp. Press. Pb Bi As sb Ni 
(s) (K) (Pa) (%) (%) (%) (%) (% ) 

0 1423 6644 1. 83 0.12 0.19 0.078 0.75 
150 1010 
300 404 
600 202 1.12 0.019 0.012 0.043 0.76 
900 133 
1200 32 

1 

1500 32 
1800 1448 133 0.22 0.0069 <0.005 0.028 0.82 
2100 1473 133 
2400 133 
2700 1473 133 0.052 0.0038 <0.005 0.022 0.80 

Notes Matte Grade 36.6 % Cu 

Lifting Gas 16 Nml/s 

Matte Weight : Start 20.3 kg, End 16.7 kg 

Oust and Splashing Weight : 2.8 kg 

At 0 minutes, the riser broke, the lifting gas flow rate 

fluctuated, the spray looked OK without riser. 

At 45 minutes, the gas nozzle blocked, the experirnent 

was stopped. 
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Table 7.14: Resu1ts of Experiment Il, Concentration of Pb, Bi, As, 

Sb, and Ni versus Time in an Alumina Apparatus. 

Time Temp. Press. Pb Bi As Sb Ni 
(s) (K) (Pa) (%) (%) C%) (%) (%) 

0 1453 19930 1.41 0.12 0.13 0.051 0.62 
150 14SCl 6640 
300 1470 2020 
450 1475 1110 
600 1472 707 
660 1.29 0.079 0.050 0.044 0.59 
750 1480 707 
900 1493 505 
1050 1494 505 
1200 1493 133 
1500 1482 93 0.37 0.11 0.049 0.032 0.66 
1800 1491 120 
2100 1498 78 
2400 1498 78 0.062 0.0083 <0.005 0.041 0.70 
2700 1499 93 
3000 1490 66 
3300 1483 78 0.094 0.0082 <0.005 0.041 0.71 
3600 1473 93 0.062 0.0058 <0.005 0.042 0.72 

. 
Notes Matte Grade 34.8 % Cu 

Lifting Gas 16 Nml/s 

Matte Weight : Start 23.9 kg End 18.2 kg 

Oust and Splashing Weight : 3.5 kg 

At 0 minutes, the crucible was filled to the rime At 17.5 

minutes, a very violent spray was seen. At 30 minutes, 

very good spray. At 45 minutes, good spray. At 60 minutes, 

satisfactory spray. Sorne slag was on the surface of the melt. 
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Table 7.15: Results of Experiment 12, Concentration of Pb, Bi, As, 

Time 
( s) 

0 
150 
300 
450 
600 
750 
900 
1050 
1200 
1500 
1800 
2100 
2400 
2700 
3000 
3300 
3600 
3900 

Notes: 

Sb, and Ni versus Time in an AIlDftina Apparatus. 

Temp. Press. Pb Bi As Sb 
(K) (Pa) ct) (t) (t) (t) 

1493 19930 4.42 0.15 0.12 0.089 
1493 3990 
1515 1919 
1404 1616 
1481 505 
1469 159 2.91 0.024 0.081 0.093 
1477 133 
1464 93 
1469 93 
1487 106 1.62 0.0087 0.067 0.054 
1484 80 
1513 93 
1507 80 0.58 0.0061 0.035 0.047 
1503 80 
1491 80 0.35 0.0052 0.029 0.041 
1489 80 
1486 60 
1482 66 0.21 0.0051 0.020 Cl.040 

-
Matte Grade 61.0 t CU 

Littinq Gas 16 Nml/s 

Matta Weight : start 27.5 kq End 18.9 kg 

OUst and Splashing weiqht : 7.4 kq 

At 12.5 minutes, very qood spray. 

At 40 minutes, qood spray. 

At 65 minutes, poor spray. 

Ni 
(t) 

0.70 

0.70 

0.69 

0.69 

0.70 

0.70 
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Table 7.16: Resu1ts of Experiment 13, Concentration of Pb, Bi, As, 

Time 
(s) 

0 
150 
300 
450 
600 
750 
900 
1050 
1200 
1500 
1800 
2100 
2400 
2700 
3000 
3300 
3600 
3900 
4200 
4500 

Notes : 

Sb, and Ni versus Time in an AIlDftina Apparat.us, 

Temp. Press. Pb Bi As Sb Ni 
(K) (Pa) (% ) (% ) (t) (t) (% ) 

1473 19930 1. 30 0.21 0.010 0.020 0.54 
(pyro. ) 3990 

2020 
1515 
984 
438 1.24 0.14 0.036 0.029 0.55 
452 
558 
584 
638 
664 1.36 0.15 0.041 0.038 0.56 
638 
585 
638 1.22 0.081 0.025 0.031 0.54 
664 
584 
584 1.14 0.039 0.0094 0.034 0.58 
611 
611 
611 1.06 0.028 0.025 0.032 0.57 

Matte Grade 29.8 % Cu 

Lifting Gas 12 Nml/s 

Matte Weight : start 25.0 kg End 17.5 kg 

Oust and Splashing Weight : 1.0 kg 

At 50 minutes, good spray. 

At 75 minutes, poor spray. 

Oxygen was measured at the beginning and end of the 

experiment. 
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Table 7.17: Results of Experjment 14, Concentration of Pb, Bi, AS, 

Sb, and Ni versus Time in an Alumina Apparatus. 

Time Temp. Press. Pb Bi As Sb Ni 
(s) (K) (Pa) (%) (t) (% ) (%) (%) 

0 1364 101100 1.05 0.32 0.27 0.038 0.18 
150 1368 9300 
300 1451 3990 
450 1523 2323 
600 1919 
750 1473 1515 
900 (pyro, ) 505 0.83 0.15 0.28 0.037 0.18 
1050 101100 
1200 101100 
1500 664 
1800 531 
2100 598 
2400 478 0.71 0.11 0.25 0.031 0.15 
2700 584 
3000 664 
3600 531 0.77 0.10 0.31 0.039 0.15 

Notes : Matte Grade 60.0 % Cu 

lifting Gas o nml/s 

Matte Weight : Start 15.0 kg End 12.7 kg 

Oust and Splashing weight : 0.6 kg 

From 15 to 22.5 minutes, the vacuum was broken to take 

- an oxygen measurement. There is bubbling at the thermocouple 

probe. Slag is observed on the surface, 1/2 covered. 
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Table 7.18: Results of Experiment 15, Concentration of Pb, Bi, As, 

Sb, and Ni versus T~me in an Alumina Apparatus. 

Time Temp. Press. Pb Bi As Sb Ni 
(s) ( K) (Pa) (%) (%) C%) (% ) (%) 

0 1373 101100 3.62 0.86 0.24 0.068 0.54 
150 19930 
300 1547 5320 
450 1919 
600 598 
750 1473 664 
900 101100 
1050 3.65 0.65 0.25 0.073 0.55 
1200 664 
1500 1613 585 
1800 1613 585 
2100 1608 425 
2400 1610 638 
2700 1608 558 
3000 1604 664 
3300 1603 584 
3600 101100 2.84 0.26 0.24 0.068 0.57 
4200 1571 13 
4800 1586 13 
5400 1597 27 0.21 0.0097 0.13 0.069 0.60 
6000 1596 13 
6600 1592 27 
7200 1589 27 0.32 0.0037 0.14 0.067 0.60 
81CO 1583 13 
9000 1576 13 0.30 0.0025 0.11 0.044 0.61 

Notes Matte Grade 59.6 % Cu 

Lifting Gas o Nntl/s 

Matte Weight : Start 15.0 Kg End 11.1 kg 

Dust and splashing Weight : 2.7 kg 

Break vacuum for oxygen trom 900 te 1080 s, 3600 te 

3720 sand 7200 te 7380 s. 
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Fig. 7.7: Lead Concentration vs Time, 

Experiment # 1 
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Fig. 7.8 : Bismuth Concentration vs Time, 

Experiment # 1 
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Fig. 7.9 : Arsenic Concentration vs Time, 

Experiment # 1 
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Fig. 7 . 10:Antlmony Concentration vs Time 

Experiment #1 
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Fig. 7. 11 : Lead Concentration vs Time, 

Experiment #2 
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Fig. 7. 12 : Bismuth Concentration vs Tlme, 

Experlment • 2 
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Fig. 7. 13 : Arsenic Concentration vs Tlme, 

Experiment ct 2 
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Fig. 7. 14 : Antimony Concentration vs Time 
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Fig. 7. 1 5 : Lead Concentration vs Time, 

Experiment #3 
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Fig. 7. 16 : Bismuth Concentration vs Time, 

Experiment #3 
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Fig. 7. 17 : Arsenic Concentration vs Time, 

Experiment #3 
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Fig. 7. 1 8 : Antlmony Concentration vs Tlme 
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Fig. 7. 19 : Lead Concentration vs Time, 

Experiment #4 
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Fig. 7.20 : Bismuth Concentration vs Time, 

Experiment #4 
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Fig. 7.21 : Arsenic Concentration vs Time, 

Experiment #4 
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Fig. 7.22 : Antimony Concentration vs Time 
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Fig. 7.23 : Lead Concentration vs Time, 

Experiment #5 
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Fig. 7.24 : Bismuth Concentration vs Tlme, 
Experlment -5 
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Fig. 7.25 : Arsenic Concentration vs Time, 

Experlment #5 
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Fig. 7.26 : Antimony Concentration vs Time 

Experiment #5 
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Fig. 7.27 : Lead Concentration vs Time, 

Experiment -6 
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Fig. 7.28 : Bismuth Concentration vs Time, 

Experiment #6 
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Fig. 7.29 : Arsenic Concentration vs Tlme, 
Experlment #6 
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Fig. 7.30 : Antlmony Concentration vs time 
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Fig. 7.31 : Lead Concentration vs Time, 

Experiment #7 

1 

0 ~ -
-1 

--2 

-3 

-4 

-5 o 

~ • 
~ 

" ~ 

20 40 

y = -0.06535 x + 0.3851 

R
2
.O.87 

'" '" 
.1 ~ • ~ 

60 80 100 

Time (minut •• ) 

202 



( 

( 

Chapter 7 LSV Refining Results 

Fig. 7.32 : Bismuth Concentration vs Time, 

Experlment #7 
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Fig. 7.33 : Arsenic Concentration vs Tlme, 

Experiment #7 
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Fig. 7.34 : Antimony Concentration vs Time 
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Fig. 7.35 : Lead Concentration vs Time, 

Experiment #8 
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Fig. 7.36 : Bismuth Concentration vs Time, 

Experiment #8 
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Fig. 7.37 : Arsenic Concentration vs Time, 

Experiment #8 
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Fig. 7.38 : Antlmony Concentration vs Tlme 
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Fig. 7.39 : Lead Concentration vs Time, 

Experiment #9 
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Fig. 7.40 : Bismuth Concentration vs Tlme, 

Experiment #9 
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Fig. 7.41 : Arsenic Concentration vs Time, 

Experiment #9 
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Fig. 7.42 : Antlmony Concentration vs Time 
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Fig. 7.43 : Lead Concentration vs Time, 

Experiment #10 
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Fig. 7.44 : Bismuth Concentration vs Time, 

Experiment #1 0 
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Fig. 7.45 : Arsenic Concentration vs Time, 

Experiment # 1 0 
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Fig. 7.46 : Antlmony Concentration vs Time 
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Fig. 7.47 : Lead Concentration vs Time, 

Experiment #11 
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Fig. 7.48 : Bismuth Concentration vs Time, 

Experiment #11 
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Fig. 7.49 : Arsenic Concentration vs Time, 

Experiment #11 
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Fig. 7.50 : Antlmony Concentration vs Time 
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Fig. 7.5 1 : Lead Concentration vs Time, 

Experiment #1 2 
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Fig. 7.52 : Bismuth Concentration vs Tlme, 

Experlment #1 2 
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Fig. 7.53 : Arsenic Concentration vs Time, 

Experiment #1 2 
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Fig. 7.54 : Antlmony Concentration vs Tlme 
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Fig. 7.55 : Lead Concentration vs Tlme, 

Experiment -13 
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Fig. 7.56 : Bismuth Concentration vs Time, 

Experiment #13 
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Fig. 7.57 : Arsenic Concentration vs Time, 

Experiment #13 
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Fig. 7.58 : Antlmony Concentration vs Tlme 
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Fig. 7.59 : Lead Concentration vs Time, 

Experiment #14 
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Fig. 7.60 : Bismuth Concentration vs Tlme, 

Experlment #14 
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Fig. 7.61 : Arsenic Concentration vs Tlme, 

Experiment #14 
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Fig. 7.62 : Antlmony Concentration vs Time 
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Fig. 7.63 : Lead Concentration vs Tlme, 

Experlment #1 5 
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Fig. 7.64 : Bismuth Concentration vs Tlme, 

Experlment -15 
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Fig. 7.65 : Arsenic Concentration vs Tlme, 

Experiment #15 
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Fig. 7.66 : Antlmony Concentration vs Time 

Experlment -15 
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Several problems were encountered during the experiments. One 

major problem was the large amount of splashing occurring 

during the degassing periode To minimize splashing, gradual 

depressurization was performed. Despite this, matte losses of 

up to 20 , were unavoidable. 

Another major problem was the difficulty found in evaluating 

the lift ratio. The surface area produced by the spray was 

strongly affected by the lift ratio. Due to the melt losses 

(evaporation and splashing) during the experiment, the lift 

ratio increased and thus the spray decreased. Since it was 

not possible to control the lift ratio, strong variations in 

the surface area produced by the same gas flow rate were 

recorded. 

Lastly, difficulties were encountered when assaying for 

antimony. -Samples sent out twice for assaying returned with 

large variations in analytical results. The copper matte 

could have been doped with Sb, but then the evaporation of 

Sb2 or Sb4 vapours would have been possible and would have 

resulted in high evaporation rates when compared to typical 

industrial concentrations. 

Several advantages were associated with the experimental set 

up. One great feature was the possibility of sampling without 
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breaking the vacuum. This allowed for sampling early in the 

experiment when impurity volatilization was at its maximum 

improving the accuracy of the kinetic data obtained. It 

further allowed for a long depressurization time to occur 

which avoided excessive splashing. 

The windows on the vacuum furnace permitted visual 

observations. This enabled the experimenter to better control 

the melt splashing and observe the presence or absence of a 

slag layer. 

The graphite versus alumina apparatus permitted the 

observation of evaporation under two completely different 

chemical situations. It allowed for the verification of the 

effect of two different levels of oxygen activity upon the 

rate of evaporation of the impurities. The relative 

proportion of the oxide vapours to the sulphide and 

monoatomic metai vapours changed with oxygen activity. Thus , 

the possibility existed of truly testing the thermodynamic 

data on the energy of formation of the oxide and sulphide 

vapours of the impurities. 

The possibility of observing the simultaneous evaporation of 

several impurities permitted comparisons of refining rates 

and gave the opportunity to gain further insight into the 

copper matte system. 



CHAPTER 8 

Discussion and Interpretation of the Results 

8.1 Introduction 

The discussion of the experimental results will be subdivided 

into two main areas. Firstly, a discussion on the results of 

the dust characterization and the selective condensation of 

the vacuum refining vapours will be undertaken. Secondly, the 

overall refining rates in the graphite and alumina LSV 

apparatus wiJ: be discussed. 

The dust characterization will provide use fui information 

concerning its formation. This information gives an insight 

on how the copper content in the dust can be controlled as 

weIl as how separate products may be obtained. 

The retining rates will be examined ta gain an understanding 

on the predominant variables affecting the rates of 

evaporation. The experimental rates will be compared to the 

calculated rates. The strengths and weaknesses of the model 

will be discussed ta a,,=ertain if confident predictions can 

be carried out and if an industrial size scale up is 

possible. 
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8.2 Characterization of the Vacuum Refininq Oust 

One of the major concerna regarding the use of vacuum 

refininq to purify copper matte is how to handle the dust 

produced. The dust cannot be recirculated into the smeltinq 

unit because it contains the undesirable impurities removed 

from the melt. However, if it is to be discarded, the dust 

should not conta in copper in excess of 1 to 2 percent by 

weiqht. 
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8.2.1 Oust Characteristics 

The dust was collected at the end of each experiment. All 

samples were analyzed individually for the content of copper/ 

lead, bismuth, arsenic and antimony. Table 6. l (Chapter 6) 

summarizes the results of the chemical analysis. It is 

evident that the copper content of the dust was larger than 2 

weiqht percent. Thus, it would be wasteful to discard it. 

To evaluate what treatment is suitable for processing the 

dust, it w~s decided to perform a size fraction analysis and 

mineralogical determination. The dust was found to be 

composed of three main species, lead sulphide (PbS) / zinc 

sulphide (ZnS) and metallic lead (Pb). The fifty percent 

passing size on dry screen analysis was 80 Ilm (Figure 6. l, 

Chapter 6). However, scanning electron microscopy showed that 

the dust particles were clusters of smaller sub micron 

particles. Thus, it is inconceivable to treat the dust by 

froth flotation. 

Each size fraction was analyzed for copper, lead, bismuth, 

arsenic and antimony. The results are presented in Figures 

6.2 and 6.3. From Figure 6.2, 1 t ls seen that the copper 

content ot the du st decreased as the particle size decreased. 

The +28 mesh dt1st contained 4S percent copper which was 

similar to the grade of the matte refined. This result, and 

the spherical appearance of the large grains under the 
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microscope (round solid spheres), led to the conclusion that 

the large grains of dust were prills of matte ejected during 

the experiments. This was in accordance to visual 

observations during the LSV experiments, where one could 

readily see matte particles ej ected from the apparatus. In 

fact, 80 percent of the copper present in the du st 

(calculated) was present in the +48 mesh size fractions. The 

-200 mesh size assayed only 1 to 3 percent copper by weight. 

Figures 6.2 and 6.3 showed that lead, bismuth, arsenic and 

antimony demonstrated the inverse of the behavior shown by 

copper and reported mainly in the fine size fractions. It is 

thus concluded that the du st was composed of two kinds of 

particles. The large particles were formed by prills of matte 

ej ected from the LSV apparatus and the small particles 

(clusters of sub micron particles) were formed by the 

homogeneous condensation of the lead, zinc, bismuth, arsenic 

and antimony vapours. Some copper evaporated and condensed in 

fine particles. This was seen by the presence of 

approximately 1 percent copper in the -200 mesh fraction. 

These results imply that with a proper LSV apparatus design, 

which would impede the ejection of copper prills, 'the dust 

produced would have a low enough copper content to justify 

its being discarded or sent to a lead smelter. 



Chapter 8 Discussion 244 

8.2.2 Selective Condensation Experiments 

Five experiments were performed on the selective condensation 

of the vacuum refining vapours. The experimental procedure 

and the apparatus were described in Chapter 6, Section 3. 

Table 6.4 shows the chemical analysis of the samples taken in 

the condenser and in the vacuum chamber. Taking note of 

Experiment E, it can be seen that the condensate contained 

49.1 percent zinc, 26.2 percent sulphur and 1 percent lead. 

The chamber du st contained 32.0 percent lead, 15.1 percent 

zinc and 15.9 percent sulphur. Thus, it was possible to 

separate the zinc from the lead vapours by controlling the 

cooling process of the vapours. Point E on Figure 6.7 shows 

that the condenser temperature and the chamber pressure were 

located above the ZnS equilibrium condensing curve but below 

the PbS and Pb condensing curve. Thus, ZnS condensed while Pb 

and PbS did note The zinc content in the chamber dust was 

still high (15\ zinc) due to the short length of the 

condenser and lack of time available for the condensation of 

the zinc sulphide vapours. 

It was observed during the experiments that the zinc 

condensed into a bard and crusty material. This would prove 

problematic if a condenser was built at an industrial scale 

due to the difficulty involved in retrieving the zinc from 

the condenser wall or plates. Zinc sulphide sublimates or 
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condenses to a solid phase and thus any attempts to control 

the wall temperature of the condenser could not result in the 

production of a liquid phase. 
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8.3 LSV Vacuum Refining Experiments 

8.3.1 Impurity Removal during the LSV Refining EXPE- iments 

Table 8.1 shows a summary of the experimental conditions for 

the fifteen experiments. Table 8.2 presents a summary of the 

percent impurity elimination for the fifteen LSV experiments 

carried out in this study. The first nine experiments were 

performed in a graphite apparatus and the last 6 in an 

alumina apparatus (see Figures 8.1 and 8.2). 

The graphite apparatus experiments showed that lead and 

bismuth removals were possible for matte grades ranging from 

35 to 80 percent copper. Arsenic and antimony removals were 

lower than those for lead and bismuth. Furthermore, for a 

matte grade o~ 78 percent copper (white Metal), the arsenic 

and antimony removal was null. 

Comparing the graphite and alumina apparatus experiments 

(Tables 8.3 and 8.4), it was observed that lead and bismuth 

removals were identical in both sets of experiments. However, 

arsenic removal in the alumina apparatus was larger than in 

the graphite apparatus. Antimony removal as well was superior 

in the alumina apparatus. 

At chamber pressure of 600 pascals or more, arsenic and 

antimony removal was neqligible in both the alumina and the 
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graphite apparatus (Experiments 13, 14 and 15A). 

Silver assays were taken during Experiment 5, selenium assays 

during Experiments 1, 2, 5 and 6, and nickel assays during 

Experiments 10, 11, 12, 13, 14 and 15. No removal of any of 

these elements were recorded. 

Figure 8.3 shows the equilibrium vapour pressure of various 

selenium species versus the activity coefficient of selenium 

in the melt. The activity coefficient of selenium at the 

onset of an experiment was calculated at 10-3 and the 

starting oxygen activity in an alumina crucible was lower 

than 10-7 atmosphere for both 35 and 65 percent copper matte. 

Under these conditions, the selenium dioxide (se02) and 

monoxide (SeO) vapour pressure were lower th an the metallic 

selenium (Se) pressure. Thus, even if the selenium assays 

were done using samples trom graphite crucible experiments, 

theoretically the results would have been the same as if the 

assays would have been carried out using samples from alumina 

crucibles experiments. However, in blister copper, where the 

oxygen activity is three to tour orders of magnitude higher, 

the selenium oxide vapour pressure would have been 

significantly higher than the metallic selenium pressure. 

Thus, vacuum retining might be a feasible method and 

experiments on blister copper saturated with oxygen are 

recommended. 



Chapter 8 Discussion 248 

Table 8.1 Summary of the Experimental Conditions for the 
LSV Experiments 

Exp. 
# 

1 
2 

3 

4 

5 
6 

7 

8 

9 

10 
Il 

12 

13 

14 
15a 

15b 

Legend 

Chamber App. Const. Matte Lifting Oxygen 
Press. Const. Material Source Gas Potential 

Measured 

High A Graphite Rv. N2 No 
Medium A Graphite Rx. N2 No 
Medium A Graphite Rv. N2 No 

Low B Graphite Rx. N2 No 
Low B Graphite Rx. N2 No 
Low B Graphite Rx. N2 No 
Low B Graphite Rx. N2 No 

Low B Graphite W.M. N2 No 

Low B Graphite W.M. N2 No 

Medium C Alumina Rv. Air No 

Medium 0 Alumina Rv. N2 No 

Medium 0 Alumina Rx. N2 No 

High 0 Alumina Rv. N2 'les 

High E Alumina Rx. None 'les 

High E Alumina Rx. None 'les 

Low E Alumina Rx. None 'les 

Rv. = Reverberatory Furnace Matte (35 % Cu) 
Rx. = Noranda Reactor Matte (60 , Cu) 
W.M. = White Metal (80 , Cu) 
Hiqh = High Chamber Pressure (> 500 Pa) 
Medium = Medium Chamber Pressure (> 50 Pa, < 100 Pa) 
Low = Low Chamber Pressure « 20 Pa) 
N2 = Nitroqen Gas 

None = No Lifting Gas Used 
For Configuration A, B, C, D, and E, See Figure 8.1 
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Fig 8.1: Schema tic Diagram of Graphite LSV Apparatus Used in Experiments 1 to 9. 

A B 
Scavenger-Gas Lance 

Power cruc'b'elr1 Resistance Power 
LSV ~Resistance Crucible 

Suppl y o Furnace Supply Furnace 
Mitte 
~ho~e .... _ 
·,oà'?·o'" ., 
~, 00° 

,.0 -ë"o . 
0 0 0 00' 'q,- d 0,-0 

0 
000 0 ..... 

0 0 0 0 0 0°0 0 0, 
o 0 0 oro 

0 ,\\0° 0
.- 0 0 0 ° 0"0 

0 ~ Pc::>~ ° ° 0 0 0 Q ~o ° 
0 .Q~oo 

0 0 0 f\ Ri •• , 0 

0 0 0 0 \: 

0 - - 0 0 0 R - -
0 -- 0 0 0 (\ --

" Melt:::: 0 
~ .. 

0 0 0 #. 

" 
0 

. 
0 0 0 

ln je ct or ' 11 ln je ct or· 11 

n ::r 
DI 
'0 
rt 

" ., 
Cl) 

c .... 
(1) 
0 c:: 
(1) 
(1) .... 
0 ::s 

r-l 
~ 
\0 



·-
"f~ ... 

Chapter 8 Discussion 

Fig 8.2 : Schema tic Dlagram of Alumina LSY Apparatu. U •• d in 

Exp.rimenta 1 0 to 15. 
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Table 8.2: Summary of Experimental Conditions and Percent 

Impurity Elimination in the LSV Graphite and 

Alumina Lined Apparatus. 

Impurity Elimination 

Exp. Matte Cu Temp. Press. Pb Bi As Sb 
# ct) (K) (Pa) (%) (%) (%) (%) 
1 Rv. 38 1423 1300 72 85 14 18 

3 Rv. 36 1473 100 99 90 43 35 

7 R-' " . 40 1523 13 99 94 59 71 

2 Rx. 65 1523 65 94 75* 32 40 

4 Rx. 59 1533 20 98 67* 76 45* 

5 Rx. 60 1533 13 92 >79 76 58 

6 Rx. 63 1523 20 99 65 77 62 

8 WH. 78 1523 13 95 71* 0 0 

9 WH. 78 1533 13 98 70* 0 0 

Il Rv. 35 1493 91 96 95 >97 20 

10 Rv. 37 1473 78 97 97 >97 73 

13 Rv. 30 1473 600 18 87 0* 0* 

12 Rx. 61 1483 78 95 97 83 56 

14 Rx. 60 1533 600 27 69 0 0 

15A Rx. 60 1473 600 22 70 0 0 

158 Rx. 60 1600 13 89 99 54 35 

Notes Mass balances performed ora these experiments* considering 
the melt and condensate masses, and assays indicate that 
the percent elimination of the impurity should have been 
higher. Experiments 1 to 9 in graphite apparatus and 
Experiments 10 to 15 in alumina apparatus. 
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Table 8.3 Summary of Impurity Elimination in the Graphite 
Apparatus Experiments, At 50 to 100 Pa Pressure. 

Experiment Matte Percent Im~urity Removal 
# 

3 

2 

8 & 9 

Notes 

Table 8.4 

Source Pb Bi As Sb 

Rv. 99 90 43 35 
Rx. 94 75* 32 40 
W.M. 96 71* a 0 

Mass balances performed on these experiments* considering 
the melt and condensate masses, and assays indicate that 
the percent elimination of the impurity should have been 
higher. 

summary of Impurity Elimination in the Alumina 
Apparatus Experiments, At 50 to 100 Pa Pressure. 

Experiment Matte Percent Impurity Removal 
# Source Pb Bi As Sb 

10 & 11 Rv. 97 96 >97 47 

12 Rx. 95 97 83 55 
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Fig. 8.3: Equilibrium Vapour Pressure of Selenium versus the Activity 

of Selenium in a Melt at 1473 K. 
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8.3.2 Surface Area Enhancement by the LSV Refininq Apparatus 

In Chapter 7, the chemical assays for each impurity in the 

matte samples were plotted semi-logarithmically against time. 

Linear regressions were calculated for the data ta find the 

slope of the lines. Assuminq evaporation of lead follows 

first order kinetics, then: 

ln IC% lead at time == T
O

»] = 
(% lead at time 

-Kov. (a/v) .t 

Since the initial weight of the matte (or volume) was known 

at the beginning of the experiment and remained essentially 

constant throughout the experiment, the surface area for 

evaporation was calculated assuminq that the lead evaporation 

rate coefficient was liquid phase controlled at chamber 

pressures of less than 100 pascal. 

The estimated surface areas for evaporation calculated for 

some of the experiments are shown in Table 8.5. The Spl"ay 

surface area was deduced by subtractlnq the crucible surface 

area. As can be observed, the spray surface area increased as 

the lifting qas flow rate increased. 
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Table 8.5 :Summary of the Estimated 

Evaporation in the 

_KPb = 2 X 10-4ms-l. 
ov 

LSV 

Experiment Nominal Liftinq Gas 
# Area Flowrate 

(m2 ) (Nmls-1) 

5 to 9 0.014 8 

10 to 12 0.020 16 

2 to 3 0.032 30 

Surface Area for 

Apparatus Based on 

Estimated Spray 
Area Area 

(m2 ) (m2 ) 

0.022 0.008 

0.032 0.012 

0.051 0.019 
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8.3.3 Oxygen Activity in Copper Matte Subjected to Vacuum 

Table 8.6 :Suü~ary of Oxygen Activity Measurements Taken 

During Experiments f 13, 14 and 1~. 

Exp. Time from Copper in Chamber Temp. Oxygen 
f Start Matte Press. Activity 

(min. ) (%) (Pa) (K) (atm. ) 

13 0 30 101000 1423 1 X 10-8 

75 600 1553 1.8X10-1O 

14 0 60 101000 1585 1 X 10-7 

15 600 1577 8.6X 10-9 

60 600 1527 7.4X 10-9 

15 0 60 101000 1415 1 X 10-7 

20 600 1503 1.9X 10-8 

60 600 1527 5.1X 10-9 

120 13 1556 1.2X 10-9 

Table 8.6 summarizes the oxygen activity measurements taken 

during Experiments 13, 14 and 15. The starting oxygen 

activity data was obtained from the literature (16). The Emf 

recordings from the (Ni/NiO) Temp-Q-Tip probes were then used 

to calculate the oxygen activities (see Section 7.3.2). From 

the observed values, it can be seen that the oxygen activity 

fell by a factor of ten during the degassing period (first 15 

minutes of the experiment). During the subsequent refining 

period, the oxygen activity fell by a further factor of two 

to ten, for a total of a twenty to one hundred fold fall. 

This oxygen activity drop was taken into account when 

modeling the different behaviors of some species in alumina 

crucible vacuum refining experiments. 
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8.3.4 Vacuum Refining Elimination Rates 

Selection of the Data Points for Regression 

A simple, unbiased system was used in selectinq which of the 

experimental points would be used for further analysis. It 

functioned as follows, either an experiment was accepted and 

aIl the experimental points were retained for the reqressions 

or the experiment was rejected due to some identifiable 

technical problems. 

Two experiments, , 1 and , 13, were rejected. Experiment 1 

was rej ected due to a broken window durinq the 

depressurization periode There were not enough points 

available to perform a reqression. Experiment 13 was rejected 

because the chamber pressure exceeded 600 pascal. At such 

high pressures, lead evaporation is not liquid phase 

controlled and thus, no reference was available to calculate 

the evaporation rate coefficients (i.e., the area in the LSV 

experiment was unknown). 

Experiment 15 was divided into two parts for analytical 

purposes. For the first 60 minutes of the experiment, the 

chamber pressure was maintained around 600 pascal. For the 

following 90 minutes the chamber pressure averaqed 13 pascal. 

Thus, the experiment was subdivided into parts A and B 

dependinq on the chamber pressure used. 
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Shape of the Curves 

The plots of the logarithm of the concentration ratio versus 

time could generally be divided into three regions. During 

the first 10 or 20 minutes of the experiment the graph takes 

on a concave shape. This was due ta the slow depressurization 

at the start of the experiment required to prevent excessive 

splashing of the melt during degassing. 

The graph then becomes linear once the pressure stabilized to 

the desired leve!. Here, the process followed first order 

kinetics, thus the rate of evaporation was calculated from 

the slope of the line. 

Finally, on some experiments, there was a tendency by the 

impurity concentration to level out after an hour of 

treatment. This was explained by the vapour pressure of the 

impurities in the melt approaching the pressure in the 

chamber, i.e., the pressure difference term in Equation 10 

became negligible. 

Refining Rates, Alumina versus Graphite Experiments 

Table 8.7 shows the overall experimental refining rate 

coefficient for bismuth, arsenic and antimony. These values 

are based on a lead removal rate of 2 X 10-4 ms-1 at chamber 

pressures of less than 100 pascal. 
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Experiments 10, 11 and 12 showed that Iead, bismuth and 

arsenic removai were liquid phase controiled (>1. 5 X 10-4 

ms-1) when the chamber pressure was below 100 pascal (alumina 

apparatus). Antimony removal was somewhat slower at 0.6 X 

10-4 ms-1 and exhibited a combination of liquid and gas phase 

mass transfer control. In Experiments 2 to 7, which were 

performed in graphite apparatus, the removal rates of 

bismuth, arsenic and antimony were slower. Since the oxygen 

activity was 10-6 to 10-8 times lower in the graphite 

apparatus, we would expect the activity of the oxide vapours 

of bismuth, arsenic and antimony to be negligible in the 

graphite apparatus. 

Experiments 8 and 9 were performed on white metai (78 % Cu) • 

No arsenic or antimony removai was observed, which is 

consistent vith the low activity coefficient of these 

impurities at high matte grade (> 70 % Cu). 
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Table 8.7 Summary of the Impurity Overall Refining Rate 
for a11 the Vacuum Refining Experiments. 

Overall Refining Rate(X10 4 ) 

Exp. Matte Cu Temp. Press. KSi KAS KSb Kpb 

# (%) (K) (Pa) (ms-1 ) (ms -1) -1 (ms ) ( -1 ms ) 

1 Rv. 38 1423 1300 - - - -
2 Rx. 65 1523 65 1.0 0.24 0.36 2.0 

3 Rv. 36 1473 100 1.14 0.35 0.27 2.0 

4 Rx. 59 1533 20 0.69 0.63 0.23 2.0 

5 Rx. 60 1533 13 0.75 0.80 0.42 2.0 

6 Rx. 63 1523 20 0.28 0.63 0.42 2.0 

7 Rv. 40 1523 13 1.02 0.40 0.27 2.0 

8 WM. 78 1523 13 0.88 0.0 0.0 2.0 

9 WM. 78 1533 13 0.65 0.0 0.0 2.0 

10 Rv. 37 1473 78 1.78 2.32 0.66 2.0 

11 Rv. 35 1493 91 1. 75 1.83 0.10 2.0 

12 Rx. 61 1483 78 1.92 1.12 0.58 2.0 

13 Rv. 30 1473 600 -- -- -- --
14 Rx. 60 1533 600 0.41 0.0 0.0 0.12 

15A Rx. 60 1473 600 0.46 0.0 0.0 0.09 

15B Rx. 60 1600 13 1.30 0.17 0.10 0.68 

Note Experiments 1 to 9 in Graphite Apparatus. 
Experiments 10 to 15 in Alumina Apparatus 
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Table 8.8: Overall Experimental Removal Rates: Comparison 
Between Alumina and Graphite Apparatus. 
(tcu = 35, C.P. = 100 Pa and T = 1450 K) 

Experiment Const. Experimental Removal Rate (X 104 

# Material Pb Bi As 

3 Graphite 2.0 1.14 0.35 

10 Alumina 2.0 1.78 2.32 

11 Alumina 2.0 1.75 1.83 

ms-1 ) 

Sb 

0.27 

0.66 

0.10 

Table 8.9 Overall Experimental Removal Rates ; Comparison 
Between Alumina and Graphite Apparatus. 
(% Cu = 65, C.P. = 100 Pa and T = 1500 K) 

Experiment Const. Experimental Removal Rate (X 104 ms-1 ) 
4# Material Pb Si As Sb 

2 Graphite 2.0 1.00 0.24 0.36 

12 Alumina 2.0 1.92 1.12 0.58 
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8.4 Mathematical Modeling of the LSV Refining Experiments 

The mathema~ical modeling of the LSV refining experiments was 

carried out in two phases. Firstly, a model was written ta 

calculate the overall mass transfer coefficient using the 

equations developed in Chapter 4. Secondly 1 a mathematical 

simulation of the LSV process was developed taking inta 

account the spray area, starting impurity concentration, melt 

volume, etc . 
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8.4.1 Theoretical Overall Mass Transfer Coefficient 

In general the mathematical model was in accordance to the 

measured retining rate coefficients. For example, Figure 5.1 

(Chapter 5) shows the effect of matte grade on the removal 

rates of lead, bismuth, arsenic and antimony for a chamber 

pressure of 100 pascal using an alumina crucib1e. Simi1arly 

to what was observed in the experiments, the removal rates of 

arsenic and antimony decreased to sma11 values when the matte 

grade increased to 80 , copper. The lead and bismuth remova1 

rates remained greater than 1.5 X 10-4 ms-1 . 

The observed behavior of arsenic was complex; the predicted 

remova1 rate increased a10ng with the matte grade (up to 70 , 

Cu) due to the increase in oxygen activity in the melt. Then, 

it decreased due to the sharp drop in the activity 

coefficient when the matte grade increased from 70 to 80 % 

copper. No increase in the removal rate was observed in these 

experiments due to a lack of precision in the experimental 

method. 

Figures 5.3 and 5.4 show that as the pressure increased from 

10 to 1000 pascal, the 1ead and bismuth refirdng rates fell 

to approximately 0.5 X 10-4 ms-l, as observed in the 

experiments. Arsenic and antimony rates reached values of 

1ess than 0.1 X 10-4 ms-l and no remova1 was found in 

Experiment 14 and 15A. 
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8.4.2 LSV Refining simulation 

An LSV simulation was developed (Section 4.3.7). The 

simulation predicted removals of 98 percent for lead, bismuth 

and arsenic for a 60 minute refining period using a 65 % 

copper grade at a chamber pressure of 100 pascal. Under the 

same conditions, 70 % removal of antimony was expected. This 

was in accordance with the impurity removal previously 

observed for Experiments 10, 11 and 12. 

Figures 5.8 to 5.11 show some deviation from linearity for 

lead, bismuth, arsenic and antimony concentration versus time 

plots. However, no leveling off of the impurity content of 

the melt as seen in the experiments was predicted by the 

modela It was observed during the experiments that, when the 

sum of of all impurity vapour pressures decreased to the same 

level as the chamber pressure, the refining process came to a 

stop. The impuri ties must be transported away from the LSV 

apparatus by bulk flow which resembles water vapour exiting 

from the mouth of a boiling kettle. To quickly transport the 

impurities away from the LSV apparatus, the inner prl3ssure 

must be sI ightly higher than the outer pressure. Thus, the 

mathematical model should be modified to include a transport 

step to take into account the impuri ty bulk flow from the 

interface to the vacuum chamber. This updated model will 

facilitate the prediction of the cessation of the refining 

process due to the equalization of the impurity vapour and 
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chamber pressures. 

8.4.3 Strength and Weaknesses of the Models and simulation 

The main problem wi th the model, which was based on 

thermodynamic data, was that it depended on the reliability 

of the data input to the model. In order for the model to 

predict the lower evaporation rates in the graphite apparatus 

as compared to the alumina apparatus, the author had to lower 

the Gibbs energies of formation of AsS and SbS and raise the 

energies of formation of AsO and SbO vapours. These changes 

imply that the thermodynamic data on the energy of formation 

of AsS, SbS, AsO and SbO is not accurate in the literature. 

Gibbs energy data for arsenic and antimony vapour formations 

is usually determined by transportation methods (55, 54, 44, 

45, 46) performed in si11ca or alumina crucibles. However, 

experiments should also be performed in both graphite and 

alumina cruc1bles, and the results compared to obtain 

valuable data for both sulphide and oxide vapours. In 

qraphit-., crucibles, the oxyqen activity would be maintained 

between 10-14 to 10-16 atmosphere and thus, the amount of AsO 

and SbO vllpours above the melt would be negligible and true 

measuremen'cs of AsS and SbS vapour concentration would be 

forthcomlnq. Thus, reliable enerqy of formation of AsS and 

SbS could he calculated from the mass spectrometer 

measurements. To obtain the data to calculate the energy of 
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formation of AsO and SbO vapours, experiments using alumina 

crucibles with controlled oxyqen activity could be performed. 

In conclusion, the author believes that further work in this 

area should he pursued. 
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CHAPTER 9 

Scaling-Up the LSV Process ta Industrial Size 

9.1 Introduction 

In this chapter, an example of scaling up the L. S. V. process 

for a hypothetical copper smelter is presen-':·'!d. Figure 9.1 

shows the flow sh~et of the process and the location of the 

L. S. V. refining step bctween the sruelting and converting 

step. In this example, it was assumed that the smelting unit 

produces a matte grade of 65% copper. The total capacity of 

the smel ter is 1,000 metric tons of copper per day. An 80% 

impurity removal of Bi, As, and Sb is desired • 
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Fig. 9.1 : Slmplifled Copper Sulphid. ~m.ltlng Flowsh •• t and 
Location of an LSV Copper Matt. A.fining Unit. 
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Table 9.1: Selected Parameters for Scale-Up Example of 

LSV Apparatus. 

Cu Production: 

Matte grade to L.S.V. unit: 

Percent impurity Removal: 

Chamber pressure: 

1,000 T/day 

70% Cu 

80% (Pb, Zn, Bi & As} 

40% (Sb) 

100 Pa 

269 

Overall removal rate >lxlO-4ms- l (Pb, Zn, Bi & As) 

>0.SX10-4ms- l (Sb) 

Ladle size: 6m3 , 30 Tonnes 

Note: To achieve refining rates of Sb higher than lO-4 ms-l, 

a cha~er pressure of 10pa or less must be chosen. 
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9.2 Calculation of Circulation Rates 

9.2.1 Scale up parameters 

The magnitude of several physical parameters were required to 

scale up the process to industrial size, shown in Table 9.2. 

Figure 9.2 shows a schematic diagram of the riser le9 to help 

explain the scale up parameters. The lift height, L.H., is 

the length of the leg above the liquid level. The lift ratio 

is the lift height divided by the sum of the lift height plus 

the nozzle submergence. The nozzle submergence, N.S., is the 

depth under the liquid level, where the lifting gas is 

injected. Consultation with various operators of RH degassing 

uni ts in the steel industry, indicated that a reasonable 

spray height of two meters could be achieved. The agreed upon 

spray height was then used ta calculate the exposure time of 

the droplets in the vacuum assuminq an unrestrained parabolic 

flight path under the action of gravity. 

A lift ratio of 0.1 and a nozzle submergence of 0.70 meters 

were selected from the work of Lee (86). These values 

represent the optimum conditions for maximum spray areas 

according to Lee. The required riser diameter and qas flow 

rate could then be calculated. 

'~ 
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Table 9.2 Scale-Up Parameters for Riser. 

Spray Height . 2 m . 
Lift Ratio . 0.1 . 
Nozzle submergence : 0.70 m 

Tube Diameter . ? . 
Gas Flow Rate ? 
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Fig. 9.2 : Schema tic Diagram of the Riser ... eg from an 

LSV Refining Appa."atus. 
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9.2.2 Calculations of Riser Diameter 

A smelter producinq 1,000 tonnesjday of copper produces a 30 

tonne ladle of 70% matte every 30 minutes (V = 6 m3). Thus, a 

maximum refining time of a 30 minutes seems reasonable. This 

time was substi tuted into Equation 37 for a batch vacuum 

refininq operation. The ratio of the final to initial 

concentration was set at 0.2 (80 , impurity removal), an 

overall rate of refining of 10-4 ms-1 was chosen as was a 

3 ladle volume of 6 m. The surface area required was 

calculated to be 54 m2 (Fiq. 9.3). 

Assuminq a parabolic flight path and a spray height, S.H., of 

2 meters, the exposure time, te' was calculated fram the 

2 formula, S.H. = 0.5 9 te' where 9 is the gravitational 

acceleration (9.8 ms -2). The calculated time was doubled ta 

account for the rise and fall of the droplets back into the 

melt. The calculated time of fliqht, i.e. the exposure time, 

was 1.3 seconds. 

The volume of liquid suspended in the vacuum (V. s.) at any 

point in time was qiven by the flow rate of copper matte up 

the riser leg multiplied by the exposure time, te. Assuming 

the droplets were spheric~l, the volume suspended multiplied 

by three and divided by the radius of one droplet was equal 

to the surface area of the droplets suspended. The area 

required for the desired refining was calculated at 54 m2 and 
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the stable droplet diameter at 0.01 meters (from visual 

observation of copper matte LSV experiments and ea1cu1ation 

of the stable droplet size, Section 4.3.6). Thus, the 

volumetrie f10w rate of matte was ealeulated to be 0.07 m3s-1 

or 21 tonnes per minute. 

Figure 9.4 plots the superficial liquid velocity versus the 

superf ieia1 gas velocity (86) • It can be seen that for a 

liquid velocity of 0.5 ms-l, a gas velocity of 1.2 ms- 1 is 

required. This figure was obtained from a LSV water model 

representing a fifth of the aetual industrial size. The 

mode1ing study showed the fastest refining rates at lift 

ratios between 0.1 to 0.2 • 

Sinee, the superfieial liquid velocity was equal to the 

volumetrie flow rate of matte divided by the eross-sectional 

area of the riser leq, ariser diameter of 0.42 m (16 inehes) 

was caleulated. Using the riser cross-sectional area, the 

superficial gas velocity (1. 2 
-1 ms ), the mel t temperature 

(1473 K) and the he ad of copper matte (0.35 m), the necessary 

gas flow rate of 5.20 ls-l NTP was ealculated. 
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Fig. 9.3 : Sampi. Caleulationa to Scale-Up th. LSV Apparatus 

to Industrial Siz •. 
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Fig. 9.4 : Superficial Gas Velocity versus Superficial Liquid 

Velocity in Riser Leg. Graph PloUed from 1/5 Industrial 
Water Model from Reference 88. 
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9.3 comparison with RH Degassing Units 

Typical data for RH degassing units were obtained from 

interviews with people in the steel industry (92). In a RH 

degasser for examp1e, 60 tonnes per minute of steel i5 

-1 circulated with agas flow rate of 13.2 Nls up a leg of 0.4 

m in diameter. This gives a volumetrie flow rate of about 

0.13 m3s-1 and a superficia1 liquid velocity of 1.0 ms- 1 . 

These values are double those ca1culated in section 9.2.2 

thus, LSV refining is we1l within today's engineering 

expertise. 

Figure 9.5 shows a schematic diagram of what an L. S. V. 

apparatus would look 1ike and with its dimensions. It can be 

constructed like an RH type unit with a minor modification te 

the riser 1eg which would be made to extend into the vacuum 

chamber, above the liquid matte level. The vessel's diameter 

wou1d be 3.2 meter ta accommodate the mi nimal one meter 

radial dispersion of the spray (discussion with RH degassing 

unit operators). The free board wou1d be 2 meters above the 

spray to avoid excessive splashing into the exit vacuum duct. 

An alternative would be to construct a baffle in front of the 

vacuum exit to deflect the splashes. The lifting gas would be 

nitrogen because of the small NTP flow rates and because when 

air was used in a pilot trial (Experiment 10), the gas flow 

rate was erratic and the injetor blocked after 45 minutes. 
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Nitrogen could be injected into the down leq to control 

liquid levels in the chamber. The vacuum chamber walls would 

have to be kept at a temperature of l, osooc to avoid matte 

splashes from freezinq and impurities from condensinq in the 

upper part of the chamber. 

The gas pumping could be carried out using steam ejectors or 

mechanical pumps depending on the pressure desired in the 

chamber. The gas pumpinq rate should be sufficient for rapid 

degassing of the melt « 10 minutes) and to maintain a 

chamber pressure of 100 pascal with the lifting gas flowrate 

plus the system's air infiltration. 
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Fig. 9.5 : Sch.matie Diagram of Possibl. Industrial Slz. 
LSV Copp.r R.finlng Unit (not to Seale). 
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CHAPTER 10 

Conclusions 

Th~ feasibility of usinq the Lift-spray Vacuum refininq 

apparatus to enhance the rate of vacuum refininq copper matte 

mel ts was demonstrated in these small scale pilot trials. 

More specifically, the vacuum refining rates of lead, bismuth 

arsenic and antimony were monitored. Removal rates were not 

measured for silver, nickel and selenium. 

From the dust characterization and selecti ve condensation 

experiments, it was found that : 

1- The main mineraloqical species in the condensate were 

metallic lead, lead sulphide and zinc sulphide. The copper 

present in the dust was the result of copper matte prills 

ejected durinq the experiments. 

2- The mean size of the dust particles (dSO ) was eiqhty 

microns. However, from scanninq electron microscopy, i t was 

observed that the condensate particles were clusters of 

smaIIer sub-micron particles. 

)- By removinq the Iarqe copper matte particIe·s, or 

preventinq their transport outside the LSV apparatus, a 

conàensate of Iess than two percent copper might be produceà. 
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From the Lift-Spray Vacuum refining experiments, it was 

concluded that: 

4- The LSV apparatus significantly increased the surface 

area available for impurity evaporation from the copper matte 

melt. 

5- When air was used as a lifting gas instead of nitrogen, 

the gas flow rate was erratic and the injector blocked after 

a few minutes. 

6- Rapid overall rates of refining of lead, bismuth and 

arsenic (larger than 1. 5 X 10-4 ms- 1 ) were measured in an 

alumina lined apparatus at chamber pressures of less than 100 

pascal. For the same conditions, antimony removal rate was 

observed between 0.5 and 1.0 X 10-4 ms-le 

7- In a graphite apparatus, where the oxygen activity is 

10 ~8 times lower than in alumina lined apparatus, only the 

lead removal rate re~ained above 1.5 X lO-4ms-l. The removal 

rates of bismuth and arsenic decreased as compared ta the 
-4 -1 alumina apparatus to between 0.5 and 1.1 X 10 ms . 

8- Fourty ta sixt Y minutes into the refining process, the 

evaporation rate of aIl impurities started to drop and the 

impurity content of the ~atte leveled off. This occurred when 

the sum of the impurities vapour pressures dropped down ta 
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the level of the chamber pressure. 

9- A mathematical model was developed to predict lead, 

bismuth, arsenic, antimony and zinc removal rates using 

metallic, sulphide dimer and oxide dimer vapour pressures. 

Concordance between the model and the measured removal rates 

of the impurities was observed for both the alumina and 

graphite apparatus. 

Usinq both the pilot plant data qenerated durinq this study 

and the data from Lee's water model (86), it is now possible 

to scale up the LSV refining unit to industriéü size. The 

calculated dimensions compared weIl to the R.H. degassinq 

units used in the steel industry. 
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Suggestions ~or Future Mork 

Future studies should extend into two areas, the development 

of the LSV vacuum ref ining process and the themodynamic 

properties of arsenic and antimony. 

The future work on the LSV process would include 

1) Modifying the LSV configuration to reduce the matte los~es 

ejected from the melt. 

2) Comparison of the LSV process configuration to the RH 

dega'9sing unit or a plume of inert gas in a ladle under 

vacuum. 

3) Perform still vacuum refining experiments with antimony 

doped copp~r matte to obtain more reliable data on antimony 

evaporation rate. 

4) carry out pilot scale size LSV processing to study riser 

design materials, i.e. refractory. Further examine the effect 

of bath depth on the dissolved oxygen content of the copper 

matte. 

5) Investigate the use of 502 as a lifting gas to keep the 

oxygen activity in the melt as high as possible. 

6) Determine éhe heat losses associated with the vacuum 

refining process to gain knowledge of the energy requirements 

needed to keel' the melt temperature constant at the desired 

level. 

7) Do still vacuum refining experiments with selenium doped 
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copper matte and blister copper in alumina crucibles to 

confirm whether or not it is possible to remove selenium by 

vacuum refining. 

8) Modi fy the vacuum refining theory and mathematical model 

to take into account the levelling off of the impurity 

concentrations. 

The future work on the thermodynamic properties of arsenic 

and antimony would involve the following : 

1) Develop an experimental technique where the oxygen and 

sulphur potential of the copper matte could be controlled. 

2) Carry out transportation experiments (at very low oxygen 

activity in the melt) on synthetic CU2S-FeS copper matte to 

gain reliable data on the activity coefficient of arsenic and 

antimony in copper matte. 

3) Carry out transportation experiments on copper matte with 

a controlled amount of dissolved oxygen to gain knowledge of 

the contribution of the arsenic and antimony oxide vapours 

and thus, be able to calculate reliable Gibbs Free energy of 

formation of the diatomic arsenic and antimony oxides and 

sulphides. 



CHAPTER 12 

Original Contribut_)ns 

The following is a list of the original contributions 

accomplished during this study : 

1) The three step mass transport theory to explain the 

evaporation of monoatomic vapours from metallic melts was 

extended to a mul ti component evaporation model. The model 

explains how minor elements (less than one weight percent) 

such as zinc, lead, arsenic, antimony, bismuth, etc, 

evaporate from copper matte melts in the form of monoatomic 

(i(g»' diatomic sulphide (i8(g» and diatomic oxide (iO(g» 

vapours. The model based on fundamental thermodynamic data 

such as Gibbs energy of formation and activity coefficient, 

can be appl ied to copper matte, bl ister copper and other 

metal, metal oxide and metal sulphide mixtures. 

2) A series of experimental procedures was developed to 

characterize and selectively condense the vacuum refining 

dust. These experiillents proved that the zinc and lead 

fractions can be condensed separately by controlling the 

temperature of the condenser walJ and the total chamber 

pressure. The vacuum refining dust was shown to be composed 

mainly of sub-micron particles of zinc sulphide (Zn8), lead 

sulphide (PhS) and metallic lead (Pb) clustered into larger 

particles having a me an diameter of eighty microns. 
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3) A new vacuum refining experimental procedure was developed 

where two sets of experiments were carried out, one in a 

graphite apparatus and one in an alumina apparatus. During 

the alumina apparatus experiments, the oxygen activity in the 

melt was measured at different chamber pressures and refining 

times. 

4) The experimental procedure and vacuum refining model 

mentioned above was used as a novel transportation technique 

to verify the consistency of the thermodynamic data of the 

volatile impurities i.e., activity coefficient and Gibbs 

energy of fonnation of the diatomic sulfide and diatomic 

oxide species. Analysis of the experimental data showed that 

the arsenic and antimony vapour pressures are higher than the 

arsenic and antimony sulphide pressures above copper matte 

melts saturated with oxygene This result contradicts the free 

energy of formation data presently published in the 

literature for arsenic and antimony. 

6) Using the water modeling work of H.S.Lee (86) i\nd the 

copper matte LSV vacuum refining experiments, the scale-up 

calculations of the LSV refining apparatus to a full size 

copper smelter were performed. The calculated dimensions as 

weIl as the required lifting gas flow rate were found to be 

comparable to RH degasser technology used in the steel 

industry. Thus the LSV process can now be confidently 

scaled-up and commercialized. 
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Appendix 1 

List of Equipment and Materials 

Reverberatory and "Noranda Reactor" matte, and 

converter white metal from the Norande Horne 

Smelter were provided by the Norande Technology 

Center in Pointe-claire, Québec. 

Graphite of electrode grade was supplied by Speer 

Carbon Inc., St-Laurent, Québec. 

Alumina castable cement and alumina clay ramming 

mix (Thermogen 90 F plastic) were provided by 

Duquesne Refractory, Montréal, Québec. 

100kW, 3000Hz, "Tocco" induction furnacei coil 

diameter, 35 cm; manufactured by Inductoterm Inc., 

Rancocas , N. J •• 

100kW, 3000Hz, variable frequency power supply, 

model # 100-3-600. Manufactured and supplied by 

Bradley Controls Ltd, Withby, Ontario. 

Cylindricali volume of 2.25 m3; diameter 1.5 m; 

length 1.8 m. Manufactured and supplied by Deltec 

Systems Inc. Primarose, Pa. 

i) "Stokes" mechanical pump; nominal capacity of 

0.142 m3s-1• Supplied by Deltec Systems Inc. 

ii) "Roots" blower; nominal 3 -1 capacity 0.614.m s • 

Supplied by Deltec Systems Inc. 

"McLeod" gauge, 0 to 5 mm Hg. Supplied by Fisher 

Scientific Co., Montréal, Quebec. 



Temperature 
Gauges 

i) Ten chanels digital thermometer model OSS-660. 

Supplied by Omega Engineering Inc., Stanford, CT. 

ii) '!wo channel strip chart recorder model RD-199. 

Supplied by Omega Engineering Inc. Stanford, CT. 

iii)Analogic digital thermometer #AN467A-RC. 

Supplied by Thermo-Kinetics Ltd, Ville Lemoyne, 

Québec. 

Thermocouples i) Chromel Alumel "Type K" thermocouple with Nextel 

312 ceramic fiber insulation. Supplied by Omega 

Engineering Inc., Stanford, CT. 

Oxygen Probe 

Gases 

Resistive 
Heater 

Insulators 

ceramic Glue 

ii)Platinum Rhodium "Type R" thermocouple gauge 20. 

Supplied by Thermo-Kinetics, St-Laurent, Québec. 

Temp-O-Tips, Ni/NiO, "Type S", Platinum Rhodium 

Thermocouple. Supplied by Leeds and Northrup, 

Missisauga, ontario. 

Commercial purity nitrogen and dry air. Supplied by 

Welding Products Ltd, Montréal, Québec. 

Heater # RH2007, 230 volts, embedded coil. Supplied 

by Thermcraft Inc., Winston-Salem, N.C .. 

Mulite ceramic insulators and protection tubes for 

thermocouples #MXRO-1204-12 and #42-1080-12. 

Supplied by Thermo-Kinetics Ltd, Ville Lemoyne, 

Québec. 

Aremco high temperature ceramic adhesive #503. 

Supplied by Subtec Ltd, Nepean, Ontario. 



Appendix II 

LSV Computer Simll1ation program (Written by Frank Buijsen) 

JINC WATFIV 
IMPLICIT REAL*8 (A-Z) 
DIMENSION OPSL(lS,5),NULB(15),EPS(lS),CONC(15,7) 
DIMENSION TEST(lS),MASS(15),CB(15) 
INTEGER I,E,ES,J 
READ(5,*)E,T,PERCCU,MA,AR,PRCH,FML,FAUL,ENDTIM,STEPS,PSTEPS 

ES=E*3 
READ(S,*) (TEST(1),I=l,ES) 
TIME=O. 

PRTIME=O. 
F=FML*4.0907E-8 

RO=4100+22*(PERCCU-JO) 

KL=2.E-4 

RT=8314*T 
BETA=(144.7/PERCCU)-1.81 

MASMT=(159.0B+BETA*B7.8S)/(1+BETA) 
DT=ENDT1M/STEPS 

VOL=MA/RO 

WRITE(9,3) 
3 FORMAT ( , 0' , , 

PRINT5,ES,T 

**REFIN1NG OF NORANDA COPPER-MATTE**') 

5 FORMAT ( , 0' , , NUMBER OF SPECIES: ' , 12, , 

PRINT6,PRCH,MA 

6 FORMAT('O',' PRESSURE CRAMBER: ' ,F7.2,' 

PRINT7,PERCCU,F 

TEMP:' ,FB.2) 

MASS: ' , FB • 2 ) 

7 FORMAT ( 1 0 ' , 1 PERCENTAGE OF COPPER: 

#GAS: I,E14.5) 

1 , F6. 2 , 1 SCAVENGING 

PRINTB,E~DTIM,DT 

8 FORMAT ( , 0' , , TIME OF REFINING:', F8 • 2, , 

#, FB. 2) 

DO 20 1=l,ES 

IF (TEST(I).EQ.1.) GOTO 15 

DO 10 J=1,5 

MASS(I)=O.O 

100PSL(I,J)=0.0 

GOTO 20 

STEP S1ZE:' 



",."'r~ 

'.'" 

-

15 READ(5,*) A,B,C,GO,PRESS,MI,ALPHA 

20 

25 

30 

35 

36 

37 

40 

MASS(I)=MI 
OPSL(I,1)=A+B*T*OLOG10(T)+C*T 

OPSL(I,2)=GO*MASMT*OEXP(-OPSL(I,l)j(RT*lE-3»*DSQRT(PRES8)* 
#101350./RO 

OPSL(I,3)=DSQRT(RT/(2*3.141593*MI»*ALPHA 
OPSL(I,4)=(1.4E-4*(T**1.5»/(PRCH*1.E-2) 
CPSL(I,5)=1./«OPSL(I,3»+(1./OP8L(I,4») 
CONTINUE 

AS=O 
WRITE ( 9 , 25) 
FORMAT ( , 0' , , DGO U KE KG 
PRINT30,«OPSL(I,J),J=1,5),I=1,E8) 
FORMAT('O' ,5El3.5) 
READ(5, *) (CB(I) ,1=1, ES, 3) 
DO 35 I=l,ES,3 

NULB(I)=(CB(I)*RO)/(MASS(I)*lOO) 
CONTINUE 

PRINT36, TIME 

FORMAT (' 0' , , TIME=' ,FIO.2) 

PRINT37, (NULB(I) ,1=1, ES,3) 
FORMATe'O', 'INITIAL CONCENTRATION= , , El5 • 7) 

D=AR/RT 

SIGN=O 

KEG' ) 

DO 45 I=1,ES,3 

CONC(I,3)=(2.E-4*NULB(I)*RT)j(OPSL(I,5)*OPSL(I,2)+OPSL(1+ 

#l,5)*OPSL(I+l,2)+OPSL(I+2,5)*OPSL(I+2,2)+2.E-4*RT) 

CONC(I+2,3)=CONC(I+l,3)=CONC(I,3) 

CONC(I,4)=CONC(I,3) 

45 CONTINUE 

DO 55 I=l,ES 

CONC(I,5)=D*OPSL(I,5)*CONC(I,3)*OPSL(I,2) 

IF(CONC(I,5) .LT.O.) CONC(I,5)=O.0 

CONC(I,7)=CONC(I,5) 

SIGN=SIGN+CONC(I,5) 

55 CONTINUE 

65 DO 70 I=1,ES,3 

CONC(I,1)=(2.E-4*NULB(I)*RT)+PRCH*(OPSL(I,5)*(CONC(I,5)/ 

#(SIGN+F»+OPSL(I+l,5)*(CONC(I+l r 5)j(SIGN+F»+OPAL(I+2,5)* 



( 

( 

*(CONC(I+2,5)/(SIGN+F») 
CONC(I,2)=(2.E-4*RT)+OPSL(I,5)*OPSL(I,2)+OPSL(I+1,5)* 

tOPSL(I+1,2)+OPSL(I+2,5)*OPSL(I+2,2) 
CONC(I,3)=CONC(I,1)/CONC(I,~) 

CONC(I+2,J)=CONC(I+1,3)=CONC(I,3) 
ïO EPS(I)=OABS(CONC(I,3)-CONC(I,4» 

DO 85 I=l,ES 
85 CONC(I,4)=CONC(I,3) 

DO 90 I=1,ES,3 
90 IF (EPS(I).GT.FAUL) GOTO 100 

GOTO 130 
100 DO 105 I=1,ES 

CONC(I,6)=D*OPSL(I,5)*(CONC(I,3)*OPSL(I,2)-(CONC(I,7)/ 
#(SIGN+F»*PRCH) 

IF(CONC(I,6).LT.0.) CONC ( l , 6) =0 • 0 

CONC(I,7)=CONC(I,6) 
105 CONTINUE 

SIGN=O 

DO 120 I=1,ES 

SIGN=SIGN+CONC(I,6) 

120 CONTINUE 

GOT065 

130 IF(PRTIME.LT.PSTEPS) GOTO 155 
WRITE ( 9 , 135 ) 

135 FORMAT ( , 0' , , FLUX' ) 

PRINT145,(CONC(I,6),I=1,ES) 

WRITE(9,140) 

140 FORMAT (' 0' , CIF') 

PRINT146,(CONC(I,3),I=1,ES,3) 

145 FORMAT('O' ,3E13.5) 

146 FORMAT('O',5E13.5) 

155 IF(PRTIME.GE.PSTEPS) PRTIME=O 

TIME=TIME+OT 

PRTIME=PRTIME+OT 

00 160 I=1,ES,3 

NULB(I)=NULB(I)-«CONC(I,6)+CONC(I+l,6)+CONC(I+2,6»jVOL)*DT 
160 CONTINUE 

IF(PRTIME.LT.PSTEPS) GOTO 165 

162 PRINT163,TIME 



163 FORMAT('O',' TIME= ',F10.4) 

PRINT164,(NULB(I),I=1,ES,3) 

164 FORMAT('O','NEW INITIAL CONCENTRATION= ',E17.9) 
165 DO 166 I=1,ES,3 

VOL=VOL-«CONC(I,6)*MASS(I)+CONC(I+l,6)*MASS(I+l)+ 

#CONC(I+2,6)*MASS*I+2»/RO)*DT 
166 CONTINUE 

IF(TIME.GE.ENDTIM) GOTO 180 

GOTO 40 

180 STOP 

END 


