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ABSTRACT 

In typical zinc & lead production operations, lead blast furnace slags and zinc leaching 

residues are usually fumed to recover zinc metal. Regardless of the fuming methods 

employed, the tail slag from zinc fuming furnaces still contains about 3 per cent or more 

zinc and some trace amounts of elements such as lead, indium and germanium. 

Although by traditional measures the contents of Zn, Pb, and the rarer elements In and Ge 

are very low, in absolute terms there is still the potential to extract considerable value 

from these remaining metals. As well, the elimination of these heavy metals from the slag 

would go even further in ensuing that the slags can be used as cement additives, landfill, 

roadbed material, etc. without environmental ramifications. 

A new electrochemical process, similar to the Hall-Heroult process in aluminum 

production, has been proposed for the recovery of metal values from this slag. Based on 

thermodynamic analysis and F*A*C*T calculations, copper melt was chosen as the 

cathode because it significantly decreases the activity of zinc while increasing the activity 

of iron. The results of synthetic slags (24.4 pct-Fe 39 pct-Si02 17 pct-CaO 6 pct-Al203 2 

pct-Zn) at 1250 °C revealed that 1) even without passing a direct current, a certain 

amount of zinc was diffused into the copper melt by the predicted thermodynamic driving 

force; 2) zinc was continuously deposited into the copper melt by electrochemical 

reaction when the voltage difference between the electrodes was 4 volts or greater. The 

effects of temperature and basicity on the process have also been studied. By the results 
2+ 3+ 

of Fe /Fe analysis and SEM examinations, possible reaction mechanism have also 

been suggested. The as-received Cominco tail slags were also examined by electrolysis. 
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1. INTRODUCTION 

The tail slags of interest in this research are generated from the slag fuming furnaces in 

zinc & lead production operations. The slag is basically a silicate, which contains about 

30 pct-Fe, 30 pct-Si02, 17 pct-CaO, 3 pct-ZnO, 0.05 pct-Pb and some trace Cd, In, and 

Ge. A typical zinc & lead producer such as Cominco has an output of 160,000 tonnes of 

this slag annually.[1] The concentration of zinc in this slag is usually higher than the 3% 

published value due to the fuming operations being difficult to maintain at the optimum 

conditions. 

Although by traditional measurements the contents of Zn, Pb, and the rarer elements Cd, 

In and Ge are very low, in absolute terms there is still the potential to extract considerable 

metal values from these remaining metals. As well, the elimination of these heavy metals 

from the slag would go even further in ensuring that the slags can be used as cement 

additives, landfill, roadbed material, etc. without environmental ramifications. 

Conventional pyrometallurgical methods[2"7] for zinc-bearing slags and residues are not 

suitable for tail slag treatment because 1) the zinc content is too low to be recovered 

economically; 2) there are some problems, such as iron metal formation and slag 

foaming, that will occur if the zinc content in slag drops too much. On the other hand, if a 

hydrometallurgical route [8'9] is employed, a substantial portion of iron dissolution will 

impede its further application. Therefore, a new method is needed for the further 

treatment of the zinc fuming tail slag. 
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2. COMINCO TAILING S L A G A N D CHARACTERIZATION 

Cominco operates a large integrated lead-zinc smelter in Trail, British Columbia, Canada. 

An overview of the metallurgical circuit of Trail Operations is given in Figure l.The zinc 

plant is a typical roast-leach-electrowinning process with an integrated pressure leaching 

facility providing approximately 20% of Trail's zinc production. Most of the zinc plants 

around the world are stand-alone operations and have adopted hydrometallurgical 

processes for the treatment of the residues from weak acid leaching. Invariably, these 

processes incorporate a hot acid leach to dissolve the zinc ferrites, which are formed 

during concentrate roasting. Iron is precipitated and rejected from the circuit as either 

jarosite, goethite or hematite. Cominco has taken a different approach. Instead of 

hydrometallurgical processing, weak acid leach residues are treated pyrometallurgically 

in the lead smelter. Zinc is recovered in a slag-fuming step, where it is vaporized into the 

gas phase and collected as fume, and is returned to the zinc plant. 

After the commissioning of the Kivcet process for the production of lead in 1996, the 

production capacity was expanded to 290,000 t/y and 120,000 t/y for zinc and lead 

respectively. Consequently, the output of tailing slag from the slag fuming furnaces will 

be in the order of 500-600 tonnes per day. The tailing slag, exiting at roughly 1200 °C 

and water quenched to a particle size of less than 4 mm, is the residue of the process. It is 

called "residue" because by traditional measures the contents of Zn, Pb, and the rarer 

elements In and Ge are too low to be worth recovering. 
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Fig. 1 — Overview of Cominco's Trail Operations'^ 

The slag fumer may be either a batch or continuous operation. Generally, the tailing slag 

from continuous operation has a higher zinc content than that from a batch operation13'10]. 

An average of 2.38 percent Zn was obtained from publications for tailing slags from 

batch operations. 

For this study, as-received slag samples from Cominco were sent to both Cominco and 

IPL (International Plasma Lab Ltd., Vancouver, B.C. Canada) for chemical composition 

analysis. Results are summarized in Table I. 
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Table I. Chemical Composition of Cominco Fumer Slag - Fe +/Fe 

By Cominco Research 

Wt.(%) Fe Si0 2 A1 20 3 CaO Cu Zn 

28.9 28.6 2.8 18.2 0.26 4.6 

By /PL(International Plasma Lab Ltd.) 

Wt.(%) Fe 2 + Fe 3 + Si0 2 A1 20 3 CaO Cu ZnO 

27.45 2.87 30.82 3.05 17.45 0.36 5.7 

The results from the two analyzers(Commco and IPL respectively) are in agreement. 

Both of the results showed that the zinc content was about 5%, which is much higher than 

2.38% - the average value from publication. The iron valence analysis indicated that 

about 90% of the iron existed in the ferrous state; in other words, the slag was produced 

under very strong reduction conditions, as would be expected in the fuming operation. 

The as-received Cominco tail slag was also analyzed using S E M , BSE, EDS and X R D to 

identify the particle size distribution and species present in the slag. It was observed that 

the slag particles were heterogeneous, and that the maximum dimension of most of the 

slag particles was less than 3 mm (Figure 2). The many cracks inside the slag particles 

indicate that it is very porous due to the water-quench operation. Almost all the slag 

particles present in the polished sections were grey, dull minerals, with very poor 

reflectivity. Almost no crystals were found in the slag section examinations (Figure 3). 

As confirmed by X R D analysis, the slag was in a glassy state (Figure 4). 
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Very shiny, bright spots were observed in the cross section samples (Figure 5, 6, 7). BSE 

and EDS examination shown that they are lead alloy particles - lead alloyed with 

antimony, copper, iron and arsenic (Figure 8). 

Fig. 2 —General view of as-received Cominco tail slag (SEM, magnification 50, accelerating voltage 
20kV) shows the particle size distribution 



Fig. 3 — Close-up shows the as-received Cominco tail slag is homogeneous (SEM, magnificat! 
accelerating voltage 20kV). Confirmed by XRD, it is in a glassy state. 

l l i - A p r - 1 9 S 9 Q 9 J i S 

F i g . 4 _ x-ray diffraction pattern of Cominco tail slag showing it is in a glassy state 



Fig. 5 — Cracks and white beads in as-received Cominco tail slag(SEM, magnification 150, 
accelerating voltage 20kV) 

Fig. 6 — Another white bead in Cominco tail slag (SEM, magnification 100, accelerating voltage 
20kV) 



Fig. 7 — BSE examination of Figure 6 showing Lead alloy particles existing in Cominco tail slag 
(BSE, magnification 100, accelerating voltage 20kV) 

Fig. 8 — EDS(Energy Dispersive Spectrum) examination of the white spot in Figure 5 indicated it 
is an alloy of Pb, Sb, Fe, Cu, As and some other elements 



It was observed that some dendrites precipitate out from the slag matrix as individual 

crystals with very sharp edges (Figure 9), although this was not common. EDS 

examination showed that this was iron oxide (Figure 10, 11), which might be magnetite. 

Other researchers111121 also found that dendrites of magnetite exist in slow cooled fuming 

slags. Our research indicated that the quantity of this phase is very small, which is in 

agreement with the fact that the percentage of ferric iron is only about 10% and the slag 

is in a glassy state. 

Iron was present in various forms in the fuming slags. Some of the iron was alloyed into 

the metal lead bead, and as mentioned above, some of the iron existed in dendritic 

magnetite; however, most of the iron was in the slag matrix, primarily as ferrous iron. 

Fig. 9 — Dendrites exist in as-received Cominco tail slag (BSE, magnification 988, accelerating 
voltage 15kV) 



Fig. 11 — EDS examination of the dendrites shown it is mainly iron oxides 
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3. L ITERATURE S U R V E Y 

3.1. Pyrometallurgical Processes for Zinc-bearing Slags and Residues 

In the non-ferrous smelting industry, the development of new processes such as flash 

smelting and the Kivcet process has been focused on methods to intensify the extraction 

of non-ferrous metals. One of the disadvantages of these processes is the corresponding 

slag usually contains relatively higher metal content. Consequently, slag treatment is an 

inevitable step for metal recovery from these slags. Slag treatment is usually carried out 

by a pyrometallurgical process. Depending on the physical-chemical properties of the 

metals of interest, they are either fumed and collected as dust, or settled into the metal 

phase at quiescent conditions. Many furnace types are used including: 1) water-jacketed 

fuming furnaces for tin smelting slags; 2) electrical resistance furnaces for copper 

smelting slags; 3) Ausmelt furnace for tin, lead smelting slags. 

Both the melting and boiling temperatures for zinc metal are very low, only 419.5 °C and 

907 °C respectively. This is the main reason why zinc-bearing slags are treated by fuming 

processes. As iron reduction is unavoidable when the zinc content in the slag is too low, 

say below 1%, iron metal could form and the slag will become foaming. There are 

several fuming methods in commercial operation in the world, as described below. 
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• Water-jacketed Fumer 

The zinc fuming process conducted in a rectangular, water-jacketed furnace is the most 

common method for lead blast furnace slag treatment (Appendix I). The first commercial 

development of the process was made by the Anaconda Copper Mining Co. and the 

Consolidated Mining and Smelting Co. in the 1920's[13"15]. The first furnace was blown in 

at the Anaconda Smelter, East Helena, Montana in December 1927. The process has 

changed little in the intervening decades. 

Lead blast furnace slags contain 11 to 18 pet Zn normally are reduced to 1.5 to 2.5 pet Zn 

in a fuming cycle of about 3 hours including 30 minutes for charging and tapping. The 

recovery of zinc from the slag is 85 to 90 pet and requires 1 to 2 kg coal per kg zinc (3.3 

to 6.5 kg-moles C per kg-mol Zn). Recovery of lead is always near 100 pet. In addition 

the fume contains traces of tin, indium, cadmium, sulfur, chlorine, and fluorine. 

Since its inception, slag fuming has undergone little general alternation. The major 

developments—blast preheat, continuous fuming with fuel oil, and fuming with natural 

gas—have been implemented at individual plants but have not been adopted widely. 

According to the publication of Snelgrove and Taylor [ 7 ], when slag fuming is part of the 

circuit to recover zinc, it is not necessary to produce as clean a slag as would be the case 

when the zinc content is too low, say less than 10%, for economic recovery. 
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• Ausmelt Fumer 

The Ausmelt process was named "Siromelt" at the very beginning of its development for 

the smelting of tin concentrates in the early seventies111] by CSIRO (Commonwealth 

Scientific and Industrial Research Organization), an Australian organization. In 1980, the 

main researchers left CSIRO to form Ausmelt, to commercially develop and market the 

technology. The process involves injecting fuel, either gaseous or liquid, through a lance 

into a molten bath of slag or concentrate. The injection of large volumes of gases results 

in extremely fast rates of reaction due to enhanced mass transfer rates. The presence of 

large volumes of gases also provides for excellent fuming conditions, which helps in the 

removal of volatile species such as lead, zinc, and cadmium. Since the mid-eighties, the 

process had found successful commercial applications. A summary of the commercial 

plants in operation is given in Appendix II. After Ausmelt treatment, the final tail slag 

contains about 4 per cent of zinc, as shown in Table LT. 

Table II. Zinc Content in Slag after Ausmelt Treatment1 

QSL Slag ISP Slag Zinc Leach Residues 

Pre 

Pre After Pre After Goethite Primary Jarosite After 

Zn% 13 - 15 5-7 6-8 2-3 13 22 5 3-4 
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• Waelz Kiln Fumer 

Waelz kilns are by far the major process technology used for treating neutral leach 

residues. In fact, there are more than 30 Waelz kilns in operation around the world, with 

the majority in the former USSR t l 6 ] . 

E. Dedolph at Kaslo, B.C., Canada [ , 6 ] in 1909 was the first person to suggest the use of a 

rotary kiln for the volatilization of zinc and lead. The Lurgi Group of companies in 

Germany acquired the patent and developed the process. The first large scale Waelz plant 

was started in 1925 at Kayser, Lunen, Germany for the treatment of lean zinc ores. 

The Waelz process is performed in a long, slightly inclined and refractory-lined rotary 

kiln. The feed mixture is comprised of zinc bearing materials, fluxed, if necessary, and 

coke. Depending on the feed basicity, the addition of a conditioner, e.g. limestone or 

sand, is needed to maintain a genuine Waelz motion of the charge at all times. The feed 

mixture is slowly moved down by the kiln rotational speed and heated up by the off-gas 

stream leaving the kiln counter-current to the material flow. After drying and preheating, 

the charge enters the reduction zone in which the iron and zinc oxides are reduced by 

coke or carbon mono-oxide. At bed temperatures of up to 1200 °C, zinc is vaporized. The 

dust laden gases enter a spacious dust chamber, where coarse particles are settled out, 

then to a surface or water evaporation cooler and finally, to a baghouse or electrostatic 

precipitator in which the Waelz oxide is collected. After treatment, the zinc content in the 

slag can be as low as 2 per cent. 
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• Enviroplas Process Fumer 

The Enviroplas™ process has been developed by Mintek located in Randburg, South 

Africa [ 6 ].This technology uses high temperature DC-arc electric furnaces which permit 

the Zn vapor to be recovered as a directly saleable metal product (i.e. Prime Western Zn) 

in a conventional lead splash condenser. 

A 5.6 M V A pilot-plant, including a 5.6 M V A power supply, two plasma-arc furnaces, 

and an ISP (Imperial Smelting Process) lead-splash condenser, was successfully 

commissioned at Mintek in 1994. About 600 t of lead blast furnace slag was processed 

through the demonstration plant at feed rates of 1 to 3 t/h. Zinc fuming rates of 120 to 

180 kg/h were achieved. Disposable slags were produced that contained less than 1.5 

percent zinc and less than 0.2 per cent lead. The zinc condensing efficiency was about 80 

per cent, and Prime Western grade zinc was produced consistently. 

Some of the main points of zinc bearing slags and residues fuming are summarized 

below: 

1. If the zinc content is below 10%, slag fuming is unlikely to be economical, 

2. The water-jacketed furnace is still the most popular furnace in the world, 

3. Ausmelt is a new technology which has achieved wide application, 

4. The Waelz kiln is mainly used for zinc leaching residues treatment, 

5. No matter what method is used, the tail slag contains about 3 per cent zinc, 
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6. The reduction of zinc to consistently low levels, i.e., 1 wt.% or lower, could not be 

achieved because of foaming of slags, which is also accompanied by the formation of 

iron, 

7. Some valuable metals, such as silver and indium, which are common in zinc & lead 

concentrate, are only partially recovered by fuming processes. 
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3 . 2 . Properties of Zinc Fuming Slags 

3.2.1. Resistance of zinc fuming slags 

1. Pure Oxides 

The measurement of the electrical conductance of pure liquid oxides and of molten 

silicates has contributed substantially in clarifying the ionic nature of these melts. The 

electrical conductivity of slags is an important factor in the design of electric smelting 

furnace, where heat is produced by electric current according to the formula I2R. The 

smelting furnace is not an arc furnace, like the steelmaking unit, but is a resistance 

furnace with the electrodes dipping into the slag, which forms the resistance. 

Table HI shows the electrical conductivity of some pure liquids at temperature just above 

the melting point of each oxide. [ 1 7' 1 8 ] If the fusion of the network oxides gives rise to 

highly associated liquids held together by strong covalent bonds, the ionic conductivity is 

expected to be small. It is seen from Table HI that the specific conductivity K of Si02, 

B2O3 and Ge02 at their melting temperature is less than 10"5 ohm"1 cm"1. Other crystalline 

oxides such as AS2O3 and P2O5, by analogy, are expected to exhibit low conductivity 

also. Ferrous iron oxide exhibits the highest conductance among the melts, while CaO, 

MgO, AI2O3, T i0 2 , and Cr 203 also have relatively higher values. Solid FeO is known to 

be a p-type (positive hole) semiconductor deficient in Fe. The high specific conductivity 

of FeO at the melting temperature of 1370 °C, the absence of a marked change of 
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conductance on fusion and the positive temperature coefficient, indicate that a similar 

mechanism is applicable in the melt. 

Table III. Electrical Conductivity of Pure Oxides 

_ _ _ _ K, ohm"1 cm 

Si0 2 1710 10~s 

B 2 0 3 450 <10"6 

Ge0 2 1115 <10"5 

A1 2 0 3 2050 15 

CaO 2580 40 

MgO 2800 35 

T i 0 2 1650 10 

C r 2 0 3 2275 65 

FeO 1370 122 

2. Conductivity of Nonferrous Smelting Slags 

• Ionic vs nonionic conduction 

Publications dealing with the conductance of molten slags can be traced in the literature 

back to the first decade of the last century. Authors who made important contributions in 

this field were Aiken [ 1 9 ] , Doelter [20], Sauerwald and Neuendorff*211, and Farup et al.[22] 
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who measured the electrical conductivity of melts both in the CaO-SiC>2 system and in the 

CaO-Al203-Si02 system. Wejnarth[23] measured the electrical conductivity of various 

silicates in FeO-Si0 2 and FeO-CaO-MnO-Al 2 0 3 -Si0 2 systems. Martin and Derge [ 2 4 ] 

investigated extensively the conductance of molten blast furnace slags as a function of 

both slag temperature and composition. 

Molten wustite, FeO, was found by Inouye et al.[25] to exhibit electronic conduction, 

presumably because of the ability of the iron cation to alter valency giving a p-type 

semiconduction. This phenomenon was also remarked on by Simnad, Derge, and 

George [ 2 6 ] and by Dukelow and Derge f 2 7 ] when studying the systems FeO-Si02 and FeO-

MnO-Si0 2 with the extent of electronic conduction dropping as the MnO or Si02 

contents of the melts increased. 

Perhaps the most pertinent previous work in the system FeO-CaO-Si02 is that of Dickson 

and Dismukes [28 ] who determined current efficiencies and transference numbers in the 

melts containing from 38 to 90 percent FeO at ratios of lime to (lime + silica) of 0 to 0.6. 

The anode current efficiency, determined by Dickson and Dismukes [ 2 8 ] for FeO-CaO-

Si02 system and by Dukelow and Derge [ 2 7 ] for FeO-MnO-Si02, as shown in Figure 12 

and 13 respectively, can reach a magnitude of 90 percent. The higher the silica content 

is, the higher the current efficiency will be. 
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Fig. 12 — Anode current efficiency as a function of melt composition for FeO-CaO-Si0 2 melt. 
Number associated with individual curves and points correspond to different values of pee CaO/(pct 
CaO + pet Si0 2 ) [ 2 8 1 . 

IOOI 

Fig. 13 — Current efficiency of FeO-MnO-Si0 2 melts: (a) pet FeO/pct MnO = 8.1, (b) pet MnO = 0 
[27] 
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3.0 

%FeO 

Fig. 14 — Ionic and nonionic conductance in melts having a pet CaO/(pct CaO + pet Si0 2) ratio of 
0.4 1 2 8 1 

As indicated in Figure 12, for melts of a fixed proportion of CaO and Si02, an addition of 

FeO causes a decrease in the fraction of current that is conducted by ions. In order to 

consider the effect of FeO additions on the magnitude of ionic and nonionic conduction 

separately, conductivity values - obtained by interpolating data reported by Wejnarth [ 2 3 ]-

were multiplied by the fractions of ionic and nonionic conduction indicated by current 

efficiency in Figure 12, and the results were presented in Figure 14. Increasing pet FeO, 

therefore, increases both ionic and nonionic conductivity although the relative value of 

nonionic conductivity increases more sharply, which Dukelow and Derge [ 2 7 ] have 

reported to be the case for the simple binary system FeO-Si02. 
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Experiments have shown l Z i u y j some general trends between electrical conductivity and 

viscosity: high viscosity is associated with low conductivity and an increase in S1O2 and 

AI2O3 concentrations increases viscosity and diminishes conductivity in most cases. Some 

authors, such as Martin et al.[24] and Hejja [ 3 0 ], tried to establish a relationship between 

these two phenomena, but did not succeed. Although both properties depend on the 

quantity and type of the ions in the melt, viscosity is related to the flow of fluid arrays 

while conductance is subject to the migration of ions; they are two different phenomena. 

Goto et al. [ 3 1 ' 3 2 ] studied the relationship between the partial conductance of ionic species 

and their respective diffusivity and suggested that the ionic conductance of a species 

could be estimated from the Nernst-Einstein equation, when the tracer diffusivity of the 

species was known. 

k = 
oTft, 

tr 

Where k: the conductivity in A V" -cm -1 

2 
D\r: the tracer diffusivity of an ionic species I in cm -sec 

-1 

nj, z; and tj: concentration, valency and transference number of the ionic 

species, respectively 

e: the unit charge (1.6xl0~19 A-sec) 

a: Boltzmann constant (1.38xl0' 2 3 V-A-sec°K"1) 

T: the absolute temperature 



f: the correlation factor of successive jumps of the tracer 
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However, the measured tracer diffusivities by these authors did not agree with the 

diffusivities estimated from the conductivities by the Nernst-Einstein equation, which 

suggests that in molten slags, in which there are strong interionic forces, the Nernst-

Einstein equation becomes less valid, due to different ionic mechanisms influencing the 

diffusivity and the electrical conductivity.t33] 

• Temperature dependence 

The temperature dependence of electrical conductivity can be expressed by the Arrhenius 

Law ( which, in conductivity measurements, has been named by some authors the Rasch-

Hinrichsen Law [ 2 9 ]): 

( E ^ 
k - Aexp 

or 

V R T J 

In k = In A 
RT 

Where k: specific electrical conductivity (ohm"! cm"1); 

E: activation energy (J mole"1); 

R: 8.31441 ( J mole"1 K"1) gas constant; 

A: constant 

T: temperature, K 
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Figure 15 shows the electrical conductivity of various slags as a function of temperature. 

It can be seen that slags of higher S i d and/or AI2O3 content, thus of lower conductivity, 

are more sensitive to temperature; i.e., they exhibit larger temperature coefficients. This 

is in contrast to slags of higher FeO content, which generally have higher conductivities 

and small temperature coefficients. 

T«nperature. °C 

Fig. 15 — Electrical conductivity vs temperature ' 

• Composition dependence 

Since the fifties, there has been much research work on the structure of slags. It is now 

well accepted that molten slag acts as an electrolyte in which most of the metal oxides 

exist in the form of cations. Some high-valence oxides, such as Si02, A I 2 O 3 , form 
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complex arrays called tetrahedra (the smallest ones are Si04"4 and AIO4" 5 tetrahedra, 

respectively) by attracting oxygen ions, O"2, from low-valence oxides. Experiments using 

high energy X-ray diffraction have proved the existence of such tetrahedra. Masson [ 3 4 ] 

developed polymerization models to describe the behavior of slags. The ionic theory of 

slags and the polymerization models can be used to estimate qualitatively the effect of 

composition on the electrical conductivity. However, it is not possible to derive 

quantitative equations from these theories. This can be attributed to the complexity of the 

phenomena involved in slag conductance. 

Based on the assumption that high ionization occurs in the melts, and that an addition of 

basic metal oxides does not change appreciably the structure of the slag, Jiao and 

Themelis [ 3 3 ] developed a formula for the conductivity of nonferrous smelting slags 

(copper and nickel electric smelting): 

In k = a + b X F e 0 + c(XC ao + X M g o) [1] 

where k: electrical conductivity, ohm-lcm-1; 

a: constant; 

b, c: concentration coefficients; 

XFeo, Xcao, XM g o: mole fractions in the slag. 
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The constant a and the coefficients b, c in Eq. [1] were estimated from a multiple linear 

regression analysis of the experimental data by Inouye[25], Fontana et alP5\ Hejja [ 3 0 ], and 

Victorovich et alP6\ The resulting correlation for slags at 1400 °C is: 

In k = -5.21 + 9.92X F e 0 + 5.94(XC a 0 + X M go) 

The main components of zinc fuming slag are Si0 2 , FeO, CaO and A1 2 0 3 , which, when 

added together, constitutes about 90 percent of the tail slag. The above formula might be 

applicable to zinc fuming slag. Calculation from this formula gives a conductivity value 

of about 0.4 ohm"1 cm"1 at 1400 °C. 

The results indicated that, in the range of slag chemistries of interest in this study, at 1250 

°C, l)the ionic conduction should be roughly 90 percent(Based on the published results 

for ferro-silicate slags and the silica content on Cominco Tail Slag), 2)the specific 

conductance is about 0.5 ohm"1 cm"1 (Estimated from the composition of Cominco Tail 

Slag and Jiao's equation). 
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3.2.2. Activities of ZnO and FeO in zinc fuming slags 

Zinc is a major impurity in lead smelting and reports essentially to the iron silicate slag. 

Slag from the smelting of lead can contain up to 20 percent zinc as an oxide. An 

understanding of the lead smelting process, of the subsequent fuming process for the 

recovery of zinc and of the development of new zinc smelting process, such as the 

Warner Process (Appendix IV) [ 3 7" 3 9 1' and the High Pressure Liquid Zinc Extraction 

Process (HPLZEP) (AppendixV)1401, is enhanced by a knowledge of the activity 

coefficient behavior of zinc oxide in smelting slags. Because the vapor pressure of zinc is 

relatively high at smelting temperatures, a variety of methods were employed by previous 

researchers to overcome the experimental difficulties associated with the determination of 

zinc oxide activity in molten slags. Those methods include: 

• Equilibration of slag with CO-C02-(N2) containing fixed pzn

 [ 4 1 , 4 2 1 

• Solid-state oxygen concentration cell, Fe-FeO(slag)/Zr02/Ni-NiO to determine 

activity of FeO; then equilibrium of Ag-Zn with iron-saturated slag [ 4 3 ] : 

ZnO + Fe = FeO + Zn 

• Solid-state oxygen concentration cell, Pt/Ni-NiO/Zr02-MgO/Slag(l)/Fe/Pt and 

equilibrium of Cu-Zn with iron-saturated slag [ 4 4 ] 

• Equilibrium between slag and iron-saturated Cu-Zn-Fe [ 4 0 ] 

• Fitting of plant zinc-fuming data to thermodynamic model t 4 3 ] 
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Fig. 16 — Activity coefficient of ZnO in slag coexisting with Cu-Zn-Fe (iron-saturated) alloy with 
zinc content of more than 1 % at 1523k[401 (Q = %CaO/(%CaO + %SiQ2)) 
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Fig. 17 — Activity coefficient of ZnO in slag equilibrated with Cu-Zn-Fe (iron-saturated) alloy with 
zinc content of less than 1 % at 1473k[401 
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With the objective of developing a new zinc smelting process, many studies have been 

done by Japanese researchers140' 4 5 , 4 6 1 on the activity of zinc in the molten Cu-Zn-Fe 

ternary system, activity measurements in liquid Cu-Zn-X (X = Pb, Ag and Au) ternary 

alloys and the equilibrium between CaO-Si02-FeOx slag and Cu-Zn-Fe (iron-saturated) 

alloys. Figure 16 and 17 summarize the activity coefficient of ZnO in slag equilibrated 

with Cu-Zn-Fe (iron-saturated) alloy. When the zinc content is above 1 percent, the zinc 

activity coefficient is nearly independent of zinc concentration but dependent on slag 

basicity Q (Q = %CaO/(%CaO + %Si02)). The higher the basicity of the slag, the higher 

the zinc activity coefficient. A similar relationship between slag basicity and zinc activity 

coefficient was also obtained by Yoichi Takeda. [ 4 4 ] When the zinc content is less than one 

percent, as shown in Figure 17, the zinc activity coefficient still could be maintained as 

high as 2 to 3 if the slag basicity Q (Q = %CaO/(%CaO + %Si02)) is about 0.4. 

Industrial ISP slag and zinc fuming tail slag have a slag basicity of about 0.4. The zinc 

oxide activity coefficient in this slag, from researchers listed above, is between 2.5 to 3.5 

at 1250 °C. An average value of 3.0 should be suitable for the zinc oxide activity 

coefficient. 

Iron oxides constitute 30 to 35 percent of the zinc fuming slag with more than 90 per cent 

as ferrous. This is one of the concerns in the zinc fuming operation and this research. The 

best operation would be the lowest iron reduction and the highest zinc reduction. As iron 

oxides and zinc oxide coexist in the slag, when the system reaches chemical reaction 

equilibrium, both of reactions (1) and (2) will reach equilibrium and have the same 
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oxygen potential p0 2 . The activity coefficient of FeO not only depends on the standard 

free energy of formation of FeO and ZnO, but also depends on their mole fractions in the 

slag, which can be calculated from equation (4). 

Zn ( g ) + ^02 = ZnO ( s ) (1) 

azno = K i a Z n p 0 2 ° 5 = YznoNZno 

Fe ( s ) + ^02 =FeO ( s ) (2) 

aFeo = K 2 a F e p 0 2 ° 5 = YFeoNFeo 

FeO(S) + Z n ( g ) = ZnO(S) + Fe ( s ) ^ (3) 

YznO_ = ^ ( J ^ f e O ) ( 4 ) 

Y FeO ^ZnO aFe 

Table IV. The standard free energy of formation for FeO and ZnO reactions 

Reaction AG°/J AG°/J 1250 °C 

Fe ( s ) + ^02 =FeO ( s ) 

-259,431 +62.5 IT -164228 

Z n ( g ) + =ZnO ( s ) 

-482,571 -43.27TlogT + 344.43T -167745 

Filipovska J measured ferrous oxide activities of slags containing 3-8 mole % zinc. 

When compared with the results of Bodsworth [48] at 1265 °C for zinc free slag, it was 

concluded that the addition of zinc oxide slightly increases the activity of ferrous oxide in 

these slags. The phase diagrams for the ZnO-Si0 2 and FeO-Si0 2 systems suggest that the 
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interaction is slightly more negative in the ZnO-SiC>2 system. This would be borne out by 

their data. The activity coefficient of ferrous oxide yFe0 increases almost linearly with 

slag basicity, which was defined as lime:silica ratio ( ) by the author. The effect of 
Si02 

A1 2 0 3 additions is also to raise yFe0 for a given lime:silica ratio, and this increase is 

greater as the lime:silica ratio rises. For the slag of interest in this research, the mole 

fractions of FeO and ZnO are about 0.288 and 0.0351 respectively, the activity 

coefficient of FeO is about 1.4, which means that the activity of FeO is about 0.4. 
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3.3. Electrolysis in Molten Silicates 

Pyrometallurgical methods for metal production usually contain a step of carbon 

reduction, which employs carbon as the reductant to reduce metal oxide into its elemental 

form. The starting temperature needed for the reducing reaction is indicated by the 

Ellingham diagram, corresponding to the temperature at the point of intersection between 

the lines of the formation of oxide and the combustion of carbon. This temperature for 

some reactive metals is so high that it is nearly impossible to reduce them by carbon or 

other known reducing agent in an economical operation. It is also not practical to 

electrorefine those metals in aqueous solution since hydrogen gas will evolve before 

metal is deposited. Molten salt electrolysis is one the solutions for solving this puzzle. 

Aluminum production is a good example of extracting reactive metals by molten salt 

electrolysis. 

Aluminum occurs in the earth's crust to the extent of 7.3 wt.% in about 250 different 

minerals, and its abundance is only exceeded by oxygen and silicon. Owing to its 

chemical reactivity, it is never found in nature as an element, but always as a compound 

in an oxidized state. In 1808, H. Davey [ 4 9 ] first isolated, by an electrothermic-

electrochemical method, small amounts of an Al-Fe alloy, which he called aluminum. 

On April 23rd, 1886, P. L. Heroult in France, and independently C. M . Hall in the U.S.A. 

on July 9 t h of the same year, applied for the registration of a patent for aluminum 

production by electrolysis of a molten solution of alumina in cryolite. This process was 

named Hall-Heroult process and it still dominates the production of aluminum. 
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Electrolysis in silicate melts has been studied by many researchers.[27' 2 8 , 5 0 " 5 2 ] Dickson 

and Dismukes [ 2 8 ] measured the current efficiency at an iron anode during the electrolysis 

of FeO-CaO-SiG"2 melts contained in an iron crucible, and studied the Hittorf 

transference-number in the same furnace with some modification. Their results indicated 

that the anode current efficiency could be as high as 90 percent if the melt was of 

relatively higher silica and lower FeO contents. Dukelow and Derge [ 2 7 ], examining the 

FeO-MnO-Si02 melts at about 1400 °C, also got an anode current efficiency of 90 

percent while the silica content in the melt was more than 33 percent. The partial 

replacement of MnO with FeO in FeO-MnO-Si0 2 melts or CaO with FeO in FeO-CaO-

Si02 melts did not have much effect on the current efficiency. 

Larson and Eagar [ 5 0 ] studied the electrolysis of titanate slags with a targeted composition 

of 20%CaO, 15%MgO, and 65%Ti02 heated by plasma by the following electrode 

reactions: 

CO(i;)+02-(.sialt)=C02{g)+2e-

Ti02is)+4e-=Ti(melal) + 202-

A transferred arc plasma makes it feasible for reactions to occur at the plasma/slag 

interface. The solid anode material, such as graphite, does not have to take part in the 

reaction. Contamination by the anode material is thus avoided. Titanium metal was 

deposited at the cathode (the bottom of the containment crucible) in solid dendrites. 

Although titanium made from this process is expected to contain oxygen at levels that 

will greatly impair the metal's ductility and probably make it brittle, the cost of 



34 

production of titanium metal by this technique was estimated to be USD2-3 per pound, 

which is much cheaper than USD6-10 per pound for the conventional method. 

Perhaps the most pertinent previous work to the electrolysis contemplated in this work is 

a patent done by Shell Int Research, where metals have been recovered from a complex 

metal halide using a liquid metal cathode. The metals electrorefined include Ti, Hf, Ta, 

Al, Zr, W Nb, V, Mo, In, and Ag using cathodes selected from Zn, Cd, Sn, Pb, In, Bi and 

G a . [ 5 I ] There has also been work on the recovery of silver, gallium and other trace metals 

from fly ash, but this work started with the conversion of these metals to the halide by 

mixing with A I C I 3 in an alkali halide melt. [52 ] 
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4. SCOPE AND OBJECTIVES 

As stated in section 3.2.1, the resistance of zinc fuming tail slag should be under 1 ohm"1 

cm'1, which may be low enough to permit reasonable voltage and current parameters in a 

commercial cell. Also, a relatively high current efficiency can be expected because the 

silica content in zinc fuming tail slag is more than 30%. Therefore, an electroreduction 

process, which is similar to the Hall-Heroult process in aluminum production, was 

proposed for the treatment of this slag. 

The iron content in the slag is sufficiently high that it might be deposited at the cathode 

also while zinc is electrolyzing from the zinc tail slag. Since the solubility of iron in 

copper at the working temperature of 1250 °C is only about 5% but zinc can dissolve into 

a copper melt with any proportion at the same temperature, a small amount of iron in 

copper should reach a high iron activity. So, by introducing copper as the cathode, it 

behaves as a "getter' for the electrowinning of heavy metals from a slag of this nature. A 

patent search indicates that there is no prior art using copper for this purpose although 

there is work done by Shell International Research of a somewhat similar nature where 

metals have been recovered from a complex metal halide using a liquid metal cathode.[51] 

Before starting the experimental work, it is necessary to quantify the thermodynamic 

driving force provided by using copper as the cathode. The calculation can be done 

manually, based on the thermodynamic data (such as the iron and zinc metal/oxide 

concentrations, interaction coefficients in metal/slag phases) from publications. Because 
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F A C T [ 5 3 ' 5 4 ] , a thermodynamic software, has a quite good data base for zinc smelting 

slags, it was used for this calculation. 

The experimental trials in this research are divided into three sections. Firstly, the design 

of experimental set-up and the electrolyzing cell, and estimation of some of the 

electrolyzing parameters are the main task for this research. Since there is no previous 

work related to this project, all the experimental trials need to start from the beginning. 

All the details, such as the selection of electrode materials and crucibles, the design of the 

mechanism for the controlling of the electrode positions, the construction of the furnace 

for conducting the experiments and the conceiving of the methods for sampling and 

analysis, had to be realized. Secondly, some parameters, such as the cell voltage, the 

intensity of current flow, and the time duration for the electrorefining also need to be 

estimated before the scheduling of the experiments. The last part, also the most important 

part, is the implementing of the electrorefining experiments for both of the synthetic slags 

and the as-received Cominco slags under different conditions. 

The main output of this research should clarify the effectiveness of the electrolysis on the 

recovery of zinc and other metals of interest, by employing copper as the cathode and 

passing current through the slag. Another output of this research is the estimation of the 

zinc fuming slag conduction mechanism: ionic or electronic, by data obtained from the 

electrorefining runs. 



37 

5. "FACT" CALCULATION OF T H E ACTIVITIES OF ZINC AND IRON 

Most waste oxides and non-ferrous slags suitable for fuming operations usually contain 

oxides of several elements, i.e., SnO, ZnO, PbO, AS2O3, etc, in addition to a significant 

amount of iron oxides. The aim of the fuming operation is to reduce the volatile oxides 

and collect them as a pure product (metal) or a mixture of oxides. In typical zinc and lead 

production operations, lead blast furnace slags and zinc leaching residues are usually 

fumed to recover zinc metal. The conventional zinc fuming operations from lead blast 

furnace slags are carried out at temperatures in the range of 1200 to 1300 °C, which is 

lower than the melting point of iron (pure iron melts at 1536 °C). This implies that iron 

will tend to form as solid particles in the melt. The formation of solid iron is usually 

associated with operational problems like the formation of accretions, foaming of slag, 

and contamination of fumes. Therefore, the objective of most fuming operations is to 

prevent the formation of significant amounts of metallic iron. In typical slag fuming 

operations with lead blast furnace slags, iron tends to form at zinc and lead contents of 

1.5-2.5 wt.% and 0.1-0.5 wt.% respectively.[111 One of the ways to determine the end 

point of the reducing operation would be the detection of the formation of the first traces 

of metallic iron in the melt, a part of which may report in the fumes. 

There are many commercial processes for fuming operation available, such as Water-

jacketed Fumer fuming13"51, Waelz Kiln fuming [ 1 6 ], Ausmelt Furnace fuming171 and 

Enviroplas Process fuming[6]. Regardless of the fuming methods employed, all the 

published papers seems to agree that the tail slag from zinc fuming furnaces still contains 

about 3% zinc and some trace amounts of elements such as lead, indium and germanium, 
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based on data obtained from production lines[3]. As shown in Table V, all of the chemical 

analysis results of three Cominco tail slag samples, which were done independently by 

Cominco Research, Trail, British Columbia and IPL (International Plasma Laboratory 

Ltd., Vancouver, B. C ) , indicated that the zinc oxide content was actually close to 6 

percent for Cominco tail slag produced by its water-jacketed fumer. 

Table V. Chemical composition of Cominco Tail Slag 

Fe 

Wt.(%) 

S i 0 2 

Wt.(%) 

A 1 2 0 3 

Wt.(%) 

CaO 

Wt.(%) 

ZnO 

Wt.(%) 

C u 

Wt.(%) S 

Cominco 1 28.9 28.6 2.8 18.2 5.7 0.26 84.46 

Cominco 2 28 28.1 2.6 17.6 5.6 0.38 82.28 

IPL 30.32 30.82 3.05 17.45 5.7 0.36 87.61 

As will be mentioned in section 5.1.2, at a working temperature of about 1250 °C, the 

solubility of iron in a copper melt is only about 6.5 weight percent but zinc can dissolve 

into a copper melt and form a binary alloy at any proportion. The difference in the 

solubility of iron and zinc in copper melt indicates the interaction between iron and 

copper is weaker than that between zinc and copper. This is reasonable since the 

difference of electronegativity is 0.3 between Cu and Zn, and 0.1 between Cu and Fe, as 

indicated in Table VI. 
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Table VI. The Pauling Electronegativity of Some Elements 

Element Copper (Cu) Iron (Fe) Zinc (Zn) 

Electronegativity 1.9 1.8 1.6 

In a molten copper melt, copper atoms repel iron atoms somewhat while they attract zinc 

atoms. If the concentrations of iron and zinc in a copper melt are the same, the activity of 

iron should be much larger than that of zinc. This is the key reason why copper was 

chosen as the cathode material. By reducing the activity of zinc while maintaining a 

higher activity of iron, it should be possible to extract zinc from the slag without the 

formation of solid iron. 

By introducing a copper melt at the bottom of a crucible then putting slag on the top of 

copper, the activity of zinc could be decreased and that of iron could be increased. This 

forms an extra thermodynamic driving force, which favors zinc and mitigates against iron 

depositing into the copper melt. A thermodynamic software package, F*A*C*T, was 

used to compute the activity of each component in the metal alloy system and the slag 

system, and the phase equilibrium between slag and copper. A notable feature of the 

package is that it contains thermodynamic databases for over 5000 compounds and 

allows user to do calculation for nonferrous smelting slags. 

For the conceived electrorefining experiments, about 200 grams of slag and 150 grams of 

copper were used in each run. So, 150 grams of copper was used as the base of activity 

calculation for both the Cu-Zn binary system and the Cu-Zn-Fe ternary system. 
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5.1. Cu-Zn Binary System 

In the electrorefining process, any metal ion that deposits into the copper melt will 

increase the concentration gradually. At the same time, the activity of this metal in the 

copper melt will increase also. It is of interest to calculate the activity evolution with 

metal concentration in the metal and the slag until a new equilibrium is reached. 

A brief summary of the calculations are presented in Figure 18, 19 and 20. Figure 18 

shows the activity changes when there is 0.5 to 5 grams of zinc deposited in the copper 

melt at 1250 °C. The same calculation results for iron in copper melt are illustrated in 

Figure 19. The activity of copper is nearly constant in both the Zn-Cu and the Fe-Cu 

system while zinc and iron activities increase with increasing concentrations, but the 

magnitude is different. A dimensionless activity ratio, defined as: 

Activity of iron aFe in Cu-Fe melt 

lMe = 
Activity of zinc azn in Cu-Zn melt 

was introduced to describe this difference, which was graphically presented in Figure 20. 

As we can see, at 1250 °C in a binary copper melt, the activity ratio is about 330 when 

there is 0.5 gram of zinc and iron respectively. This ratio decreases while the metal 

concentration increases, to a value of 160 when five grams of metal are deposited in 

copper. 
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5.2. Cu-Zn-Fe Ternary System 

When a third element is added into a binary copper melt, the activity of each element will 

change accordingly. The magnitude of this change depends on the intensity of interaction 

between those elements. The stronger the attraction of this element to other elements, the 

lower the activity of this element will be, and the more likely there will some 

intermetallic compounds form. 

When copper contains 0.5 percent of zinc and iron respectively, as seen from Figure 21, 

the activity of iron is much larger than that of zinc. The same relation continues when 

their corresponding amount increase. The activity ratio - iron activity to zinc activity, is 

almost the same as that of the binary system. 
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Fig. 21 — The activities of zinc and iron in Zn-Fe-Cu ternary system at 1250 "C 
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Fig. 22 — The activity ratio - a F c/a Z n in Cu-Zn-Fe ternary melt at 1250 "C 

5 . 3 . Synthetic Slag 

A synthetic slag was made from pure chemicals, with a proportion of each component as 

indicated in Table VII, which was based on the main components in the Cominco tail 

slag. 

Because an extra amount of carbon is introduced into the zinc fumer, the operating 

atmosphere in the fuming furnace is usually very reducing. Usually, more than eighty 

percent of the iron in the fuming tail slag is in the ferrous form[3"5]. 

Metal iron powder and Fe2C>3 were mixed according to the reaction: 
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Fe + Fe 2 0 3 = 3FeO 

to make ferrous iron. Although the amount of metal iron required by stoichimety for 295 

gram Fe203 (to make 1000 gram synthetic slag) is 103.16 gram, 105 grams of iron was 

put into the mixture so that if air was involved in the furnace and any small amount of 

iron was oxidized into iron oxide, the status of iron in the final slag should be FeO. 

Table VII shows the chemical composition of the synthetic slag (FACT + AI2O3). The six 

percent of alumina results from the melting of the slag in a fireclay crucible at 1250 °C. 

Table VII. Composition of Synthetic Slag (by Calculation) 

Fe Fe 2 0 3 FeO CaO Si0 2 
A1 2 0 3 ZnO 

Chemicals 

(gram) 
105 295 - 230 370 30 

Synthetic 

Slag (wt.%) 
-- 0.4346 35.726 20.976 33.744 6.3839 2.7360 

When the zinc oxide concentration in the synthetic slag is increased over a small range, 

its activity increases also, as seen in Figure 23. However, the activity of iron oxide is 

nearly constant because the size of the ZnO increase is so small that it has a negligible 

effect on the FeO mole fraction, and the interaction between ZnO and FeO is also 

negligible. 

Again, the activity ratio is defined as follows and is plotted out, as shown in Figure 24. 
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Activity of iron oxide aFeo in slag 
l M e 0 = 

Activity of zinc oxide azno in slag 

When the zinc oxide concentration in the synthetic slag decreases to about two percent, 

the activity ratio increases but only slightly. However, when the ZnO concentration is 

below 1.5 percent, the activity ratio increases from about 60 at 1.5 wt.% ZnO to 250 at 

0.5 wt.% ZnO. Obviously, the lower the concentration of ZnO in slag, the more difficulty 

will be the reduction of ZnO from this slag. 
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Fig. 23 — The effect of ZnO concentration on the activities of ZnO and FeO in synthetic slag (1250 °C) 
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Fig. 24 — The effect of ZnO concentration on the activity ratio a F eo/a Z n 0 at 1250"C 

The synthetic slag is a mixture of oxides. When a certain proportion of chemicals are 

mixed and melted at 1250 ° C , all of the following reactions may possibly take place: 

FeO ( S)= Fe ( Me) + 0.5O2 

Fe ( M e) + Fe 20 3 (s) = 3FeO ( S ) 

Fe203 (s) = 2FeO(S) + 0.5O2 

ZnO ( S)= Zn ( M e) + 0.5O2 

ZnO(s) + FeO(s) = Zn ( M e) + F e 2 0 3 ( S ) 

When the system reaches equilibrium, there should be a fixed oxygen potential and also a 

fixed ratio of Fe 3 + /Fe 2 + . By F*A*C*T calculation, the synthetic slag at equilibrium at 
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1250 °C, has an oxygen potential of 0.2323xl0"9, with Fe 2 0 3 at 0.4344 percent, and FeO 

at 35.71 percent. When 200 gram of this slag is equilibrated with 150 gram of copper, 

two phases coexist. The weight of copper phase increases due to dissolution of some of 

the iron and zinc. The zinc content in the copper melt is almost three time that of iron. 

The oxygen potential of the slag phase will increase to 0.2829xl0"7, Fe203 increases to 

1.4454 percent and FeO decreases to 34.595 percent (Table VET). 
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It is clear that the lower the activity ratio of FeO/ZnO in slag and the higher the activity 

ratio of Fe/Zn in copper, the more zinc and the less iron will be in the copper at 

equilibrium. Methods which can favor those ratios will definitely improve the efficiency 

of copper as a zinc "getter". If some of the ferrous iron oxide is oxidized into ferric oxide, 

the FeO activity in slag will decrease. So, it is also of interest to calculate the effect of 

Fe203 concentration on the activity changes of iron oxides and zinc oxides, the 

distribution of iron and zinc between the slag phase and copper phase. Figure 25 and 26 

illustrated the results of this calculation. Because Fe304 will precipitate from the slag melt 

at an Fe203 content of about 3 per cent, the amount of ferrous oxide that can be oxidized 

into ferric oxide is very limited. Also, when the amount of Fe 304in the slag increases, the 

viscosity of slag will increase and the solubility of copper in the slag will increase. The 

conclusion is that it is not desirable to decrease the ferrous activity by oxidizing some 

amount of it into the ferric form. 
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6. EXPERIMENTAL DESIGN AND METHODS 

6.1. Experimental Apparatus 

A schematic diagram of the apparatus used in the experiments is shown in Figure 27. The 

various sections of the apparatus are discussed individually in greater detail below. 

6.1.1. Crucible 

The basicity of zinc fuming slag is usually around 1, which means that it is almost a 

neutral material. Both synthetic slags and fuming slags are not very corrosive at a 

working temperature of around 1250 °C. Alumina crucibles have been widely employed 

by researchers for their experimental work on zinc fuming, activity measurements of zinc 

fuming slags or lead blast furnace slags. Since the molten slag and copper will be air-

quenched for the final slag and copper samples, each crucible can be used for only one 

experiment. Fireclay crucibles were tested with fuming and synthetic slags to see if they 

could be used to replace the much more expensive alumina crucibles. Initial experimental 

trials using a fireclay crucible with a fairly small curvature at the bottom resulted in 

significant corrosion due to the porous character of the crucible. Each crucible lasted for 

about 30 minutes. This led to the consideration of a denser fireclay crucible. After testing, 

this kind of crucible was found to perform satisfactorily, and was thus employed for all 

subsequent experiments. 
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Fig. 27 — Schematic diagram of the experimental apparatus used for electrorefining experiments 
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Nearly all of the commercial fireclay crucibles are conical in shape while alumina 

crucibles are cylindrical in shape. In order to increase the cathode surface area for 

electrorefining experiments, a cylindrical crucible is preferred. For the sake of saving 

expense, all the electrorefining experiments were carried out in 400 gram fireclay 

crucibles 118 mm deep, with a diameter of 86 mm at the top and 56 at the bottom . 

Slag Melt 

Copper Melt 

r* • 
OD: 56 mm 

Fig. 28 — Schematic diagram of the crucible assembly with appropriate dimensions. 



55 

It was observed that even after the slag was melted in the crucible at 1350 °C and held at 

this temperature for two hours, there was very small corrosion of the crucible. As seen in 

Picture 29, there is a distinct interface between the synthetic slag and the fireclay 

crucible. Although the fireclay (right side) looks very porous, cross sectional examination 

showed that the synthetic slag did not diffuse into the holes in the crucible. 

Fig. 29 — SEM picture shows that the interface between synthetic slag and fireclay crucible after 
slag was melted in crucible for two hours at 1250 "C 
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6.1.2. Electrode materials selection and dimensions 

Materials chosen for the anode and cathode required the following special consideration: 

• Anode: 

Because the anode should stay inside the molten slag melt, the critical points for anode 

material selection were that 

• it should resist the corrosion of slag; 

• it should resist oxidation from the oxygen gas produced in electrochemical 

reaction at the anode; 

• it should have the lowest overpotential(s) for the favored anode reaction(s). 

Since our electrorefining process is very similar to the prime aluminum production 

process, the anode materials used there might also be applicable here. Much research has 

been done on the inert anode materials for aluminum production. These include metals 

and metallic alloys, cermets, oxides and cerium oxide coating [ 5 6'5 7 ], some of which have 

reached pilot scale tests [58]. Despite these tests, however, a consumable carbon anode is 

still the unique and irreplaceable choice in the production side. 

At a working temperature of 1250 °C, if either carbon (graphite) or mild steel were used 

as the anode materials, it may behave as reductant to reduce zinc, iron or other metals in 

the slag melt, which also makes the anode process and cell reactions more complicated. 
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Platinum was finally chosen as the anode material because it is inert to molten slag and if 

there was oxygen involved in anode process, platinum would not be oxidized. 

• Cathode: 

Although molten aluminum itself is the cathode material for aluminum production, 

molten zinc can't be used as a cathode for electrorefining because the boiling temperature 

of zinc is only 907 °C. Also, a solid cathode is unacceptable because the deposited zinc 

will not be able to report to it. The ideal cathode candidate is a metal which has a melting 

temperature of below 1250 °C, and exists as an alloy element to zinc so that when zinc is 

deposited at the cathode, it will be dissolved into this metal melt. 

The desired cathode metal should have the following properties: 

• A melting temperature of below 1200 °C; 

• A relatively high boiling temperature so that its vapor pressure at 1200 °C is 

reasonably low; 

• A large solubility for zinc; 

• A very limited solubility of iron; 

• Limited solubility in the slag; 

• Be more noble than iron or zinc; 

• Reasonable price. 
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Based on the binary phase diagrams of Fe-Me (metal) and Zn-Me binary systems, metal 

copper, silver, lead and cadmium could be the possible cathode metals. Some of the 

important iron solubility data in Fe-Me and types of Zn-Me phase diagrams are 

summarized in Table FX. 

Table IX. Possible Metals as Cathode 

Melting 

Point 

(°C) 

Boiling 

Point 

(°C) 

Fe-Me* 

(Fe solubility 

(wt.% at (°C)) 
Zn-Me 

Melting 

Point 

(°C) 

Boiling 

Point 

(°C) 
1100 1200 1300 1400 

Zn-Me 

Cu 1084.87 2595 3 4.6 7.8 18.1 Several intermetallic 

compounds 

Ag 961.93 2210 0.06 0.12 0.2 0.3 Several intermetallic 

compounds 

Pb 320.85 1725 0.09 0.14 . 0.23 — G + Labove907 C 

Cd 327.45 765 = 0 sO < 1 < 1 Eutectic relation 

Me: representing any metal 

The phase diagram of Zn-Pb indicates that all of the zinc in liquid lead will vaporized 

into the gas phase at a temperature of above 907 °C. So, metallic lead is not suitable for 

cathode metal. Cadmium is also eliminated as a candidate cathode metal because it has a 

boiling temperature of only 765 °C. Silver is better than copper as a cathode metal but it 

is quite expensive. Finally, copper was chosen as the cathode material for the 

electrorefining process. 
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• Conduction-wires: 

Adrian F u [ 6 0 ] studied the suitability of materials for electrodes and conduction-wires. 

Four kinds of materials were tested in his experiments, namely molybdenum, platinum, 

molybdenum disilicide and silicon carbide. Molybdenum was burned into white fumes in 

air at a temperature of 1000 °C or over, and it also reacted with the zinc fuming slag. 

Molybdenum disilicide and silicon carbide, which are used widely as the materials for 

heating elements, were tested to determine their suitability as conduction-wire for the 

molten copper cathode. It was concluded that when contacted with liquid copper at 1300 

°C, MoSi2 was slowly dissolved into the liquid copper while SiC would melt. 

Platinum wire, which can resist the erosion of molten slag, was chosen as the anode 

conduction wire which connects the platinum cylinder anode with the direct current 

power supply. As indicated in the binary phase diagram of Cu-Mo, Mo is nearly 

insoluble in copper melt at working temperature of about 1250 °C. Ahmad et al.[59] 

measured the solubility of molybdenum in liquid copper at 1350 °C for 7 hours under an 

argon atmosphere and showed very low concentration of Mo in copper, that is less than 

0.01 weight percent. So, Mo wire, sheathed in alumina tubing, was selected as the 

cathode conduction wire. 
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Fig. 32 — Binary phase diagram of molybdenum and copper' 

A detailed sketch of the electrode assembly is shown in Figure 33. A molybdenum wire 

was used as a connection line to the liquid copper cathode. Platinum was chosen as the 

material for both the anode connection line and the anode cylinder. There were two 

concentrically fitted alumina tubes used for the protection of each electrode conduction-

wire respectively. In order to prevent the molybdenum wire from burning away by 

combustion with air in the gap between the Mo wire and the alumina tube, a molybdenum 

wire of 0.85 mm diameter was used because it fitted the inner alumina protection tube 

exactly. A one ounce platinum coin (supplied by J&M Canada Coin and Stamp, 

Vancouver, Canada), with a purity of 99.9%, was rolled into a thin plate for making the 

anode cylinder. There were two kinds of anodes: a bigger one with dimensions of 

diameter 39 mm, height 27 mm and thickness 0.01 mm, and a smaller one, with 
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dimensions of diameter 20 mm, height 10 mm and thickness 0.004 mm. The lower part of 

the alumina tube for the anode was wrapped by platinum foil of 0.025 mm thickness 

(supplied by Alfa@AESAR, Ward Hill, MA, USA) so that molten slag could not contact 

it directly. Two platinum wires with the same diameter of 0.35 mm were used as the 

anode conduction-wire, which connected the anode with the direct power supply. 

6 

Fig. 33 — Electrodes. 1: cathode conduction-wire (Mo), 2: outer cathode protection tube (A1 2 0 3 ), 
3: inner cathode protection tube (A1203), 4: anode conduction-wire (Pt), 5: outer anode protection 
tube (A1203), 6: inner anode protection tube (A1203), 7: anode cylinder (Pt). 
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6.1.3. Furnace construction 

All the experiments were carried out in a self-constructed induction furnace (Figure 34). 

A Graphite element (labeled "14" in Figure 34, Grade XG2000 Bushing, 5 VA"(O.D.) x 3 

%"(I.D.) x 9"(L), supplied by National Electrical Carbon Canada, Edmonton, AB, 

Canada, was used as the susceptor for induction. This element combined with the MgO 

ring (labeled "15") and the refractory ring (labeled "16"), separated the furnace into two 

parts: the inner chamber and the outer chamber. The inner chamber was the space inside 

the graphite element, which served as the working space for the crucible assembly and 

the electrodes. The outer chamber of the furnace was the space between graphite element 

and the outer one-end-closed refractory bucket (labeled "2"), which served as insulation 

and graphite element protection. 

At the experimental temperature of about 1300 °C, the graphite element would be burned 

away after several runs if the atmosphere around it was air or if the oxygen potential was 

significantly high. Two methods were used to protect the graphite element from burning, 

one was to keep air away from it and the other was to flow argon around the wall. 

The outer chamber was separated into two parts again by a mullite tube (labeled "12"), to 

prevent air flow from the outside of mullite tube to the inside. The gap between the 

mullite tube and refractory bucket was filled with fine alumina particles (about 50 mesh 

or 0.0117 ins.), and the gap between the mullite tube and graphite was filled with coarse 

alumina powder (diameter: about 2.1 mm). 
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Argon gas was introduced into the chamber between the mullite tube and the graphite 

element through three jets (labeled "9") located in the bottom fiber plate (labeled "7"). 

This argon flow was used solely to protect the graphite from oxidizing. A second stream 

of argon was introduced into the inner chamber through another three jets (labeled "10"); 

mixed with the argon gas from one argon jet in the top refractory cover; those argon flow 

exited the inner chamber through all the gaps of the inner chamber. This argon was for 

the furnace oxygen potential control and graphite element protection. All the argon 

streams were controlled at a predetermined flow rate, using a mass flow controller. 

A graphite cup (labeled '13") was used to hold the working fireclay crucible (labeled 

"8"). As a protection, in case there was a leak of molten slag, or a slag overflow from the 

crucible or a melting of the fireclay crucible at an unreasonably high temperature, such as 

over 1450°C, this cup could hold the molten materials. Equipped with a moveable 

graphite shaft (labeled "11"), the graphite cup and the working crucible could be raised 

and lowered to move the crucible in and out of the furnace. The top of the furnace was 

covered by two pieces of porous fireclay bricks. The entire furnace was rested on a fiber 

plate (labeled "7"), which was supported by four steel posts to the ground. 
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Fig. 34 — Induction furnace. l:top plate (asbesto), 2: side support stands, 3: coarse alumina 
powder, 4: fine alumina powder, 5: refractory bucket, 6: induction coils, 7: bottom plate (asbesto), 8: 
crucible assembly, 9 & 10: argon inlet tubes, 11: graphite shaft, 12: mullite tube, 13: graphite cup, 
14: graphite element, 15: MgO ring, 16: refractory tube, 17: furnace cover. 
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6.1.4. XYZ movement controller 

The X Y Z controller was designed to control the movements of the anode and cathode to 

the specified positions exactly. It was composed of two parts - The base and the height 

gauges. The Base was a X Y movement controller which was capable of sliding 

horizontally in both X and Y directions; serving as a coarse adjustment. The Height 

Gauges allowed precise movements of electrodes in the vertical direction. A pair of steel 

disks, one for each electrode, controlled the tilt angle of the electrodes. Each of these 

disks contained three springs which were used for fine adjustment. By this mechanism, 

the tips of the electrodes could be precisely moved closer together or separated. 

Fig. 35 — Base of XYZ movement controller 



Fig. 36 — Height gauge modified for the electrode positions controlling 
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6.1.5. Data acquisition 

A PC based data acquisition system was used to collect the temperature reading from the 

thermocouple, along with voltage and current readings from the power supply. The 

system was supplied by Keithley Instruments, Data Acquisition Division, Taunton, MA, 

USA. The data acquisition card had 16 input channels with the flexibility of recording 

various types of input signals, i.e., temperature, voltage, and current signals. The card 

could obtain samples at different frequency, and saved the data in an ASCII format. The 

data thus obtained could be imported into Excel spreadsheets for further analysis. 
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6.2. Electrorefining Cell 

6.2.1. Expected electrode reactions 

Normally in an electroreduction cell the separation of the cation is aided 

thermodynamically by the oxidation of carbon at the anode. For example, in the cell cited 

by Pan [ 6 1 ] the half-cell reaction are 

M n 2 + + 2e = Mn 

C + O2" = CO + 2e 

In the cell contemplated in this work, the use of carbon would in all probability reduce 

the iron and cause it to precipitate. To avoid this problem, liquid copper was the cathode. 

Inasmuch as all of the metals of interest are completely soluble in copper at the 

temperature planned, there will be as additional thermodynamic driving force for the 

half-cell reduction reaction. Also, since the solubility of iron in copper at the temperature 

of 1200 °C is under 5 percent, the activity of iron in copper should reach a very high level 

quickly. The half cell reactions would be 

Cathode: 

Zn2+( s i a g ) + 2e = Zn(diSS. in cu) 

Pb2+( slag ) + 2e = Pb(diss. in Cu) 

Ge4+( siag) + 4e = Ge(diSs. in cu) 

In3+( slag) + 3e = In(diss. in Cu) 
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Anode: 

O2' =-0, + 2e 
2 -

It is also possible that at the cathode, some of the iron will be reduced to a lower valance 

state (or even metal), and at the anode, ferrous iron is reoxidized into its ferric form. 

Fe 2 + (Siag) + 2e = Fe(diSs. in cu) d) 

Fe3+(siag) + 3e = Fe(diss. in Cu) (2) 

Fe3+( siag) + e = Fe2+( s i a g ) (3) 

Fe2+( siag) = Fe3+( s i a g ) + e (4) 

Fig. 37 — Picture shows possible iron circulation between anode and cathode 
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If the latter two reactions take place in the melt, between the anode and cathode, it would 

be the case that current can flow without the movement of ions. This is known as 

electronic conductivity and can markedly reduce current efficiency. However, if the silica 

content is above 30 per cent, the anode current efficiency should be more than 90 per 

cent. In other words, conduction in the slag should be mainly ionic. 

Reactions (1) and (2) are undesirable since they lead to iron deposition into the cathode. 

Since the solubility of iron in the copper melt at the conceived working temperature is 

very limited, a small quantity of iron in copper will have a relatively high activity. Even 

if iron continues to deposit in the cathode, iron will reach its saturation point (at 1200 °C, 

4.6 per cent). After that, the only way for iron to deposit on the copper cathode is in its 

solid form (the melting temperature of iron is 1536 °C). If iron is reduced into its solid 

form from the slag melt, it involves a process of new phase formation, which requires 

more energy. Thermodynamically, this process is more difficulty and unlikely. 

Table X. Standard Reduction Potentials' 

Reaction E°/V 

Zn 2 + +2e= Zn -0.7618 

Pb 2 + +2e= Pb -0.1262 

In 2 + +3e= In -0.3382 

Ge 4 + +4e= Ge 0.124 

Fe 2 + + 2e = Fe -0.447 

Fe : , + + e = Fe 2 + 0.771 

Fe"+ + 3e = Fe -0.037 
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The standard reduction potentials of the possible anode reactions are listed in Table X. 

The more negative the standard reduction potential of the reaction, the less likely the 

reaction will happen. It is clear that zinc reduction is the most negative one among all the 

reactions. 

Because there is no reduction potential data for the reactions of interest in this research, 

the reduction potentials for zinc and iron were calculated from equations 3, 4, and 5. The 

results are listed in Table XI. At 1200 °C, the so-called standard reduction potentials of 

iron and zinc are nearly the same. When copper is used as the cathode and the 

corresponding activity of ratios of iron and zinc in copper and slag phase are placed into 

the equation, zinc oxide in slag becomes much easier to reduce and the difference 

between the so called standard reduction potentials is about 0.2 volt. 

Me + - 0 2 = MeO 
2 2 

A G 0 = - ZFEMB° 

£„„..,.. =£.. + Ln-
ZF i 

K J * ( ^ ) 2 

where Me: metal with valence of two 
MeO: metal oxide 
A G 0 : standard free energy (calories) 
Z: number of electron transfer in the reaction 
F: Faraday constant (96500) 

EMe°: standard reduction potential of metal Me 

EMelv- real state reduction potential of metal Me 
R: the gas constant (8.314 joules/K-mole or 1.987 calories/K-mole) 
T: temperature, K 



amo, aMe: activity of MeO and Me respectively 

P0i: oxygen potential 

Table XI. Reaction Potentials at 1200 "C 

Element Reaction AG 0 (kj/mol Me) E\v) 

Zn + -02 = ZnO 
2 2 

-159.133 -0.8247 

Fe + -0, = FeO 
2 -

-166.026 -0.8604 

State AE(v) 

•ti Zn - -c- Fe 
( Standard) 0.0357 

Ezn " Ep e 

(when apjazn = 300, aFe0/azno = 30, P0^ — 1) 0.1868 
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It is estimated that the cell voltage of the zinc slag electrolysis should be about 4 volts. 

Each of the components is listed in Table XU. The anode overpotential of this study 

should be higher than that of alumina electrolysis, because the former uses inert anode 

and the later uses a consumable anode. 

Table XII. Estimation of Cell Voltage of Zinc Slag Electrolysis 

Component Volt(V) 

Decomposition voltage 0.77 

LR Drop in electrolyte and connections 2.0 

Anode overvoltage 0.5-1.0 

Cathode overvoltage 0.1-0.5 

Anode effect 0.15 

Terminal voltage 3.52-4.42 
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6.3. Methodology 

Two kinds of slags were used in the electrorefining experiments, namely Cominco Fumer 

Slag and Synthetic Slag. The former was provided by Cominco Research, Trail, British 

Columbia, Canada and its chemical composition was shown in Table I and V. 

The synthetic slags were prepared by using laboratory grade oxides and metal iron 

powder. The composition of synthetic slag was based on the main components of 

Cominco Fumer Slag. The proportion was controlled as Fe 105(g), Fe20"3 295(g), CaO 

230(g), S i0 2 370(g), plus the amount of zinc oxide. The chemical compositions of the 

two master synthetic slags are listed in Table XHI, one with a higher ZnO content of 4.33 

percent and the other at 1.98 percent. 

Table XIII. Chemical Compositions of Synthetic Slags Made in UBC (by Analysis) 

Fe 2 + 

( Wt. %) 

Fe 3 + 

(Wt. %) 

Si0 2 

(Wt. %) 

A1 20 3 

(Wt. %) 

CaO 

(Wt. %) 

Cu 

(Wt. %) 

ZnO 

(Wt. %) 

Slagl 24.52 3.01 37.91 4.74 17.98 0.03 4.33 

Slag2 23.87 1.28 41.95 5.69 16.88 0.03 1.98 
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6.3.1. Sampling and analysis 

For fuming or electrolysis, each run lasted for about two hours. Samples of the slag were 

obtained intermittently by dipping a 5 mm diameter stainless steel rod into the slag melt 

every fifteen minutes. The argon gas supply was increased to 15 1/minute just prior to 

sampling to prevent air flow into the furnace chamber. The rod was lowered carefully to 

the slag melt but not to the copper. After a few seconds, the rod was withdrawn carefully 

out of the melt and the furnace chamber, making sure to prevent any contact with the 

walls of the furnace, electrodes, argon inlet pipe and thermocouple protection tube. The 

frozen slag layer was then separated carefully from the rod and collected in appropriately 

labeled sample bags. About one minute elapsed between the time the gas supply was 

increased, and the argon flow was resumed to the normal flow rate of 5 1/minute after 

sampling was finished. 

When a run was finished, the fireclay crucible and the melt inside it was taken out of the 

furnace as soon as possible, and air quenched. After cooling down, both a slag sample 

and a copper sample were taken. A handsaw was used to cut the cooled copper lumps 

and the saw dust was collected as the copper sample. The slag sample from the crucible 

and slag samples collected from the stainless steel rod were sent to Cominco Research, 

Trail, British Columbia, Canada for chemical analysis. Copper samples were sent to 

International Plasma Lab Ltd., Vancouver, Canada for zinc and iron analysis. 
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7. EXPERIMENTAL RESULTS 

With using an induction furnace as the energy source for all the electrorefining runs, the 

question arises as to the impact of the electromagnetic field on the electrolysis 

experiments. Initial runs with a copper sulfate water solution were tested in the induction 

furnace with the objective of quantifying this influence. The copper sulfate was used as 

the electrolyte and the resistance of the solution was adjusted to approximately the same 

as that of the molten tail slag at 1250 °C. The electrolyzing testing cell was composed of 

a glass cup filled with the prepared solution and two iron plates with iron connection 

wires (One behaves as the anode and the other as the cathode. The plates were put into 

the solution as the electrodes and the corresponding connection wires were connected 

with the power supply). After the cell was put into the induction furnace, the voltage of 

the power supply was set to a desired constant value and the current passing in the cell 

was monitored with the furnace both on and off. Because the solution is aqueous, those 

tests could last for only several minutes before the temperature went too high to the 

boiling point of the solution. The results of those tests indicated that the effects of the 

induction field on the current and voltage of the working cell were small and tolerable. 

In several electrorefining runs using synthetic slags, the current-voltage relationship was 

tested and the results were identical for the same synthetic slag. When induction was on, 

the current fluctuated in a limited range for a set voltage (Figure 38). When induction was 

off, the current and voltage were in good linear relationship (Figure 39) and the recorded 

current values were not as scattered as these of the previous one. A typical result for a run 

of 150 grams copper, 200 grams of slag, and with a large platinum anode, the current and 
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Voltage (volt) 

38 — Current-voltage relationship for synthetic tail slag experiments at 1250 "C (Induction ON) 

Voltage (volt) 

39 — Current-voltage relationship for synthetic tail slag experiments at 1250 "Conduction OFF) 
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voltage present a linear relationship with a slope of 0.394 and 0.3889 respectively while 

induction was run and off , as shown in Figure 38 and 39. Woolley and Pal [ 6 3 ] also 

observed the linear current-voltage relationship for their research in the cell of Fe-C 

anode, Mo (or graphite) cathode and slag with FeO as the melt. 

The experiments were designed to examine the role of voltage and a copper "getter" on 

the recovery of zinc from tail slag, and to determine the suitable voltage for the 

electrorefining process. A secondary aim was to determine the effect of temperature and 

basicity on the recovery of zinc by electrolysis. Finally, the as-received Cominco tail slag 

was electrorefined at the voltage determined from previous experiments for synthetic 

slags. 
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7.1. The Effect of Voltage on Zinc Concentration in Slag 

The initial experiments were carried out in a small fireclay crucible (15 grams) with a 

small platinum anode (diameter 19.20 mm, height 11.15 mm, thickness 0.1016 mm). 

Both the cathode copper and the synthetic slag weighed 60 grams for each of the 

experiments in this group. The heights of molten copper and slag were estimated from the 

solidified samples so that the distance between the top surface of the molten copper and 

the lower bottom of the platinum anode could be controlled. This distance was aimed at 

2.50 mm. Because platinum softens at the working temperature of 1250 °C, the actual 

distance varied from 2.6 to 2.65 mm. 

As estimated on page 74, the cell voltage to achieve electrolysis should be 4.0 volts or 

above. The experimental conditions and results of the first group of runs are listed in 

Table XIV. After electrolysis, the cathode copper contained some amount of iron and 

zinc. Although the results were quite scattered, there were some general relationships, 

such as 

• The higher the voltage applied, the higher the iron and zinc concentrations in the 

cathode copper, 

• The longer the eletrorefining time, the more metal was deposited, 

• For all tests, no matter what the voltage applied or the elapsed time, the copper 

cathode contained more zinc than iron. The zinc concentration is roughly double that 

of iron for most experiments. 
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Table XIV. The Effect of Voltage and Time on the Copper Cathode Composition 

Experimental Conditions Fe % Zn % 

4.5v, 0.8A, 30min. 0.46 0.86 

4.5v, 0.95A, 70min 0.51 1.09 

5.0v, 0.9A, 30min. 0.33 0.86 

5.0v, 1.12A, 121min. 0.83 1.43 

6.0v, 1.1A, 30min. 0.63 1.04 

Fig. 40 —The effect of voltage on the zinc concentration of synthetic tail slag with higher initial zinc 
content, smaller electrodes (1250 "Q 
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In order to obtain more comparable values for further experiments, the second group of 

experiments were carried out at the same elapsed time, with only voltage as the variable. 

The voltage varied from 4.0 to 5.0 volts. One run, with no current passing, was carried 

out as a reference for all the electrorefining runs. As seen from Figure 40, without current 

passing, the zinc concentration was almost stable after 30 minutes. Apparently, zinc 

fuming reached chemical equilibrium after 30 minutes. Also, the experiments at 4.00 v 

and 4.50 v gave similar curves to that without current passing, except that zinc 

concentrations were lower. Only when the voltage was increased to 5 volts did the effect 

of voltage become obvious and an almost linear relationship existed between the zinc 

concentration and elapsed time. 
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7.2. The Effect of Copper, Direct Current on Zinc Concentration in Slag 

Thermodynamical analysis and F A C T simulation both indicate that the thermodynamic 

driving force for zinc is larger than that for iron if copper is used as the "getter" for zinc 

recovery from tail slag. In order to have a larger current flow, a bigger platinum anode 

(Diameter 39 mm, height 27 mm, thickness 0.11 mm), 150 grams of copper as cathode, 

and a bigger crucible (40 gram) were used for subsequent runs. 

When a constant voltage of 4 volts was applied to the cell, the current was about 1.73 

amperes. At this current, the zinc concentration changes in the synthetic slag are almost 

the same as those without current passing (Figure 41). When voltage was increased to 5 

volts, the effect of voltage became obvious. All the later electrorefining runs were 

conducted at 5 volts. 

For a pure fuming run (Figure 42) with an initial zinc concentration of 1.4 per cent, after 

about 30 minutes of fuming, there is no obvious decrease in the zinc concentration for a 

synthetic slag at 1250°C. The zinc concentration stabilized at about 1.1 per cent. When 

copper was employed as the "getter" for zinc (Figure 43), it was clear that the zinc 

concentration in the slag was much lower than that of the previous run. The zinc 

concentration stabilized again at a new value of about 0.78 per cent. When voltage was 

set to a constant of 5 volts, the direct current readout was about 2.10 amperes. With this 

current passing, the zinc concentration kept dropping continuously (Figure 44). 
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In both the fuming runs without copper or with copper, about 30 minutes appeared to 

being about equilibrium for zinc fuming. However, with current passing, the zinc 

concentration dropped continuously, as seen clearly in the run at 5 volts. An almost linear 

relationship between the zinc concentration and elapsed time existed (Figure 45). 

Although the same synthetic slag was used for the three experiments in Figure 45, there 

were some differences for the time needed to heat up and melt the synthetic slag. The 

initial zinc concentrations were different also. 

For the run of 5 volts and 2.06 amperes (Figure 45), if the zinc concentration difference 

in the slag and the iron concentration difference in the copper are used to calculate the 

cathode current efficiency, the cathode current efficiency is 68 per cent. 

It was found that the total zinc deposited in the copper (1.0275 gram, calculated by the 

concentration of zinc in copper) was less than that obtained from the difference of the 

zinc in the slag before and after electrolysis (1.52 grams). This difference might be due to 

some zinc reporting to the fume from the slag or from copper, while the electrorefining 

was in process. As shown in Figure 46 (by F A C T calculation), the zinc vapor pressure in 

Cu-Fe-Zn is quite large, even when the zinc concentration is low. For each of the two-

hour electrolysis, there was a continuous argon flow, which also behaves as a carrier for 

zinc fume and provides a path for zinc fuming. After each electro-reduction run, some 

white powder & film were observed around the top cover of the induction furnace, and 

further E D X examination confirmed this to be is zinc oxide. 
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If zinc is the only element that carries the current in the melt for the electrorefining 

reaction, it might be expected that with a decrease of zinc concentration in the melt, the 

current would decrease also. Figure 47 shows that the direct current did decrease in the 2-

hour electrorefining run, but the drop was not significant. 

An analysis of ferrous and ferric ions concentration changes in the slags under different 

conditions are summarized in Table X V . After two hours of fuming, the ferric ion 

concentration dropped to 1.13 from the original 1.87 per cent. When copper was used as 

the "getter", the ferric iron concentration increased to 1.94 per cent. With current passing, 

the ferric concentration increased to 3.10 per cent. 

The air-quenched slag after electrolysis was examined by S E M (Figure 48). More 

dendrites in the slag matrix were observed than in the synthetic slag. Those dendrites, 

examined by EDX, were magnetite, which indicated qualitatively that there was an 

increase of the amount of ferric iron in the slag. 

The zinc fuming and small amount of iron circulation in the melt are the two main 

reasons, which dropped the cathode current efficiency to 68%, less than the predicated 

value of around 90%. 

Because the crucibles used in those experiments were fireclay crucibles, the slag 

dissolved some of the alumina and silica from the crucible in the electrorefining runs, 



which led to a slight increase of alumina and silica concentration. The concentrations for 

iron and calcium were stable for all the runs (Figure 42, 43, 44). 

Based on the experiments and analyzing results, possible reactions happened are 

proposed as follows: 

• Fuming without Copper: 

2Fe 2 + + Z n 2 + - » Zn ( g ) + 2Fe 3 + 

• Fuming with Copper: 

2Fe 2 + + Z n 2 + -> xZn ( i l l Cu> + (l-x)Zn ( g ) + 2Fe 3 + 

3Fe 2 + -^Fe ( i n C u ) + 2Fe 3 + 

• With Electrolysis: 

Z n 2 + + 2e —> xZn (inCu) +(l-x)Zn(g) 

O2" - 2e -> 7 2 0 2 

Fe 2 + - e -> Fe 3 + 
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42 — Synthetic zinc tail slag fuming run without copper, sampling data (1250 °C) 
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Fig. 44 — Synthetic zinc tail slag electrorefining run with copper cathode, sampling data (1250 °C) 
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Fig. 46 — Zinc partial vapor pressure in Cu-Fe (0.95mole Cu + 0.05mole Fe) melt at 1250°C 
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Fig. 47 — Current change during a synthetic tail slag run when voltage was set constant of 5 volt 
(1250 "C) and copper as cathode 

Fig. 48 — After electrorefining, some dendrites were observed in the slag matrix (slag air-quenched) 
(SEM, magnification 800, accelerating voltage 20kV) 
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Table XV. Fe 2 + and Fe 3 + Concentration Changes in Synthetic Slags 

F e + a 

Synthetic slag 23.84 1.87 

Fuming, No Cu 23.11 1.13 

Fuming, with Cu 22.41 1.94 

5.00V, 2.08A, 2hrs 20.55 3.10 

7.3. The Effect of Temperature on Zinc Concentration in Slag 

Increased process temperature led to a higher fuming rate. With a temperature increase of 

100 °C (from 1250 °C to 1350 °C) (Figure 49, 50), the zinc concentration decreases were 

faster than before. The patterns of the curves were kept the same for both the fuming and 

the electrorefining runs. For the fuming runs, about 20 minutes were needed for zinc 

fuming to reach equilibrium at 1350 °C, comparing that of 30 minutes for the run of 1250 

°C. It was also observed that 0.44 % was the limiting zinc concentration for 

electrorefining run since after 90 minutes operation, there was no further zinc 

concentration drop. The identical electrorefining run of 1250 °C had not reached a 

limiting value. The fireclay crucibles were in good shape after the operation at 1350 °C, 

so, refractory attack is not a potential problem for higher temperature operation. 
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7.4. The Effect of CaO Concentration on Zinc Concentration in Slag 

In order to compare the effect of basicity on the fuming and electrorefining of zinc from 

synthetic tail slag, two runs with increased CaO concentration were carried out. The CaO 

concentration increase was aimed at 5%. The CaO amount needed for this increase was 

weighed accurately and this CaO was well mixed with synthetic tail slag. The new slag 

with increased CaO concentration was tested for both the zinc fuming and electrolysis, 

while the operation temperature was kept constant at 1250 °C. 

The Figure 51 and 52 show two set of fuming and electrorefining data for the CaO 

concentration of 16% and 21% respectively. When some CaO was added to the synthetic 

slag, there was no significant increase of the zinc-fuming rate. Comparing the 

electrorefining runs with different CaO concentration, the higher CaO concentration 

seems have some negative effects on the zinc deposition on the liquid copper cathode, 

because the curve follows the fuming pattern rather than electrorefining pattern. Because 

the calcium is a more electro-negative metal and the size of C a 2 + is much smaller than 

other ions such as Fe 2 + , Z n 2 + , etc., C a 2 + can move much more freely in silicate melt. 

When electrorefining was in processing, C a 2 + could contribute to a large portion of the 

transfer number in the electrolysis. This makes the electrolysis of zinc less effective. 

7.5. The Electrorefining of Cominco Tail Slag 

A group of experiments with the as-received Cominco tail slag were carried out to test 

the effect of copper and direct current flow on the recovery of zinc (Figure 53). The data 
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showed that the effect of copper and current passing was not significant on the recovery 

of zinc from slag. No matter copper was used, current passed or just slag fumed, the zinc 

concentration was closing to about 2.5 per cent. 

The results of cathode copper analysis indicated that 1) with current passing, more zinc 

and iron were deposited in the copper melt than without direct current flow, and the 

concentration of zinc was nearly double that of iron; 2) lead, germanium and indium can 

be collected in the copper melt besides zinc and iron, and there was no significant 

difference for the concentration of those metals (Table XVI). 

f 
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Fig. 49 — The zinc concentration change of synthetic tail slag at 1350 "C (with copper) 
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Fig. 50 — The effect of temperature on the zinc concentration in synthetic slag 
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Fig. 51 — The zinc concentration change of synthetic tail slag when CaO ratio increased (with 
copper, at 1250 °C) 
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Fig. 52 — Comparing the zinc concentration changes when CaO concentration varies in synthetic tail 
slag at 1250 "C 



Table XVI. The Concentrations for Some Metals of Interest in Copper Cathode (Cominco Slag) 

Fe 

(wt.%) 

Zn 

(wt.%) 

Pb 

(ppm) 

Ge 

(ppm) 

In 

(ppm) 

No Current 0.06 0.27 5999 41 63 

5.0 Volts 0.28 0.64 6569 43 * 67 

• No Cu, Fuming 

• With Cu , Fuming 

• 5.0 V, 2.85A 

Fig. 53 — The effect of copper, voltage on the concentration of zinc of Cominco tail slag (1250 "C) 
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8. CONCLUSIONS 

The present research work in The University of British Columbia has yielded valuable 

information that lead to several important conclusions: 

1. Even without current passing, some zinc can be recovered from the slag to the copper 

melt by a thermodynamic driving force. 

2. F A C T calculation results indicated that, by introducing copper as the cathode, 

electrode potential difference of about 0.2 volts at the interface could effect 

electrolysis. 

3. When the cell voltage was below 4 volts, the effect of current passing on the recovery 

of zinc from slag was negligible. When the voltage was 6 volts or over, more iron was 

deposited into the copper cathode. This is in agreement with the estimation that the 

cell voltage for the zinc slag electrorefining should be around 5 volts. 

4. The cathode current efficiency was 68%, calculated from the concentration 

differences of zinc and iron in slag and copper; because of iron in the slag, some 

electronic conduction was anticipated. 

5. Some of the zinc reported to fume and small amount of iron circulation between 

anode and cathode made the cathode current efficiency less than the expected value 

of around 90%. 

6. The zinc concentration could be lowered to 0.5 per cent by a total voltage of 5 volts 

applied to the slag electrorefining cell, comparing the results for fuming (about 1.1 

per cent without copper and 0.75 with copper). 

7. The patterns of the zinc concentration evolution of the synthetic slag indicated that 

fuming without copper and with copper were chemically driven and, after about 30 
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minutes, they reached chemical equilibrium. However, the run with current passing 

had a constant zinc concentration drop, which indicated that an electro-chemical 

reaction was happening. 

8. There was very limited decrease of current for the entire two-hour electrorefining 

runs with constant voltage of 5 volts. 

9. When the working temperature increased from 1250 °C to 1350 °C, both of the 

fuming and electro-reduction became more effective for synthetic slags (page 96). 

After the zinc concentration was lowered to about 0.45 per cent, there was no more 

decrease with the same current flow. 

10. The increase of CaO concentration (from 15 per cent to 20 per cent) in synthetic slags 

made the effect of electrorefining insignificant. 

11. Some trace metals, such as Pb, In, Ge, and other precious metals could be collected in 

copper while electrifying zinc from slag, because copper is a good "getter" for these 

metals also. 

12. With the as-received Cominco tail slag, the effects of copper for the fuming and the 

current passing for electrorefining were not as significant as that for synthetic. This 

might be due to the complexity of the slag and needs to be clarified in the future 

experiments. 
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9. RECOMMENDED WORK 

• Measurement of the slag resistance, variation with composition, temperature; 

• Electrode potential measurement for better understanding of the cell voltage and the 

current density, overpotential and reaction rate; 

• Since the anode was Pt cylinder, for O2 evolution consideration, bubbling of anode 0 2 

gas? Rotating anode disk research; 

• Other anode material available, such as "mild steel" and graphite (consumable and 

sacrifice) to replace Pt for further commercial production operation. Also, the anode 

overpotential will decrease, and Fe => Fe 2 + reaction provides a higher Fe 2 + / Fe 3 + ratio, 

which is favorable for the electrorefining; 

• The behavior of other elements, Pb, In, Ge, Au, Ag, etc. in slag? How effective is the 

proposed electrorefining for those metals? 

• The surface properties of slag and metal copper, additives to decrease the surface 

tensions (which are not impairment the electrolysis), to increase the wetting ability 

between slag and metal copper? 
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APPENDIX I — Process Conditions and Results for Zinc Fuming Runs 

Company 

Zinc Concentration Fuming Time 

(min) 

Bath Temp. 

(°C) 
Company 

Initial Pet Final Pet 

Fuming Time 

(min) 

Bath Temp. 

(°C) 

A 

11.0 5.0 80 -

A 4.5 0.8 60 -
A 

4.3 0.8 60 -

B 

14.5 2.6 100 -

B 13.4 1.4 95 -
B 

12.5 1.8 90 -

C 

8.5 3.4 60 1170 - 1210 

C 12.1 2.2 150 1230 - 1315 

D 

11.7 1.9 79 1190 - 1250 

D 10.1 3.1 70 1165 -1194 

E 7.8 2.3 105 -

Asarco, El Pasol'UJ 12 2 65 -

Cominco, Peters 10 2 100 -

Port Pirie, Grant, #198 10.5 3.8 50 -

Port Pirie, Grant, #207 8.4 3.0 50 -

Boliden, Lehner 9.0 2.0 100 -

Portovesme, continuous 14.9 7.0 - -

Hoboken, continuous 7.2 5.7 - -

A M A X , continuous 4.7 1.9 - -

Ave. = 2.3 
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APPENDIX HI — The activity coefficient of zinc oxide determined by several 
T431 

investigators 

Temp (UC) CaO/Si0 2 %A1203 %FeO N z n O YZnO 

Azuma(1967) 

1200 

1.17 - 47.0 0.026 3.0 

Azuma(1967) 

1200 

0.93 - 50.0 0.040 3.0 

Azuma(1967) 

1200 

1.0 - 45.9 0.052 2.9 
Azuma(1967) 

1200 
0.83 - 50.4 0.085 3.3 

Azuma(1967) 

1200 

0.85 - 50.9 0.118 2.7 

Richards(1961) 

1250 

0.93 8.5 36.1 0.008 2.6 

Richards(1961) 

1250 

1.11 - 37.4 0.008 2.8 

Richards(1961) 

1250 

0.93 8.5 35.9 0.010 2.8 Richards(1961) 

1250 0.93 8.5 35.7 0.012 2.8 

Richards(1961) 

1250 

1.11 - 37.2 0.014 3.1 

Grant(1980) 

1200 
1.10 9-10 20-26 0.02-0.1 3.4 

Filipovska (1978) 

1250 

1.10 10.0 32.0 0.04-0.08 1.7 

Filipovska (1978) 

1250 

1.0 10.0 35.0 0.04-0.08 1.5 
Filipovska (1978) 

1250 
0.95 10.0 30.0 0.04-0.08 1.5 

Levin (1966) 

1300 

1.15 - 31.1 0.022 2.1 Levin (1966) 

1300 1.31 - 31.0 0.010 3.2 

Wright (1989) 

1300 1.10 7-9 28.5 0.02-0.1 3.4 



APPENDIX IV — Warner Process 
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APPENDIX V — Schematic illustration of a high pressure zinc extraction process 
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