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Abstract

Transformational roasting involves the heating of a material along with specific additives 

to induce mineralogical changes in the starting material. By controlling the chemical 

composition, roasting atmosphere, temperature and time of reaction, the mineral 

transformations induced during roasting can be engineered to control the distribution of 

valuable or harmful metals and to produce new mineral assemblages that are more 

amenable to conventional methods of metals recovery or to environmentally safe 

disposal. However, to date, transformational roasting processes have only been applied to 

the recovery of a limited number of metals from a limited number of materials.

A generalized procedure for the application of transformational roasting techniques to the 

treatment of new materials was proposed that utilized a combination of thermodynamic 

analysis, scoping tests, Design of Experiments (DOE) testing, mineralogical studies, 

process optimization and analysis of the deportment of minor elements to identify 

promising roasting systems for further study. This procedure was developed, tested and 

refined through the application of these techniques to four different industrial 

metallurgical wastes, including oil sands fly ash from Suncor in northern Alberta, zinc 

ferrite residue from Doe Run Peru, electric arc furnace (EAF) dust from Altasteel’s 

operations in Edmonton, Alberta, and copper-nickel-arsenic sulphide residue from Inco’s 

refinery in Thompson, Manitoba.

A large number of potential reagents were identified and tested for the latter three 

materials and transformational roasting was effectively used to induce mineral 

transformations during the roasting of these wastes which increased the solubility of 

valuable elements, decreased the solubility o f major impurities, produced a differential 

solubility between valuable and harmful elements or controlled the volatilization of 

harmful elements. Comprehensive studies of these mineralogical transformations and the 

solubility of the phases produced were accomplished by integrating common methods of 

mineralogical analysis, such as scanning electron microscopy and x-ray diffraction, with 

the results from specific roasting and leaching tests identified using Design of 

Experiments techniques.
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Several promising reagent systems were identified for further study. These systems 

include roasting zinc ferrite residue with Na2CC>3, Na2C03 /MnC03  or coal/MnC0 3 , 

roasting EAF dust with Na2CC>3, and roasting the copper residue with NaiCCh, Ca(OH)2 

or Na2C03 /Ca(0 H)2. Conceptual process flowsheets were also constructed for many of 

these promising reagent systems.
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1.0 Introduction

Metamorphism is a well known geological process where minerals in a rock undergo 

changes in the solid state by the combined effects of temperature, pressure, interactions 

with geothermal fluids and time. The forces involved in metamorphism are extremely 

powerful and can alter the mineralogy of rocks on a massive scale. However, although 

geological metamorphism is very common in nature, a combination of chemical and 

kinetic constraints, including the low concentrations of valuable metals and relatively low 

temperatures in the Earth’s crust and the low mobility of reactants and products in the 

solid state, limit the location and frequency of instances where these processes work 

together to concentrate valuable metals into an economically viable ore body.

Similar principles can be observed in high temperature reactions in metallurgical systems 

as the minerals in these systems can undergo a series of mineralogical changes and 

chemical reactions in the solid state upon heating. However, since the reaction 

conditions in metallurgical systems, such as temperature, time and gas composition, can 

be more closely controlled than in geological metamorphism and since reagents can be 

added to selectively alter the chemical composition of a system, it is possible to engineer 

the mineral transformations during roasting to control the distribution of valuable, or 

harmful, metals and to produce new groups of minerals that are more amenable to 

conventional methods of metals recovery or to environmentally safe disposal. To 

distinguish this type of process from other types of roasting processes, the term 

transformational, or metamorphic, roasting will be used throughout the descriptions in 

this study.

To be of any economic interest, a transformational roasting process must produce mineral 

assemblages which give at least one of the following results:

a) an increased solubility of valuable elements upon leaching (i.e., to allow for 

metals recovery)

b) a decreased solubility o f undesirable elements in ground water (i.e., to produce 

stable residues for disposal)

1
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c) a differential solubility between elements (i.e., to allow for a selective separation 

of various elements using different leaching reagents)

d) a potential physical separation between minerals using conventional mineral 

processing techniques, such as froth flotation or magnetic or electrostatic 

separation, or

e) a decrease in the emission of volatile elements (i.e., to control the release of 

harmful elements during roasting)

With proper selection of conditions, it may also be possible to tailor this type of process 

to produce residues with compositions and mineral assemblages that would make them 

potentially valuable for use in the manufacturing, construction or high tech industries.

An example of a process that uses these principles is the process developed at the 

University of Alberta for the recovery of vanadium from oil sands fly ash (1-3). Oil sands 

fly ash is formed during the combustion of oil sands bitumen, with V and Ni from the 

burned bitumen combining with minerals that are entrained in the bitumen, such as clays 

and sand, to form an ash consisting primarily of poorly crystalline cenospheres (2). The 

ash routinely contains from 3.6 to 6.2% V2O5 (carbon-free basis), which is two to five 

times higher than the highest grade vanadium concentrates processed in the world today. 

Initially, the ash contains less than 10% water soluble vanadium and is not amenable to 

being processed directly by leaching due to its high aluminum and silicon content. In the 

process developed at the U of A, the oil sands fly ash is roasted at 850 to 900°C with 

NaCl. During roasting, the ash reacts with the NaCl to form water soluble vanadium 

compounds, making between 75 and 85% of the vanadium in the ash readily recoverable 

by leaching with hot water (2). Sodium chloride also reacts with the aluminosilicate 

matrix o f the ash to transform the roasted ash from a glassy, poorly crystalline material to 

a crystalline assemblage containing albite (NaAlSijOs), hauyne (Na4Ca2Al6Si6024S0 4), 

pseudobrookite (Fe2TiOs) and hematite (Fe203 ) as its major phases (2). As a result, the 

residue remaining after hot water leaching to remove vanadium and also molybdenum is 

environmentally benign and, thus, readily disposable. With fine grinding and removal of 

iron and titanium using wet high intensity magnetic separation, this residue could even be 

potentially saleable as a substitute for feldspar or nepheline syenite products that are used

2
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as additives in glassmaking (3). Thus, in this case, transformational roasting was able, 

not only to improve the recovery of vanadium and molybdenum from this waste material, 

but to produce a much more stable, and potentially valuable, waste in the process.

Metallurgically, there are a number of commercial processes that already employ these 

principles in either metals recovery or control of waste products, including soda roasting 

of vanadium and chromium ores and molybdenum wastes (4-6), caustic fusion of zircon 

(7), alkali digestion of lithium ores (8) and lime roasting of auriferous arsenopyrite ores 

(9). However, to date, this type of roasting has only been limited to the recovery of a 

small number o f metals from an even narrower range of materials.

Thus, the major focus of this research is to try to develop a generalized procedure which 

can be used to apply these high temperature mineral transformation techniques to recover 

more metals from a wider range of feed materials. In particular, this study will focus on 

the transformational roasting of metallurgical wastes. These types of materials include 

metal sulphides, oxides, silicates or sulphates, in the form of slags, dusts and leach 

residues. These materials often contain significant metals values, but their complexity, or 

high levels of impurities, often makes them difficult to treat using the conventional routes 

employed in existing smelters or processing plants. However, these materials often 

represent low cost or “zero” cost feeds as their disposal generally is an economic liability 

to the companies that produce them. The use of actual industrial wastes, rather than 

materials synthesized in the laboratory, also allows the deportment, and interference, of 

impurities during transformational roasting to be studied.

Three stages of research were used to accomplish this objective. First, a familiar material 

and reaction system (i.e., vanadium recovery from oil sands fly ash) was selected and this 

material was roasted with previously untested reagents to test the fundamental premise of 

this research. Second, a generalized procedure for applying these techniques to other 

metallurgical systems was proposed. Third, this procedure was tested on three materials 

to evaluate and refine the procedure and identify interesting reaction systems for each 

material tested for future study. Zinc ferrite residue from Peru, electric arc furnace dust

3
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from Edmonton, Alberta and copper residue from Thompson, Manitoba were selected as 

the three materials for the third stage of the research.

4
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2.0 Proof of Concept -  Roasting of Oil Sands Fly Ash with Calcium and 
Potassium Reagents

The roasting of oil sands fly ash with potassium and calcium reagents to recover 

vanadium was selected as a starting point to try to extend the understanding of 

transformational roasting processes and to investigate the feasibility of this research 

approach. This system was chosen as the oil sands fly ash represents a well understood, 

familiar system with an established test procedure and tested equipment and, thus, there 

is significant process knowledge and expertise and a well-defined range of applicable 

process conditions from which to work. Calcium and potassium compounds were chosen 

as potential roasting reagents, based on their potential both to form soluble potassium or 

calcium vanadate compounds and to react with the aluminosilicate matrix of the ash to 

form crystalline potassium or calcium aluminosilicates.

Thus, the major focus of this proof o f concept study is to determine whether soluble 

vanadium compounds and crystalline aluminosilicates can be formed from the ash using 

atypical (i.e., Ca or K) reagents as predicted from the understanding of the Na-fly ash 

system. If successful, the observations made throughout this study could then be used to 

help modify the procedures and techniques for application to transformational roasting in 

other reagent-mineral systems. As well, since a process flowsheet for vanadium recovery 

by roasting with NaCl has already been developed (3), the effectiveness of calcium and 

potassium reagents, relative to NaCl, can also be evaluated and the potential use of K- or 

Ca- reagents in commercial vanadium recovery can be discussed.

2.1 Literature Survey

Roasting oil sands fly ash with calcium reagents for vanadium recovery has only been 

documented once in the literature in previous research by the author (1). Ash was roasted 

at 850°C with a range of CaO additions and, although water extractions were low, 

vanadium extractions of 50 to 70% were possible by leaching with 100 g/L Na2CC>3 

solution.
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Improved vanadium solubility has also been reported from ash formed by coking oil 

sands bitumen in the presence of various calcium reagents (10,11), but the differences in 

thermal history between this material and the Suncor fly ash do not allow them to be 

compared directly.

Roasting of oil sands fly ash with potassium reagents is not reported in published 

literature and, hence, is entirely novel.

2.2 Feed Materials

A typical Suncor ash sample was chosen as the feed material for this study. The ash was 

decarbonized at 500°C in a muffle furnace before performing roasting tests. A chemical 

analysis o f this ash sample is included in Table I.

Table 1 Analysis of Decarbonized Suncor 1986 Fly Ash, wt%

V A1 Ca Fe Mo Ni Si Ti L.O.I.
2.81 13.1 1.18 5.65 0.18 1.01 26.4 1.46 26.7

Before roasting, less than 1% of the vanadium in this ash sample was water soluble. 

(Roasting with no additives at 850°C gave a water leach extraction of less than 20%.)

Reagent grade KC1, CaO and Ca(OH)2 were used in the roasting tests. Limestone 

(CaCC>3) for testing was obtained from Graymont Western Canada (>95% purity) while 

gypsum for testing was produced by hydrating construction grade plaster of paris.

2.3 Experimental Procedure

Similar test procedures to those used for the roasting of oil sands fly ash with NaCl were 

used (1). The ash, after decarbonization at 500°C, was combined with the respective 

additive, mixed in a mortar and pestle and placed in porcelain crucibles. The crucibles 

were then inserted into a muffle furnace preheated to the desired temperature and allowed 

to react for the required time. The samples were then removed from the furnace, air 

cooled, ground in a mortar and pestle and leached in water at 95 to 97°C for 1 h. Filter 

cakes were washed three times with distilled water, with the volume of the combined
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filtrate and wash solution measured and a sample taken for analysis. The filter cake was 

dried overnight at 95 to 100°C and the weight of the solids recorded. Selected samples of 

roasted, water-leached ash were also leached in lOOg/L Na2CC>3 and 100 g/L H2SO4 

solutions at 95 to 97°C for 1 h, with the samples filtered and washed following the 

procedure outlined above.

Solution and solids samples were analyzed using a single-element Perkin-Elmer 4000 

atomic absorption (AA) spectrometer. Solids were digested using lithium metaborate 

fusion prior to analysis. Potassium concentrations were measured using a Buck Scientific 

PFP-7 flame photometer.

2.4 Roasting with Calcium Reagents

Suncor fly ash was roasted with varying amounts of CaO, Ca(OH)2, CaCC^ and gypsum 

(CaS04-2H20 ) at 750, 850 and 950°C. The results from these tests are shown in 

Figures 1 and 2.

Figures 1A and 2 A show that the water leaching extractions from the ash roasted with 

calcium compounds are quite low (0 to 44%). The low water leach extractions are largely 

a result of the relatively low solubility of calcium vanadates in water when compared to 

sodium vanadates. Calcium metavanadate (Ca(V03)2 has a solubility of 1 to 5.5 g/L V 

while other calcium vanadates, such as calcium pyrovanadate (Ca2V207) or 

orthovanadate (CaiVaOg), have much lower solubilities (<0.5 g/L V) (4). Thus, 

particularly at higher calcium additions, there could be a significant portion of the 

calcium vanadates formed that is not recoverable by water leaching.

To compensate for this decrease in solubility, the ash samples were then leached with 

100 g/L Na2CC>3 to dissolve more of the remaining water insoluble calcium vanadates 

(Fig IB and 2B). Based on this differential solubility, the leaching extractions from these 

two leaching reagents were then used to give an estimate of the distribution between the 

types o f calcium vanadate that are formed during roasting (Figures 1C and 2C). The 

phases detected using x-ray diffraction are also summarized in Table 2.
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Table 2 Summary of Mineral Phases Detected by X-ray Diffraction in Suncor
Fly Ash Roasted with Calcium Reagents

Additive Temperature Minerals Formed during Roasting
All 750 to 

850°C
Poorly crystalline; minor phases (anhydrite (CaS0 4 ), 
mullite (A lf^ O n ) and pseudobrookite (Fe2TiOs))

CaC0 3 , Gypsum 950°C Anorthite(CaAl2Si2 0 8) and pseudobrookite 
(Fe2T i05)

CaO, Ca(OH)2 950°C Anorthite (CaAl2Si2 0g) and pseudobrookite 
(Fe2TiOs) at low additions (<10%); decreasing 
crystallinity with increased additions

By comparing the trends observed in extraction and the extent of calcium metavanadate 

formation with the changes in mineralogy observed with x-ray diffraction, several 

important observations can be made from these tests.

First, in the samples roasted with CaO or Ca(OH)2, the formation of calcium 

metavanadate is preferred at lower additions and with increasing temperature, with other 

more calcium rich, and less soluble, vanadates preferentially formed at lower 

temperatures and higher additions. At 950°C, in particular, the noticeable decrease in the 

fraction of Ca(V03)2 formed with increased additions follows closely the decrease in 

crystallinity observed in x-ray diffraction as the CaO or Ca(OH)2 additions are increased. 

Increased consumption of CaO or Ca(OH)2 by the reactions to form crystalline calcium 

aluminosilicates at 950°C may mean that less calcium is available to form more calcium- 

rich vanadate compounds.

Second, similar trends are not noted for samples roasted with CaC03  and gypsum as the 

extraction profiles are either relatively flat, or show only a slight drop in extraction with 

increasing additions, for a given temperature. Little change is observed in the extraction 

of vanadium with Na2CC>3 leaching as the temperature is increased from 850 to 950°C, 

even with the increase in crystallinity observed using XRD with the increase in 

temperature.

Third, the maximum vanadium extractions from roasting Suncor oil sands fly ash with 

calcium reagents are low (i.e., less than 69% for CaO and 56 to 61% for the other 

reagents) even after leaching with 100 g/L Na2C03  solution and roasting at higher
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temperatures than were necessary for roasting with NaCl (i.e., 950°C vs. 850°C). These 

extractions compare poorly to the water leach extractions of 75 to 85% which are 

regularly obtained when the ash is roasted with NaCl.

Fourth, additional vanadium is not readily leached from the ash; even after leaching with 

100 g/L H2SO4 (Figure 3), the small to nominal increases in vanadium extraction 

observed are accompanied by high A1 and Si dissolution. (Silicon dissolution increases 

with decreasing crystallinity of the roasted samples while high dissolution of aluminum is 

maintained regardless of the degree of sample crystallinity.) This relationship between 

increased A1 and Si dissolution and vanadium extraction may indicate that the remaining 

vanadium in the fly ash (31 to 44%), which is not readily water or Na2CC>3 leachable, is 

associated with the aluminosilicate fraction of the leach residue, or potentially with an 

acid-insoluble vanadium oxide compound.
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—□ —Ca(OH)2 Acid
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Figure 3 Effect of Reagent Addition at 950°C - Leaching with 100 g/L H2S0 4

Overall, though, the low extractions and much lower solubility o f the vanadates produced 

would make calcium reagents much less attractive economically than roasting with NaCl.
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2.4.1 Microstructure of Ash Roasted with Calcium Salts

SEM micrographs of ash roasted with CaO and Ca(OH)2 are shown in Figure 4.

■
■ m 9H
H i■ H

1 ■ ■
M

&

Figure 4 SEM Micrographs of Roasted Suncor Ash: 10% CaO, 950°C, Water 
Leach (A,B), 10% CaO, 950°C, Na2C 0 3 Leach (C,D) and 10% Ca(OH)2, 
850°C, Na2C 0 3 Leach (E,F)

At 950°C, most of the cenospheres in the ash have either crystallized to form anorthite, 

(i.e., irregular shaped crystals) or pseudobrookite (i.e., small elongate crystals) or show 

signs o f alteration (Figure 4A). Cubic crystals o f CaO reacting with the ash are visible on
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the surface of some cenospheres (Figure 4D). More cenospheres are intact in the ash 

roasted at 850°C, with some showing few signs of alteration (Figure 4E and 4F). 

Pseudobrookite crystals are also not as well formed in the ash roasted at 850°C.

Ash roasted with CaC03  and gypsum show signs of more severe alteration than samples 

roasted with CaO and Ca(OH)2. Cenospheres from ash roasted with CaC0 3 , where 

present, show striations pointing to the breakdown, or crystallization, of the cenospheres 

(Figure 5A) while intact cenospheres are virtually absent from ash roasted with gypsum 

(Figure 5C). Figure 5D shows a cenosphere, or possibly a pleurosphere, that has 

extensively recrystallized, but has still retained much of its original hollow spherical 

shape.

20 m ic ro m e te rs  \  ^  M ic rom eters

20 m ic ro m e te rs  ^

A ' -

10 m ic ro m e te rs

Figure 5 SEM Micrographs of Water Leached Roasted Suncor Fly Ash: 
CaC03 at 950°C (A), 15% Gypsum at 950°C (B,C,D)

15%
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2.5 Roasting with Potassium Reagents

Suncor ash was roasted with varying amounts of KC1, and NaCl for comparison, at 750, 

850 and 950°C. The water leach extractions from these tests were then compared on a 

mass basis (Figure 6) and on a mole basis (Figure 7) to allow direct comparison taking 

into account the difference in molar mass between K and Na. These figures show that the 

potassium vanadates formed during roasting are readily soluble in water and similar 

extractions to those achieved by roasting with NaCl are possible by roasting with KC1.

However, there are two notable trends in the extraction for ash roasted with KC1 

(Figure 7). First, the maximum vanadium extractions for a given temperature are higher 

for KC1 than NaCl, but higher additions of KC1 are required to reach those maxima as the 

roasting temperature increases. Second, after reaching these maxima, extractions at 750 

and 850°C decreased with increasing additions of KC1. Extractions from roasting with 

NaCl, on the other hand, generally plateau and do not vary significantly with further 

increases in NaCl addition.

100
4 h Roasting Time

-O -  NaCl 750°C -D-KC1750°C 

-®— NaCl 850°C 

NaCl 950°C

0 10 20 30 40 6050 70

Reagent Addition, %

Figure 6  Effect of KCI and NaCl Addition and Temperature on Vanadium 
Extraction
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Figure 7 Vanadium Extraction versus NaCl and KC1 Addition (Mole Basis)

Mineralogically, roasting with KC1 is also different. Potassium feldspar, or leucite, 

(KAlSisOg) is the only crystalline aluminosilicate mineral detected at all three 

temperatures tested using x-ray diffraction in ash roasted with KC1 whereas both sodium 

feldspar, or albite (NaAlSiaOg), and the feldspathoid hauyne (Na^aaAlgSieC^SCU) are 

detected in ash roasted with NaCl. The smaller ionic radius of sodium, and its ability to 

form a wider range of sodium rich aluminosilicates, including feldspars and 

feldspathoids, could explain the higher sensitivity to reagent addition and temperature 

than is observed for roasting with KC1. Pseudobrookite (Fe2TiC>5) and hematite (Fe2C>3) 

are detected using XRD in samples roasted at 750 and 850°C with KC1, but not in 

samples roasted at 950°C.

Microstructurally, however, the ash roasted with KC1 at 850 and 950°C looks very 

similar to the ash roasted with NaCl at 850°C (Figure 8A) as small elongate 

pseudobrookite crystals are visible in the midst of a more irregular shaped feldspar 

(leucite) matrix (Figure 8B and 8C). Only partial or heavily altered cenospheres are 

present in the ash following roasting with KC1 (Figure 8D and 8E). One difference, 

however, is seen at 850°C where a number of well defined crystals with rhombohedral
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terminations are observed in the roasted ash that were not observed in ash roasted with 

NaCl (Figure 8F). These crystals contained Fe and Ti and, thus, based on this and the 

rhombohedral crystal form, are likely crystals of either ilmenite (FeTiC^) or hematite 

(F e 2 C > 3 ) .

Figure 8  SEM Micrographs of Water Leached Suncor Fly Ash: 25% NaCl at 
850°C (A), 25% KC1 at 950°C (B,C) and 25% KC1 at 850°C (D,E,F)

Rate tests where ash was roasted with 25% NaCl or 25% KC1 at various times were also 

performed (Figure 9). Rates and extents o f vanadium extraction are very similar at 850
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and 950°C for NaCl and KC1. At 750°C, vanadium extractions for ash roasted with KC1 

reach higher extractions more quickly.
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Figure 9 Effect of Roasting Time and Temperature on Vanadium Extraction

Overall, similar, or higher, extractions were possible by roasting with KC1 compared to 

roasting with NaCl for a given temperature and similar reaction rates and optimum 

roasting conditions were observed for both KC1 and NaCl. The optimum roasting 

conditions proposed for NaCl roasting (i.e., additions o f 25 to 30%, 850 to 900°C and 

3 to 4h) would give an extraction range of 75 to 85% when roasting with KC1.

2.5.1 Integration o f  K C l into Vanadium R ecovery F low sheet

Based on these encouraging extractions, larger batches of ash were roasted with 25% KCl 

for 3 h at 850°C and these solids were then leached at 50% solids to generate more 

concentrated leach solution. This was done to evaluate the use o f KCl as a reagent on the 

subsequent precipitation and salt recovery steps in the process flowsheet proposed for 

roasting with NaCl (1). However, when the pH of the leach solution was adjusted, or the 

solution was heated, potassium metavanadate (KVO3) began to precipitate. This
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precipitate easily dissolved in water, but even with significant dilution of the leach 

solution, any adjustment of the solution pH or heating of the solution quickly caused 

more KVO3 to precipitate.

Comparison with solubility data for the KCI-KVO3-H2O system from the literature 

(Figure 10) shows that KVO3 has a much lower solubility in this solution than would be 

expected, possibly because of the influence of other ions, such as Na+ and Ca+, on the 

solubility. (The leach extraction at 50% solids was also lower at 60% than would be 

expected from the results from leaching at lower solids concentration; this could also 

point to a low solubility for KVO3 in the concentrated leach solution.)
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Figure 10 Solubility of Potassium and Vanadium in the KVO3-KO-H2O System12

This behaviour has not been noted in ash roasted with NaCl for two reasons. First, the 

solubility o f sodium metavanadate (NaVCL) is less sensitive to NaCl concentration in 

solution at lower temperatures (12,13). As well, the increase in solubility with 

temperature for NaVCb in the NaVC>3-NaCl-H2 0  is much more pronounced and, thus, at
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higher temperatures, vanadium is highly soluble up to high concentrations of NaCl in 

solution (12,13).

This low solubility would have significant economic repercussions in trying to integrate 

KCl into the NaCl roasting flowsheet as increased capital and operating costs would be 

incurred either by operating with lower solids concentrations and more dilute solutions or 

by using solvent extraction to concentrate the leach liquor. This, combined with the 

higher cost of KCl per tonne and the need for similar roasting additions by weight, would 

preclude the use of KCl as a roasting reagent on economic grounds.

2.6 Conclusions

From the results o f these tests, roasting oil sands fly ash with calcium and potassium 

reagents successfully induced transformations in the minerals in the Suncor fly ash. 

Through a good understanding o f vanadium chemistry and the oil sands fly ash system, 

reagents containing two different elements were selected, both of which promoted the 

formation of more soluble vanadate compounds and crystalline aluminosilicate 

compounds from an ash which was poorly crystalline and had a low vanadium solubility 

(<1%) in its as-received state. Both types o f reagent were able to significantly improve 

the vanadium solubility over the as-received ash and over ash roasted with no reagents, 

for all but the lowest roasting temperatures tested. However, due to lower vanadium 

solubility in the leach solutions derived from ash roasted with calcium or potassium 

reagents and other economic considerations, potassium and calcium reagents are not 

likely an economic improvement over NaCl in a roasting process for vanadium recovery.

However, during this study, several important observations were made which could 

influence the application of this type of process to other materials. First, the relatively 

low concentration o f the element o f interest (-3% V) compared with the detection limit 

of x-ray diffraction (~5%), along with the potential to form more than one vanadate 

compound, made it difficult to identify vanadium bearing phases using x-ray diffraction 

and quantify vanadium deportment directly. In particular, for the calcium reagents, 

diagnostic leaching was required to be able to obtain an idea of the distribution of
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vanadium between the various vanadate compounds and the aluminosilicates. In 

addition, differences in the valence state of elements cannot be identified using x-ray 

diffraction, particularly for elements in low concentrations or in solid solutions, unless 

phases containing these other valence states are present in sufficient quantity for them to 

be identified and patterns for these solid solutions or minor phases are available in the x- 

ray pattern files. (Vanadium present as V4+ may be a possible explanation for the lower 

(i.e., less than 100%) vanadium extractions as V4+ would have more of a tendency to 

substitute in solid solution in the aluminosilicates to form insoluble vanadium oxide 

compounds.) Thus, it may be difficult to efficiently apply these techniques to optimize 

metal recovery for metals at low metals concentrations, even with a good understanding 

of the mineralogy of the material in question, without the use of more complex analytical 

methods, such as x-ray photoelectron spectroscopy (XPS) or an electron probe micro

analyzer (EPMA).

Second, with the affinity of Na, K and Ca to form both vanadate and aluminosilicate 

compounds, it was difficult to improve the recovery of vanadium from the ash as each 

reagent was not particularly selective to either vanadium or the aluminosilicates. As a 

result, the maximum recovery possible may be the result of two reactions competing for 

the reactant. However, potentially, the combination of an ionic compound with a higher 

affinity for the major gangue elements, in combination with another reagent with a high 

affinity for the metal o f interest, may be an alternative that could provide greater 

selectivity and higher overall metals recoveries. Likely, initial investigations would 

target maximizing the extraction of a given metal with a single additive, followed by 

secondary addition of another reagent to either depress the solubility, or recovery, of 

major impurities or further displace the metal o f interest from its associated minerals (i.e., 

if  it is associated in a solid solution with other major impurities).

Third, the amorphous nature of the oil sands fly ash made it necessary to approach the 

selection of potential reagents for recovering vanadium from an experiential and 

phenomenological approach, rather than a more fundamental thermodynamic basis. Due 

to the reliance of these techniques on x-ray diffraction and mineralogical characterization,
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they would be more easily applied to crystalline materials, though as these tests indicate, 

crystallinity of the starting material is not essential. With a crystalline material, available 

thermodynamic data could be used to screen and select potential reagents and roasting 

temperatures.
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3.0 Procedure for Application of Induced Metamorphism to New 
Materials

Based on the results of these “proof of concept” tests, the next stage of the research 

focused on trying to apply similar roasting techniques to induce mineralogical 

transformations in other materials and try to test the limits o f the potential applications 

for transformational roasting.

However, in undertaking this research, several questions immediately arise. Which 

materials would be better suited to treatment with transformational roasting? How can 

transformational roasting be applied successfully to new materials, especially those with 

chemistries that are not well understood? How can the number of potential reagents for 

testing be reduced to a manageable number in order to expedite the research? What 

approach can be used that can be systematic and thorough and still be able to eliminate 

reagents from testing that show little promise? Can the study of the reaction chemistries 

be effectively balanced with potential economic and process limitations that would occur 

in the development of any new extraction process?

With these questions in mind, the idea of developing of a generalized procedure, which 

could be applied consistently to a wide range of materials, was considered the best course 

of action. This procedure could then be refined and revised, as necessary, by the 

observations made from applying it to several materials.

3.1 Generalized Procedure for the Application of Transformational Roasting

The following procedure was proposed as the basis for further transformational roasting 

research to identify promising reagent-mineral systems for further development:

a. Literature Survey
b. Thermodynamic Analysis
c. Scoping Roast/Leach Tests
d. Design of Experiment (DOE) Tests
e. Mineralogical Studies
f. Optimization
g. Deportment of Minor Elements
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Each stage is described in more detail in the following sections.

3.1.1 L iterature Survey

The first step in the procedure would be to perform a comprehensive literature survey on 

the treatment of each waste that will be studied, along with other related materials. First 

of all, this will help in understanding the chemistry and mineralogy of the waste in 

question. Second, the processes proposed for treating each waste can be examined. This 

allows the advantages and drawbacks, along with any potential environmental or process 

concerns, for each method of treatment to be identified. Third, through this analysis, the 

processes that are used commercially for treating these wastes can be distinguished from 

those that have only been proposed, or have yet to be applied on a commercial scale. 

Finally, a thorough literature survey will help to identify the novelty o f any proposed 

transformational roasting processes that would be developed in this study and to limit 

redundancy from repeating research already performed by other researchers.

3.1 .2  Therm odynam ic A n alysis

If the material is crystalline, and its mineralogy readily identified using x-ray diffraction, 

the next step would be to use available thermodynamic data to identify, or exclude, 

potential reagents. This will also help examine the tendency of various elements to form 

oxides, sulphates, arsenates or silicates in a given system and the potential for 

decomposition of the reagents at temperature. Thermodynamic analysis will also aid in 

selecting the initial roasting temperatures for the scoping tests.

Naturally, reagent screening would focus on common or cheaper reagents (e.g., alkali 

metal or alkali earth oxides, carbonates or chlorides), but would not be limited to those 

reagents. As well, where possible, process conditions would be selected to aim for lower 

temperatures and, hence, lower energy consumptions, compared with more conventional 

pyrometallurgical processes, and to aim for primarily solid state reactions (i.e., where the 

roasted products are not in a molten state).
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3.1.3 Scoping R oast/Leach Tests

After selection of potential reagents based on thermodynamics, roasting and recovery 

tests would then be conducted to screen potential reagents. These tests would involve 

roasting the dried waste in question with varying amounts of each selected reagent. The 

roasted waste would then be subjected to either a conventional leaching or mineral 

processing stage to determine the recovery of the metal of interest, with the lixiviant or 

separation methods chosen to be appropriate for the recovery of the metal(s) in question 

for each material. For the sake of time, leaching and roasting times would be selected to 

be long enough to give the materials time to react, but not necessarily long enough to 

reach equilibrium. Samples of the roasted waste, before and after this metals 

recovery/extraction stage, would be taken for XRD and/or SEM analysis and all solids 

and solutions generated would be analyzed for a spectrum of relevant elements using 

appropriate analytical methods.

The addition of this step in the procedure has several advantages. First, the number of 

reagents tested can be quickly reduced to those with the most promising results. Second, 

the actual mineralogical changes in the material can be determined using SEM or XRD 

and then compared with the thermodynamic analysis to determine whether the results are 

consistent with the thermodynamics. Third, by use of fixed roasting times, roasting 

reactions with very slow reaction kinetics can also be identified and set aside for fixture 

reference. Fourth, for unfamiliar systems, the scoping tests can serve to develop and 

refine the parameters for later testing, such as lixiviant concentration, mineral processing 

procedures, analytical procedures, roasting temperatures, reagent additions and rate of 

crucible wear, which would finalize the conditions and methods used in the subsequent 

design of experiment (DOE) tests.

3.1 .4  D esign o f  E xperim ents (DOE) Tests

Promising reagents, which either improved metals extractions or the deportment of major 

or minor elements, would then be studied in the Design of Experiments (DOE) stage to 

try to expand the understanding of the relationship between reagent addition(s), 

temperature and metals extraction for promising reagent-mineral systems.
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Design of Experiments would be used in this portion of the procedure as, especially for 

an unfamiliar mineral system, the number of potential variables of interest would make 

sequential testing of each variable inefficient, as well as making it difficult to determine 

interaction effects between variables. DOE would not only reduce the number of 

experiments, but would maximize the available information from these experiments and 

allow for ease in the statistical analysis o f the results and in determining more clearly the 

interrelation of various factors. Given the right selection of the DOE method, more 

variables can be tested, with more confidence and more information obtained, in less time 

in the lab.

Variables, such as the type and amount of addition, temperature, secondary reagent 

additions, or roasting atmosphere, can be tested using the procedures developed during 

the scoping tests. A variety of data and samples, including minor element analyses, 

collection of SEM/XRD samples, lixiviant consumption and other measurable variables, 

would be recorded for future reference and interpretation.

3.1.5 M ineralogical S tudies

A combination of XRD and SEM analysis, combined with diagnostic leaching or mineral 

processing techniques, where necessary, would then be performed to attempt to relate the 

mineralogical transformations in each material to the metals extractions, or recoveries, 

observed from the DOE tests. This includes not only the phases formed during roasting, 

but the phases formed, or consumed, as a result of dissolution or precipitation during 

leaching, where applicable. Where necessary, quantitative techniques, such as Rietveld 

refinement, may be necessary to try to determine the relative quantity of each phase and 

how the quantity is affected by changes in the experimental conditions.

The scanning electron microscope and energy dispersive x-ray analysis (EDX) would 

then be used to compare the visible phases to those detected using x-ray diffraction.

Where possible, trends observed using these methods would then be used to provide 

direction to further DOE experiments.

24

with permission of the copyright owner. Further reproduction prohibited without permission.



3 .1 .6  Optim ization

This stage would involve making adjustments to the experimental conditions established 

to improve the extent or selectivity of metals extraction from each reagent-mineral 

system. This could involve adjusting roasting temperatures or reagent additions, changing 

the roasting atmosphere, or adding secondary additives to enhance extractions, depress 

major impurities or improve the selectivity in leaching or mineral processing. This could 

also include screening alternative leaching reagents, testing different mineral processing 

techniques or conducting rate tests for specific roasting or leaching conditions. 

Optimization would be expected to be an iterative process between Sections 3.1.3 and 

3.1.6.

3 .1 .7  D eportm en t o f  M in or E lem ents

Once roasting conditions have been optimized for major elements, analysis of the 

deportment of minor elements to the various phases would then follow. This analysis 

would be required to determine to which phases valuable or harmful minor elements 

report. For leached phases, this information would be readily available through analysis 

of the collected leach solutions; for solid phases, this may require the use of a variety of 

methods, including chemical analysis, SEM-EDX, diagnostic leaching, electron probe 

micro-analysis (EPMA) analysis or x-ray photoelectron spectroscopy (XPS).

TCLP (Toxicity Characteristic Leaching Procedure) or other residue stability tests may 

also be completed during this stage of the research to determine the potential saleability 

or disposability o f residues from the treatment o f the waste using these methods.

3.2 Selection of Feed Materials

The range of potential materials for treatment, even only considering the potential 

number of metallurgical waste streams in industry, is enormous and, thus, for the purpose 

o f this effort, it was important to be able to focus the search for materials to study using 

transformational roasting.
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3.2.1 F eed Selection Criteria

As a starting point, large volume, hazardous wastes from the metallurgical industry with 

high metals values were targeted in an effort to maximize the economics for any process 

that may arise from the results o f this research. In particular, wastes that have proven 

difficult to treat using available technology, or that represent disposal problems for the 

companies that produce them, were considered as ideal candidates for this study.

In addition, wastes with significant minor elements, either in quantity, potential value, 

potential environmental impact, or potential impact on downstream processing, were also 

preferred. Although the study of the deportment of these minor elements increases the 

complexity o f the study, the behaviour of these minor elements could significantly 

influence the economics, or viability, of any process developed and, thus, this behaviour 

is important to this study.

3.2 .2  Selected  F eeds

A significant number of interesting materials were identified and in some cases, samples 

were obtained and preliminary investigations into the related literature and the 

thermodynamics for potential transformational roasting reactions for these materials were 

conducted.

However, only three materials were ultimately selected for study in this thesis research 

for the sake of time and efficiency. Zinc ferrite residue from Doe Run Peru’s La Oroya 

plant, which is a byproduct of electrolytic zinc production, was the first material selected. 

Electric arc furnace dust from Altasteel in Edmonton, which is a waste produced from the 

recycling of carbon steels, was the second material selected, due to its mineralogical 

similarities with the La Oroya zinc ferrite material. Finally, copper residue from Inco’s 

Thompson refinery in northern Manitoba, which is a byproduct o f nickel matte 

electrorefining, was selected as the final waste material for this study. (Blast furnace slag 

from Doe Run Peru, spent pot liner from Alcan and enargite ore from the Chelopech 

mine in Bulgaria were also considered, but were not examined to a significant extent 

because of time and safety constraints.)
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4.0 Application of the General Procedure to the Treatment of La Oroya 
Zinc Ferrite

Zinc ferrite residue from the La Oroya metallurgical complex in Peru was chosen as the 

first metallurgical waste to be tested using this generalized procedure.

4.1 Feed Material

4. L I  H istory o f  Production o f  Z inc F errite a t L a Oroya

The La Oroya metallurgical complex is located high in the Andean mountains, 180 km 

northeast of Lima, Peru (14). It is an integrated lead, zinc and copper smelter where its 

high altitude (3775 m above sea level) has required significant innovation and adaptation 

of conventional smelting and refining practices. This plant has been owned and operated 

by the Doe Run Company since 1997 (14).

The La Oroya ferrite meets the criteria set out earlier in Section 3.2.1. First, the zinc 

ferrite contains significant Zn, In, Ag and Ga with a combined metals value of between 

US$500 per tonne (2003) to US$860 per tonne (2005) (15,16,17,18). Second, the zinc 

ferrite is produced in large quantities (48,000 t/y), of which around 30% is processed 

using a modified Waelz kiln process (19). The excess, untreated ferrite is stockpiled and, 

after over 40 years of production, there is, at present, over 1.3 million tonnes of zinc 

ferrite stockpiled and this amount will continue to grow at current rates of production. 

Third, since the zinc ferrite comes from an integrated lead-copper-zinc smelter complex, 

the material contains an assortment of minor elements including potentially valuable 

metals, such as Ga, In, Ag and harmful metals, like As, Cd, Pb.

Doe Run Peru has evaluated several conventional methods to treat the ferrite in the past, 

but either high energy consumption or capital costs (i.e., using slag filming or Waelz kiln 

processes) or concerns about effluent disposal (i.e., using hot acid leaching), combined 

with economic factors, have discouraged Doe Run to date from further pursuing those 

process options. Zinc ferrite is quite resistant to weathering and, thus, does not represent 

an immediate toxic disposal liability or concern.
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4.1.2 Feed Sample

The Doe Run Company was approached in 2002 and their South American branch, Doe 

Run Peru, supplied a sample of zinc ferrite from their La Oroya operations for testing in 

early 2003. The analyses provided by Doe Run Peru are shown in Table 3 while Table 4 

gives the results of chemical analyses of the feed material performed at the U of A.

Table 3 Chemical Analysis of La Oroya Zinc Ferrite Supplied by Doe Run Peru
Analysis, % Analysis, ppm

A1 0.90 Cu 0.62 Mg 0.40 Bi 300 Ge 26
Sb 0.04 Fe 31.6 Mn 1.40 Co 23 Ni 24
As 0.29 In 0.06 Si 4.30 Ga 295 Ag 286
Cd 0.22 Pb 3.50 Zn 20.7

Table 4 Chemical Analysis of La Oroya Zinc Ferrite Conducted at the 
University of Alberta

Analysis, % Analysis, ppm
A1 ^ 0.97 Cu 0.55 Si 4.64 Co 5
As 0.55 Fe 26.6 Na 1.10 F 700
Cd 0.19 Pb 2.98 S 1.50 Ga 407
Ca 0.37 Mg 0.18 Zn 19.5 In 750
C 1.42 Mn 1.22 Ni 9
Cl 0.61 K 0.18

The as-received ferrite residue had a particle size of 80% passing 45 pm, but with a D90 

greater than 400 pm. After drying the residue, the oversize was pulverized to give a final 

particle size of 90% passing 87 pm for the ferrite used in the roasting tests.

X-ray diffraction of the La Oroya ferrite residue showed franklinite (ZnFe204) as the 

major phase present in this material, with anglesite (PbS04 ) observed as a minor phase. 

Water leaching of the residue gave zinc extractions of about 5 to 10%, indicating that 

entrained zinc sulphate may also be present in the as-received residue.

Scanning electron microscopy (SEM), along with the use o f energy dispersive x-ray 

analysis (EDX), showed the presence of presence of four distinct phases in the La Oroya 

ferrite residue (Figure 11). (Imaging with backscattered electrons allows for phases to be
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distinguished visually by the differences in average atomic number (20.). One large dark 

grey particle (A) contained K, A1 and Si (i.e., a potassium aluminosilicate) while another 

dark, but more elongate, particle (B) was high in Ca and S (i.e., likely anhydrite 

(CaS0 4 )). The very small, very bright particles (C) contained high levels of Pb and S and 

likely represent anglesite (PbS0 4 ). However, zinc ferrite (D) was the predominant phase 

observed with the SEM as shown by the abundance of light grey subhedral particles in 

the backscattered image of Figure 11.

Figure 11 Secondary Electron (SE) and Backscattered Electron (BSE) Images of 
La Oroya Zinc Ferrite Feed Sample

4.2 Literature Survey

4.2.1 Form ation o f  Z inc F errite

During oxidative roasting, zinc and iron sulphides oxidize to zinc oxide (ZnO) and 

hematite (Fe203). Above 650°C, these minerals react to form zinc ferrite, ZnFe204, which 

is insoluble in warm dilute acid solution (21,22). The extent to which zinc ferrite is 

formed depends on roasting temperature, roasting time, the iron content of the ore and the 

mineralogical association of zinc in the ore (23). Generally, though, roasting zinc 

concentrates containing iron will lead to some ferrite formation and this material can be a 

source of significant zinc losses from electrolytic zinc plants, particularly for plants, such 

as La Oroya, that process predominantly marmatitic ((Zn,Fe)S) zinc ores.
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4.2.2 Treatm ent o f  Z inc Ferrite

Four main routes have been proposed in literature for the treatment of zinc ferrite 

residues: the Waelz Process, roasting processes, slag fuming and hot acid leaching. A 

summary of each of these processes is provided in the following sections, with particular 

attention paid to the recovery of In, Ga and Ag from these residues.

4.2.2.1 Waelz Process

The Waelz Process involves mixing ore or residues with a solid carbonaceous reductant, 

such as powdered coke or coal, and feeding the mixture into a horizontal rotary kiln. The 

carbon in the charge bums to heat the charge and produce a reducing atmosphere close to 

the charge where zinc, and other volatile metals, are reduced and volatilized. However, 

the atmosphere in the gas stream above the charge is oxidizing and, thus, CO and metallic 

gases are then oxidized to carbon dioxide and metallic oxides as they leave the kiln with 

the  ̂metallic oxides recovered as a solid fume in a bag house (24). Operating 

temperatures range between 1000 and 1300°C depending on the composition of the 

charge (25). (Lower temperatures are required for higher iron feeds to keep metallic iron 

from absorbing carbon and causing fusing, melting or accretions from occurring in the 

kiln (26).) The Waelz process allows for treatment o f a wide variety of zinc bearing 

materials, including mixtures of silicates, ferrites, oxides, sulphides, zinc dust from 

solution purification for electrolytic zinc, or electric arc furnace (EAF) dust, as well as 

copper and cadmium bearing wastes.

4.2.2.1.1 Process Chemistry

Komlev and Gareev (27) conducted a detailed study into the chemistry of the Waelz kiln, 

including deportment of minor elements and mineralogical changes in the charge over the 

length of the kiln. From this analysis, Komlev and Gareev (27) divide the Waelz kiln into 

four characteristic zones. (Kashiwada and Kumagai (28) also note similar zones.)

1. Drying/Heating (0 to 20-25% of kiln length)
The charge is heated to reaction temperature and water, whether free or combined, 
is driven off from the charge.
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2. Sulphate Reduction (25 to 50% of kiln length)
Zinc sulphate reacts with carbon in the charge to form a mixture of zinc oxide and 
zinc sulphide.

ZnS04 + 4 C —► ZnS + 4 CO 
ZnS04 + 3 C —* ZnO +3 CO + 14 S2

Zinc oxide combines with silica and alumina in the burden to form zinc silicates 
and aluminates and cadmium volatilizes.

2(Zn,Fe,Mn)0 + S i02 -»• 2 (Zn, Fe, M n)OSi02 
ZnO + Al203  —»• ZnAl20 4

Ferrite decomposition begins near the end of this zone.

3 ZnFe20 4 + C -> 3 ZnO + 2 Fe30 4 +CO

3. Zinc Sublimation (50 to 83% of kiln length)
Ferrite decomposition continues in this stage. The zinc oxide and magnetite 
products are further reduced to metal with zinc sublimating.

ZnO + C —> Zng +CO 
ZnO + Fe —>• Zng +FeO 
ZnS + Fe —*■ Zng + FeS 
Fe30 4 + 4 C - ^ 3  Femet + 4 CO

Zinc silicates and aluminates react with metallic iron to form metallic zinc.

2(Zn,Fe,Mn)0-Si02 + Fe -»• Zng + 2(Fe, Mn)0 Si02 
ZnO-Al20 3 +Fe —► Zng + FeAl20 4

4. Clinker Formation (83 to 100% of kiln length)
Zinc sulphides react with copper and a portion of the metallic iron to form a 
copper-iron matte and to remove zinc by distillation.

2 ZnS + Fe(2Cu) 2 Zng +FeS(Cu2S)

4.2.2.1.2 Deportment of Minor Elements

The majority of the zinc in the charge reports to the Waelz oxides. However, from the 

distribution of metals in the Waelz process reported by Komlev and Gareev (27), the 

other elements can be grouped into three categories based on their behaviour in the Waelz 

process.
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1. Sublimates (Cd, In, Tl)
Virtually all the cadmium volatilizes halfway through the kiln and reports to the

Waelz oxides along with zinc. Volatilization of thallium and indium happens 

later in the kiln with 70 to 80% of the indium and virtually 100% of the thallium 

reporting to the Waelz oxides.

2. Mixed Behaviour (Sb, As, Ge, Pb)
These elements are partially sublimated (As, Sb) or partially sulphidized and then

sublimated (Pb, Ge), but also report to the clinker (i.e., As and Sb to matte, Ge to 

the metallic phase in the clinker and Pb to slag, matte and metallic phases in the 

clinker).

3. Clinker Formers (Al, Ca, Cu, Fe, Ga, Mg, Mn, Ni, Si)
Aluminum reacts with zinc and iron to form zinc or iron aluminates while calcium

and magnesium replace lead and zinc in silicates, spinels, etc. and manganese is 

reduced to MnO and reacts to form silicates. Silicon reacts with oxides to form 

olivine-type silicates in the first half of the kiln, but converts to glass in the 

clinker as the kiln temperatures increase. Gallium oxides are not volatilized at the 

operating temperatures of the kiln and report to the slag (27) or metallic phase of 

the clinker (29). These six elements report predominantly to the slag phase of the 

clinker.

Copper, and a portion of the iron, react with sulphur in the charge and become the 

major components of the sulphide (matte) portion of the Waelz kiln clinker.

Iron is mostly reduced to metallic iron in Waelz processing, but is also present as 

FeS in the matte phase of the clinker, and as iron silicates in the slag phase of the 

clinker. Nickel is also reduced to metallic form and is concentrated in the 

metallic fraction of the clinker.

Metallic iron plays a prominent role in the Waelz kiln reactions as it contributes to 

the sublimation of zinc from the charge, the reduction and extraction of lead from 

lead silicates and oxides and the distribution of Ga and Ge in the Waelz kiln (30).

32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.2.2.1.3 Plant Practice

The operation of three plants operating commercially using the Waelz process for 

recovering zinc, and other metals, from zinc ferrite are reported in the literature.

The La Oroya plant in Peru uses a Waelz kiln to process about 40 to 50 tons of zinc 

ferrite per day (31). The ferrite residue is mixed with 5 to 10% powdered coal and 0.5- 

1.0% bentonite as a binder and pelletized before roasting at temperatures of up 1050 to 

1100°C. Recovery of metals to Waelz oxides are: As 30%, Cd 95%, Cu 6.5%, In 98%, Fe 

7%, Pb 50%, Ag 8% and Zn 90%. The Waelz oxides are leached in stages with spent 

electrolyte or more concentrated sulphuric acid solutions to recover Zn, Cd and In with 

the lead and silver being concentrated in the leach residue. (The indium rich solution 

produced is neutralized to make an indium hydroxide concentrate.) Waelz clinker goes 

through magnetic separation and the iron, copper and silver values are recycled to La 

Oroya’s copper furnaces.

The Nisso Smelting Company processes 80 tons per day of zinc ferrite through two 

Waelz kilns (28). Recoveries to Waelz oxides of about 96% Zn, 97% Cd, 3% Cu, 4% Fe, 

91% Pb and 4% Ag are reported for roasted partially dried residue with 30% coke breeze. 

The Waelz fume is then chlorinated in rotary kilns to produce a dust rich in cadmium and 

lead and a relatively pure zinc calcine. The zinc calcine is returned to the zinc plant for 

leaching in spent electrolyte while the Cd/Pb dust goes through a series o f leaching,

the 

the

Ga 

the 

are
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purification and hydroxide precipitation steps to recover Cd and Pb and allow for 

recycle of any residual zinc back to the Waelz kiln. Indium is recovered by leaching 

chlorination residue while lead is recovered from the leach residue.

At the Zhouzhou smelter (32), recoveries to Waelz fume of 70% In, 33% Ge, 23% 

and 60% T1 are reported. After calcination of the fume to remove F, Cl and Tl from 

fume at 750 to 850°C, the Waelz oxides are leached. Indium, gallium and germanium 

precipitated with zinc dust, redissolved and then separated using solvent extraction.



4.2.2.1.3.1 Use of Additives in Waelz Kiln

Several Russian/Soviet researchers have shown that small chloride additions increase the 

sublimation of indium during Waelz processing (35-38). Earlier research showed an 

increase from 60 to 80% recovery of indium to Waelz oxides with very small NaCl 

additions (0.02 to 0.15%, or even less when using coals with higher chloride contents 

(33,34)), while more recent work (35-37) indicates that additions of 0.6% NaCl or 0.2 to 

1.0% CaCh can increase indium recovery to sublimates by 25 to 35% in lab scale 

operations (37) and 10 to 12% in commercial operation (36). Some of the chloride added 

reports to the Waelz oxide and, thus, the oxide must be leached with soda (33) or lime 

(35) to remove Cl before leaching to recover metals from the fume. Some of the same 

researchers propose using precipitation of basic zinc sulphate or basic zinc chloride to 

recover indium after leaching from the fume (35,38).

Ivakin et al. (36) also show that CaO additions to give CaO/Fe ratios of 0.45 to 0.80 also 

increase the recovery of indium to Waelz oxides by 3 to 5%.

4.2.2.1.3.2 Clinker Disposal and Treatment

Waelz clinker is a compact waste with high concentrations of heavy metals in highly 

reduced (i.e., metallic and sulphidic) phases. In large integrated smelters, such as La 

Oroya, Waelz clinker can be recycled to compatible streams in copper or lead smelting 

operations but, in nonintegrated zinc smelters, the disposal of clinker can be a significant 

environmental issue. A variety o f methods have been proposed in the literature for the 

recovery of metals from this clinker (28,39-47), but will not be discussed here.

4.2.2.1.3.3 Silver Recovery

Silver predominantly reports to the clinker in Waelz processing and, as a result, silver 

recovery by conventional cyanidation would be difficult without recycling the clinker to a 

copper smelting circuit. However, several flowsheets have been suggested to recover 

silver from ferrite residues prior to Waelz processing either by flotation or direct 

leaching. Flotation recoveries o f 70 to 85% and 94%, respectively, are reported in two 

separate studies (32,48,49) while another study proposed sulphidation of the ferrite
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residue with Na2S solution prior to flotation (50) to recover up to 91% of the lead and 

99% of the silver from the ferrite. Leaching of silver and gold from ferrites has also been 

reported using carbon-in-pulp technology and thiourea (51) or using a series o f sodium 

hydroxide and nitric acid leaching steps (52).

4.2.2.2 Roasting Processes

4.2.2.2.1 Sulphation Roast

Sulphation roasting to form water- or weak acid-soluble metal sulphates is another 

processing route which has been proposed for the recovery of zinc and other metals from 

ferrite residues and the basic roasting reactions are presented below.

ZnFe204 + H2SO4 —► ZnS04 +Fe203 +H2O 
ZnFe20 4 + (NH4)2S04 -+ ZnS04 +2 NH3 + Fe20 3 +H20

A variety o f sulphation reagents for treating zinc ferrite have been proposed. Zinc 

extractions of less than 50% are reported for Na2SC>4 and FeS04  (53), while up to 80% 

and 94% are reported with S 0 2/0 2 mixtures (54) and S 0 3 atmospheres (55), respectively. 

Zinc extractions reported for roasting with (NH4)2S04  vary from 80 to 85% in one study 

(53,56,57) and as high as 98% in another (58). Using H2SO4, or spent electrolyte, zinc 

extractions of between 91 and 95% are possible, along with extractions of 80% of Cu, In, 

Cd and Ga and 1 to 6% Fe (53,55,59,60).

4.2.2.2.2 Reduction Roasting

Reduction roasting of zinc ferrites with solid carbon reductants has been proposed as far 

back as 1929 (61) and the kinetics of this reduction has been discussed in detail (62).

However, several gaseous reducing agents have also been proposed. Park (63,64) 

showed that zinc ferrite decomposes readily to magnetite and zinc oxide when heated to 

700 to 950°C in a vacuum; reduction of the resultant ZnO is possible at low H2 pressures 

(0.03 to 0.05 torr), with higher H2 pressures further reducing magnetite to wustite or 

metallic iron (64). Sergeev et al. (65,66) effectively reduced zinc ferrite at 950 to 1050°C 

in a gas mixture containing 15 to 25% S 02 and 1 to 5% 0 2. Reduction with CO, CO/N2
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and CO/CO2 mixtures has been possible at temperatures between 700 and 1100°C, with 

either ZnO and Fe304 or Zn and FeO and/or Fe produced, depending on the CO/CO2 ratio 

and overall CO pressure, the reduction temperature and reduction time used (67-71).

Most of the studies on reduction roasting do not indicate how zinc would subsequently be 

recovered. The one exception is the study by Yamashita et al. (71) which used 25 g/L 

H2SO4 at 80°C to leach the reduced ferrite residue, but leaching was not selective, 

resulting in high extractions o f Fe, Cu and Cd, in addition to zinc.

4.2.2.2.3 Alkali Carbonate Roasting

Zinc ferrite can also be roasted with 13 to 14% Na2C 0 3 and 6 to 7% C at 880°C for lh, 

following by leaching the roasted ferrite in NaOH solution, to give zinc extractions of up 

to 80% (72). The overall reaction proposed for this process is :

3 ZnFe20 4 +3 Na2C 0 3 +4 C -»■ 3 Na2Zn02 +2 Fe30 4 + 7 CO

Higher temperatures resulted in lower recoveries of zinc to the NaOH leach solution as 

the zinc oxide was reduced by the carbon and lost as vapour.

4.2.2.3 Ausmelt Slag Fuming

The Ausmelt technology uses an enclosed furnace and the injection of coal or coke and 

air through a submerged lance to heat, melt and vigorously agitate a ferrite based slag that 

is created by adding coal and silica to zinc ferrite residue (73,74). The CO gas produced 

in this process can then react, along with solid C, to reduce and volatilize various metals 

from the slag bath by the following reactions (73).

(MO)Siag + C —► (M)gas + CO 
(MO)siag + CO ->  (M)metai + C 0 2
(M)metai + (Fe20 3)siag —> (MO)siag + 2 (FeO)siag
(Fe20 3)siag +CO —> 2(FeO)siag +C02
M S04 xH20  —>MO + S02 +1/2 0 2 +xH20

In zinc residue processing, usually two steps are used: the smelting step where fresh feed, 

silica and coal are added and blown with air or air/0 2 mixtures to produce metallic fume, 

and a cleaning or reducing step where coal and air are blown into the melt to reduce the
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remaining volatile metals to low levels in the slag. This two step process allows for the 

production of off gas with a high SO2 content which can be treated in existing gas 

handling systems to recover sulphur while still reducing metal contents in the residue to 

low levels.

Two companies have tested the application of the Ausmelt technology on ferrite residues. 

Korea Zinc operates Ausmelt furnaces at its Onsan refinery using temperatures of about 

1280°C for its smelting step and about 1310°C for the reducing step and reports 

recoveries of 82% Zn, 26% Sb, 7.5% Cu, 90% Ge, 70% In, 92% Pb and 72% Ag to fume 

and recoveries of 41% Sb, 45% Cu and 14% Ag to a copper speiss. (73). The final slag 

contains 3.5% Zn, 0.1% Sb and less than 3.5% Pb. The Big River Zinc Corporation has 

also conducted pilot scale Ausmelt tests on their ferrite residue. Operation at higher 

temperatures of around 1400°C in the reducing step resulted in the recovery of over 99% 

of Zn, Pb, Cd and Ag and 10% Cu, 5% Ga, 94% Ge, 95% Au and 93% In to the fume 

(74). The final slag contained only 0.05% Zn, 0.95% Cu, 0.001% Pb and 0.01% S.

4.2.2.4 Hot Acid Leaching

Zinc ferrite is not soluble in warm dilute sulphuric acid solutions or spent electrolyte. 

However, zinc ferrite can be leached in hot strong sulphuric acid solutions by the 

following reaction.

ZnFe20 4 + 4 H2SO4 -+ ZnS04 + Fe2(S04)3 +4 H20

The conditions of hot acid leaching reported in the literature vary little from study to 

study. Spent electrolyte, or fortified spent electrolyte, containing between 100 to 280 g/L 

H2S04 is used as the lixiviant and leaching temperatures of 80 to 100°C for atmospheric 

leaching and up to 260°C for pressure leaching (75,76) and leaching times from 1 to 24 h 

are reported. (Kinetics o f ferrite dissolution are detailed by Ramachandra Sarnia et al. 

(77).)

Most of the novelty in hot acid leaching processes occurs in the methods used to remove 

dissolved iron from the acidic leach liquor. Three main methods have been developed to
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precipitate iron either as jarosite (M[Fe3(S04 )2(0 H)6), goethite (FeOOH), or hematite 

(Fe203).

Jarosite precipitation usually involves the addition of alkali or ammonium ions to acidic 

leach solutions to promote precipitation of alkali or ammonium jarosite by the following 

reactions.

3 Fe2(S04)3 + 14 H20  2 (H30 )Fe3(S0 4)2(0 H)6 + 5 H2S04
3 Fe2(S04)3 + 12 H20  + X2S 0 4 -»• 2 XFe3(S04)2(0H )6 + 6 H2S04

where X is one of Na+, K+, Ag+, NH4+, or 0.5 Pb2+.

Jarosite precipitation is widely used and jarosite processes have been patented by 

Outokumpu (78,79), Newmont Exploration (80), Norzink (81), Ruhrzink (82), the 

Electrolytic Zinc Company (83,84) and Asturiana de Zinc (75,76,85,86) Though jarosite 

filters much more quickly than Fe(OH)3 (87), the high metal content of the jarosite, the 

high mobility of the toxic metal ions during long term disposal, and the high volume of 

jarosite produced (0.40 t/t o f concentrate (88)) have made jarosite precipitation less 

attractive to some zinc producers. (Jarosite production was banned in Holland after the 

year 2000 (89.) Several methods have been proposed in the literature to convert jarosite 

to a more disposable form of iron, including high temperature pressure leaching (90,91), 

sulphation roasting of jarosite and residual zinc ferrite to convert jarosite to hematite (92), 

pressure leaching with CaCl2 to recover residual metals from jarosite to produce a more 

disposable jarosite residue (87,93), or using Ausmelt technology to remove metals and 

convert the jarosite to more stable iron silicate slag (94).

Goethite precipitation from hot acid leach solutions has been developed by the Vielle 

Montagne Company in Belgium (95), the Electrolytic Zinc Company in Australia (96,97) 

and Akita Zinc (98). Precipitation o f goethite, instead of Fe(OH)3, requires a much lower 

Fe concentration (<1 g/L) than is normally present in the hot acid leach solution. Thus, 

to precipitate goethite, the Fe3+ concentration during precipitation must be controlled 

either by controlling the flow rate o f concentrated Fe3+ solution into neutralization 

(Reaction 1) (97) or by reducing all the iron in solution to Fe2+ with zinc concentrate and 

controlling the reoxidation to Fe3+ (Reaction 2) (99).
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Reaction 1: Fe2(S04)3 + H20  +3 ZnO —> 3 ZnS0 4  + 2FeOOH (Electrolytic Zinc)
Reaction 2: 2 FeS04  + 2 ZnO + 0.5 0 2 + H20  —» 2ZnS04  + 2FeOOH (Vielle
Montagne)

Hematite precipitation involves the oxidation of Fe2+ solutions at 200°C in autoclaves by 

the reaction below and has also been practiced by Akita Zinc (100) and Ruhr Zink (101).

2 FeS04 + 2 H20  + 0.5 0 2 —► Fe203 +2 H2S04

Where reported, indium and gallium recovery from ferrite residues is generally promoted 

by high acid additions in hot acid leaching (102-106); solvent extraction or precipitation 

of indium or gallium as hydroxides is required to recover them from the hot acid leach 

solutions (102,104).

4.2.3 C onclusions

Based on the literature, the following conclusions can be made about the treatment of 

zinc ferrite residues.

Hot acid leaching appears to be the industry standard at present because the zinc 

produced can be readily integrated into electrolytic zinc operations. However, the 

difficulties encountered with effectively and economically precipitating iron, and the 

environmental stability of the iron precipitates produced, are the major drawbacks to the 

use of this process at present.

Waelz kiln and the Ausmelt process are used, but not as widely for the treatment of zinc 

ferrite residues. Besides having high energy costs due to the higher energy consumption 

in these processes, the low purity zinc product produced, particularly with respect to Cl, F 

and Pb, makes it harder to integrate with electrolytic zinc production. However, a major 

advantage to the Waelz kiln and Ausmelt processes is that both processes are quite 

robust, in that they can process, and recover metals from, a wider range of waste 

materials than is possible with hot acid leaching. Unfortunately, the Waelz kiln process 

produces a solid residue that is difficult to treat further and a poor candidate for stable 

long term storage due to its highly reduced state. In terms of residue stability and
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disposability, the residue produced in the Ausmelt process is a significant improvement 

over both the hot acid leach and Waelz kiln processes.

Finally, the sulphation and reduction roasting that have been proposed in the literature 

have not yet been commercialized, although whether this is due to economic or technical 

constraints is not certain from the literature.

However, from this analysis, research on transformational roasting processes has been 

limited and, thus, the majority of the transformational roasting systems which are 

presented hereafter would be considered novel.
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4,3 Thermodynamic Analysis

Potential reactions for transformational roasting of zinc ferrite were considered based on 

the following criteria.

a. Focus on Zinc Recovery - Franklinite (ZnFeiC^) is the major component 

mineral in the ferrite residue and zinc is the major element of interest in the 

material, both in quantity and percentage of total metals value so, initially, the 

reactions will focus on zinc recovery, rather than the recovery of Ga, In or Ag.

b. Formation of Soluble Zinc Minerals -  Zinc would be most easily separated 

from the zinc ferrite residue if  it could be converted to a more soluble form, 

such as ZnO, ZnS04  or ZnCl2, and, thus, reactions were selected that had these 

minerals as products.

c. Formation of Metal Ferrite Compounds -  In this type of process, the 

formation of insoluble iron compounds, while forming soluble zinc compounds, 

would be ideal. In addition, keeping iron in its oxidized ferric state, instead of 

reduction to ferrous iron compounds or metallic iron, would also have some 

advantages from a residue disposal standpoint. The formation of non-zinc metal 

ferrites was, therefore, considered as a possible route to achieve both low iron 

solubilities and produce a readily disposable residue. Data on the solubility of 

non-zinc metal ferrites are limited and the limits of solubility, in most cases, 

would have to be determined experimentally.

Using these criteria and available thermodynamic data, three main types of reactions 

were identified for further study and are described in further detail overleaf. (All 

thermodynamic data, including heats and entropies of formation, for this study were 

obtained from either the FREED (107) or FACTSAGE (108) databases unless otherwise 

noted.)
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4.3.1 P oten tia l Reaction System s

4.3.1.1 Zinc Replacement Reactions

Roasting in the presence of other metal compounds could induce the formation of other 

metal ferrites that are more thermodynamically favorable than zinc ferrite and cause zinc 

to be displaced from the tetrahedral sites of the franklinite structure. This could be 

possible using metal oxides, carbonates or hydroxides. Generalized chemical reactions 

are shown in Table 5.

Table 5 Generalized Zinc Replacement Reactions

Reagent Type* Generalized Replacement Reactions
Metal Oxide (XO) Zn(Fe02)2 + XO -+ZnO + X(Fe02)2
Metal Hydroxide 
(X(OH)2)

Zn(Fe02)2 + X(OH)2 -^ZnO + X(Fe02)2 + H20

Metal Carbonate (XC03) Zn(Fe02)2 + XC03 ^Z n O  + X(Fe02)2 + C 0 2
* Where X is a divalent metal ion, or a pair of monovalent metal ions, such as Ca , Mg +, 
Mn2+, Na22+, etc.

Free energy (AG°) is plotted versus temperature for several reagents in Figure 12. From 

this analysis, most of the reactions listed, except the reactions with MgO and MnO, 

should be thermodynamically feasible at roasting temperatures of 600 to 1200°C, 

although minimum temperatures of 820°C and 960°C would be required for roasting with 

Na2CC>3 and Mn0 2 , respectively. From this analysis, a number of reagents, including 

CaO, Ca(OH)2, CaC03, MnO, M n02, MnC03, Mg(OH)2, Na2C 03, NaOH, were 

identified for potential scoping tests.
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—  2 NaOH + ZnFe20 4 -  ZnO + 2 NaFeO, + H20
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  MnO + ZnFe20 4 ^  ZnO + MnFe20 4
  Mn02 + ZnFe20 4 ^  ZnO + MnFe20 4 + V2 0 2
  MnC03 + ZnFe20 4 ^  ZnO + MnFe20 4 + C02

Figure 12 Potential Zinc Replacement Reactions (AG° vs. Temperature)

1500

4.3.1.2 Reduction of ZnFe2C>4 and Formation of Non-Zinc Ferrites

Reduction of ZnFe204 using a carbonaceous reagent in the presence of a ferrite forming 

metal compound is another possible transformational roasting reaction. (This represents a 

modification of the Waelz kiln process as it aims to form non-zinc ferrites instead of iron 

oxides or metallic iron.) Generalized chemical reactions for these reagents are shown in 

Table 6 .
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Table 6  Generalized Zinc Reduction/Ferrite Formation Reactions

Metallic Reagent Type* Generalized Zinc Reduction/Ferrite Formation 
Reactions

Metal Oxide (XO) Zn(Fe02)2 + C + XO —»■ Znfg) + X(Fe02)2 + CO
Metal Hydroxide 
(X(OH)2)

Zn(Fe02)2 + C + X(OH)2 -> Zn<g) + X(Fe02)2 + H20  + 
CO

Metal Carbonate (XCO3) Zn(Fe02)2 + C + XCO3 -> Zivg) + X(Fe02)2 +C02 + CO

Mn2+, Na22+, etc.

Figure 13 shows free energy (AG°) versus temperature for several reagents. (Two Waelz 

kiln reactions, including the reduction of ZnFe204 with carbon to form either hematite 

(Fe203) or solid iron, are provided for comparison.)
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Zn + CO + Fe20 3 

^  Zn + 4 CO + 2 Fe 
CaO + ZnFe20 4 + C ^  Zn + CO + CaFe20 4 
Ca(OH)2 + ZnFe20 4 + C ^  Zn + CO + CaFe20 4 + H20 
CaC03 + ZnFe20 4 + C ^  Zn + CaFe20 4 + CO + C02 
MnO + ZnFe20 4 + C ^  Zn + CO + MnFe20 4 
MnC03 + ZnFe20 4 + C ^  Zn + MnFe20 4 + CO + C02 
MgO + ZnFe20 4 + C ^  Zn + CO + MgFe20 4 
Mg(OH)2 + ZnFe20 4 + C ^  Zn + CO + MgFe20 4 + H20 
Na2C03 + ZnFe20 4 + C ^  Zn + 2 Na(Fe02) + CO + C02

Figure 13 Potential Zinc Reduction/Ferrite Formation Reactions (AG° vs. 
Temperature)
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4.3.1.3 Reaction with Metal Sulphates

Alternatively, reaction with a metal sulphate to produce soluble ZnSC>4 is another 

possibility, following the general reaction: Zn(FeC>2)2 + XSO4 —>ZnS04  + X(FeC>2)2. 

Figure 14 plots free energy (AG°) versus temperature for these reactions.
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CaS04 + ZnFe20 4 ^  ZnS04 + CaFe20 4 
CaS04-2H20  + ZnFe20 4 ^  ZnS04 + CaFe20 4 + 2 H20 
MgS04 + ZnFe20 4 ^  ZnS04 + MgFe20 4 
MgS04-7H20  + ZnFe20 4 ^  ZnS04 + MgFe20 4 + 7 H20 
Na2S04 + ZnFe20 4 ^  ZnS04 + 2 NaFe02

Figure 14 Potential Sulphation Reactions (AG° vs. Temperature)

Based on this preliminary analysis, anhydrite (CaS0 4 ), gypsum (CaS0 4 -2H2 0 ) and 

epsom salt (MgS(V7H2 0 ) could be potential reagents. However, on further analysis, the 

apparent “increase” in spontaneity for the hydrated sulphate salts is from the removal of 

water from the minerals on heating; thermodynamically, both would be expected to 

spontaneously dehydrate at temperatures above 120°C. Anhydrite (CaS04 ) would not be 

expected to decompose to form its oxide until over 1500°C, based on the thermodynamics 

and, thus, could be considered as a reagent for the scoping tests.
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4.3.1.4 Reaction with Metal Chlorides

Reaction of the zinc ferrite with metal chlorides to produce soluble ZnO or ZnCl2 is 

another possible reaction route. Generalized reactions for these reagents are shown in 

Table 7. Figure 15 plots free energy (AG°) versus temperature for these reactions.

Table 7 Generalized Chloridization Reactions

Reagent Generalized Replacement Reactions
Metal Chloride (XCI2) Zn(Fe02)2 + XC12 -♦ ZnCl2(e) + X(Fe02)2
Metal Chloride + Water 
Vapor (XC12 + H20)

Zn(Fe02)2 + XC12 + H20-+  ZnO + X(Fe02)2 + 2 HCI

*Where X is a divalent metal ion, or a pair of univalent metal ions, such as Ca +, Mg +, or 
Na22+, etc.

400
0
.?  200

0 m

3  -200

*  -600
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2 NaCl + ZnFe20 4 ^  ZnCI2 + 2 NaFe02

  CaCI2 + ZnFe20 4 ^  ZnCI2 + CaFe20 4

—  2 NaCl + ZnFe20 4 + H20  -  ZnO + 2 NaFe02+ 2 HCI

mmmm CaCI2 + ZnFe20 4 + H20  ^  ZnO + CaFe20 4+ 2 HCI

Figure 15 Potential Chloridization Reactions (AG° vs. Temperature)

As illustrated, reaction with NaCl is not spontaneous until very high temperatures, but 

CaCb is a reagent that could be considered in the scoping tests.

46

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.4 Scoping Tests

4.4.1 R oastin g  an d  L each ing Procedure

The roasting procedure used was similar to the one used for vanadium recovery by salt 

roasting. Dried ferrite residue was mixed with the particular reagent, placed in an 

alumina crucible and heated to the desired temperature for 5 h. (Alumina crucibles did 

not show significant wear, even after roasting dozens of samples, though some crucibles 

cracked due to the thermal shock of repeated heating and cooling cycles.) Reagent 

additions of 50, 100, 150 and/or 200% of stoichiometric, based on the reaction of each 

reagent with zinc ferrite, were used as a starting point for reagent additions. A roasting 

time of 5 h was initially selected to screen out reagents at a long, but reasonable, 

commercial roasting time. (This allowed reactions with poor kinetics to be dropped from 

testing early in the study.)

After 5 h, the roasted sample was removed from the furnace, air cooled, ground and a 

subsample taken for XRD and/or SEM analysis. The remainder of the sample was then 

leached in H2SO4 for 1.5 h at room temperature. (Initially, solution containing 100 g/L 

H2SO4 was used, but the acid content was increased to 200 g/L early in the scoping tests 

to ensure that excess acid remained in solution after leaching.) Sulphuric acid was 

chosen as the lixiviant because of its low cost and because it was the logical first choice 

to allow for potential integration of the products and process with zinc electrolytic plants, 

which operate almost exclusively based on using sulphate chemistry. Higher leaching 

temperatures were not tested as, since the hot acid leach process is known to decompose 

ZnFe2(>4 at higher leaching temperatures, leaching at higher temperatures would give an 

erroneous picture of the effectiveness of roasting to produce acid soluble zinc.

After leaching, the slurry was then filtered and washed with the solids, dried and the 

filtrate and wash samples collected for analysis. Solutions were analyzed initially for Al, 

Cu, Ga, In, Pb, Fe, Si and Zn and solids were analyzed for Zn and Fe using atomic 

absorption spectroscopy (AA). (A single-element Perkin-Elmer 4000 instrument was 

used for all the analyses.) Scanning electron microscope analysis was performed on 

selected samples using a Hitachi Model S-2700 Microscope equipped with a GW
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Electronics Annular Four-Quadrant Backscattered Electron Detector and a Princeton 

Gamma Tech (PGT) Prism Intrinsic Germanium (IG) x-ray detector and operating at an 

accelerating voltage of 20 kV. The digital images were taken using a Princeton Gamma 

Tech IMIX system.

4.4.2 Scoping Test R esu lts  

4.4.2.1 Zinc Replacement Reactions

Figure 16 shows the results of the initial tests involving adding a single additive to try to 

liberate ZnO and form Ca, Mg or Mn ferrites. The zinc extraction for leaching the 

unroasted zinc ferrite residue under the same leaching conditions is provided as a 

baseline for comparison. Extractions were higher than leaching the as-received zinc 

ferrite in water or sulphuric acid solution (-10%), but were, for the most part, still quite 

poor and showed little improvement with changes in temperature or reagent addition.
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Figure 16 Zinc Extractions for Ca, Mg and Mn Replacement Reactions

Rate tests were conducted with several reagents to determine whether roasting time was 

the cause of these low extractions. However, increasing or decreasing the roasting time 

did not significantly affect the zinc extractions for any of the reagents tested (Table 8).
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Table 8  Effect of Roasting Time on Zinc Extractions for Various Reagents

Roasting
Time

Additive
31% CaC03 35% MnC03 18% Mg(OH)2

2 h 30.0 17.4 34.6
4 h 28.6 17.7 34.3
7 h 26.5 17.1 32.7

24 h 25.7 19.6 32.8

For all three reagents, x-ray diffraction analysis showed that ffanklinite (ZnFe2(>4) 

remained the dominant phase after roasting (Table 9), with some reaction observed 

between CaCC>3 and Mg(OH)2 and silicon to form crystalline Ca- or Mg- silicates. The 

samples roasted with MnCC>3 turned black, which is a color change consistent with the 

formation of Mn-ferrites or ferrite solid solutions of zinc and manganese. Based on these 

results, it was concluded that the addition of Ca-, Mg- or Mn-reagents was ineffective in 

liberating zinc from the franklinite in the ferrite residue under the conditions tested and 

testing with these reagents alone was not pursued further.

Table 9 Phases Identified in 7 h Roasted Samples with X-ray Diffraction
Reagent Identified Phases (in order of intensity)
CaC03 ZnFe2C>4 (major), Hardystonite (Ca2ZnSi207) , Lamite (Ca2SiC>4)
MnC03 ZnFe2C>4 (major)
Mg(OH)2 ZnFe2C>4 (major), Forsterite (Mg2SiC>4)

Further search of the literature found one study that had done preliminary tests involving 

the roasting of zinc ferrite with Ca(OH)2 and MgO (109). Even at very long roasting 

times of 100 h at 950°C, Ca(OH)2 additions of over 200% of stoichiometric and MgO 

additions of between 120% and 1500% of stoichiometric produced extractions of only 

25.7% (CaO) and 38.6% (MgO) of the zinc in the ferrite when leached with 4% acetic 

acid (109). The magnitude of these extractions is similar to those reported in Table 8 for 

CaCOs and Mg(OH)2 additions of 100% of stoichiometric and, if  these results from this 

other study are accurate, further improvements in extraction would not be expected with a 

significant increase in roasting time or in reagent additions. (X-ray diffraction analysis 

was not used to determine the phases present after roasting in this other study because of 

the technological limitations at the time of its writing (i.e., 1927).) This study, though,
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did report zinc extractions of up to 87% from the zinc ferrite by roasting with CaO 

additions of almost 430% of stoichiometric, but does not provide a plausible explanation 

for this improvement in zinc extraction. However, it is unlikely that a process would be 

economic with such high additions, even if the improvements in zinc extraction that are 

reported are accurate.

Roasting with sodium compounds to form sodium ferrites, however, gave much more 

promising results (Figure 17). Roasting with Na2CC>3 and NaOH gave zinc extractions as 

high as 98% in the initial tests. Extractions of up to 60% were possible, even at 700°C, 

with extractions approaching 99% as the reagent addition and temperature were 

increased.
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« — Na2C 03 900°C 
O — NaOH 900°C 
" — No Reagents
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Figure 17 Zinc Extractions for Na Replacement Reactions

However, particularly at higher temperatures, such as 850 or 950°C, the high zinc 

extractions are also accompanied by extensive dissolution of iron (Figure 18), with up to 

85% and up to 99% of the iron leached at 950°C and 850°C, respectively. XRD analysis 

of the sample roasted at 900°C with a Na2C03 addition of 75% (230% of stoichiometric) 

showed that zinc occurred as ZnO and Na2ZnSi04  in the roasted ferrite, with the iron
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present as either a- or P- NaFeC>2 and the silicon present as lamite (Ca2SiC>4). (A phase 

change between a-NaFe02  (i.e., rhombohedral crystal structure with space group R^m)

and P-NaFeC>2 (i.e., tetragonal crystal structure with space group Pna2i) occurs at 760°C, 

but, because the phase change transformation is reconstructive and, thus, requires a 

rearrangement of the oxygen coordination in the structure, there is a potential for slow 

kinetics, which is consistent with the incomplete transformation observed over the 

roasting times used in these tests (110). After leaching, the residue is poorly crystalline, 

with only small peaks for anglesite (PbSCU) and lamite (Ca2Si04 ) visible. Thus, these x- 

ray diffraction results would indicate that the sodium ferrite formed in roasting is readily 

soluble in cold sulphuric acid solutions and, if this system were to be used, steps would 

have to be taken, either to precipitate the dissolved iron from solution after leaching or to 

produce less soluble iron compounds during roasting.

100
e - N a 2C 03 700°C 

f i t -  Na2C 03 800°C 

• -  Na2C 03 900°C 

e -N a O H
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0 20050 100 150 250

Reagent Addition, % of Stoichiometric
Figure 18 Iron Extractions for Na Replacement Reactions

From those observations, additional roasting tests were performed using a eutectic 

mixture of Na2C0 3 and CaC03 to determine whether the combination of reagents could 

maintain high zinc extractions, but lower the overall dissolution of iron (Figure 19). Iron 

extractions were significantly lowered with only minor reductions in zinc extraction.
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Mineralogically, the roasted ferrite contained ZnO, a- and f5-NaFe02, srebrodolskite 

(Ca2Fe20s), Na2ZnSi0 4  and lamite (Ca2Si04 ). After leaching, srebrodolskite remained in 

the residue, along with anglesite (PbS04 ) and gypsum. Thus, based on these promising 

results, the addition of secondary additives to control iron dissolution will be studied 

further in the DOE tests.
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Figure 19 Effect of Roasting with 60% Na2C(>3-40% CaCC>3 Mixture on A) Zinc 
and B) Iron Extractions

4.4.2.2 Reactions for Reduction of ZnFe2(>4 and Formation of Non-Zinc Ferrites

Several samples were roasted with 8% activated charcoal and ferrite-forming reagents 

(Figure 20). Zinc oxide is produced during these tests and it appears in the roasted 

samples in the form of white acicular crystals on the surface and edges of the charge and 

its presence was confirmed using XRD and SEM analysis. In these tests, zinc extractions, 

which are based on solids analyses and weights, represent the total recoverable zinc (i.e., 

as fume and as acid-leachable zinc) after roasting.

Most of the reagents tested depressed the amount o f zinc extracted, when compared with 

roasting with activated charcoal with no other reagents, while the addition of activated 

charcoal only gave marginal improvements in zinc extraction when compared with

52

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



roasting with these reagents alone. However, roasting with activated charcoal and either 

CaC03  and MgO or additions of 150% of stoichiometric for CaO at 1000°C did result in 

an increase in zinc extraction under these conditions. Thus, these reagents were selected 

for further study in the subsequent DOE tests.

100
No Reagents 1000°C — Ca C03 900°C

■A— CaC03 1000°CS — MnO 900°C
MnO 1000°C 
Mn02 900°C

CaO 1000°C 
MgO 1000°C

x
H
S3
N

Additives plus 8% Activated Charcoal

25 50 125 150 17575 100
Reagent Addition, % of Stoichiometric

Figure 20 Zinc Extractions for Roasting with Charcoal and Ferrite-Forming 
Reagents

With the addition of carbon as a reagent, several carbon types, including activated 

charcoal, carbon black or bituminous coal, were also compared in the scoping tests to 

select carbon source(s) for further testing (Figure 21). In these tests, carbon black gave 

higher extractions than coal or activated charcoal and, thus, carbon black was selected 

initially as the reagent to be used in the subsequent DOE tests.
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Charcoal 
Carbon Black
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Carbon Addition, wt% B

Charcoal 
Carbon Black 

-A -  Coal

0 4 8 12 16
Carbon Addition, wt%

Figure 21 Zn Extractions for Roasting with Various Types of Carbon at 1000°C 
with A) CaO (150% of Stoichiometric) and B) MgO (150% of 
Stoichiometric)

4.4.2.3 Reactions with Metal Chlorides

Two chloride reagents, CaCl2 and NaCl, were tested in the scoping tests (Figure 22). 

(Reaction with NaCl should not be spontaneous at 900°C, but was tested for comparative 

purposes.) In both cases, virtually no zinc was leached from the roasted ferrite, but solids 

analyses indicated that an additional 22 to 52% of the zinc in the ferrite had been lost, 

presumably as ZnCl2 fume. However, since this zinc extraction is primarily due to a 

chlorination reaction, and since ZnCb is a product that is not easily integrated into 

conventional, sulphate-based zinc processes, further investigation into the use of these 

reagents was not pursued.

54

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0s

100
90
80

- 70 
60

2 50 
t? 40
a 30
N 20

10
0

- -B -N a C I 900°C Leached

-  -B -N a C I 900°CTotal 

-& -C a C I2 900°C Leached 

-± -C a C I2 900°C Total

— ------ "

A — ’----- -
■  ---------- --— -m

--------------6 --------------1— ~ 6  :—  i?--------------

25 17550 75 100 125 150
Reagent Addition, % of Stoichiometric

Figure 22 Zinc Extractions from Roasting with NaCl and CaCl2 

4A .2.4  Reactions with Metal Sulphates

Two sulphate reagents, CaSC>4 and MgS0 4 , were tested in the scoping tests (Figure 23). 

(Reaction with MgS04 should not be expected to be spontaneous, based on the 

thermodynamic analysis, but was tested for comparison.)

ft''

100
90
80
70

.2 60

-♦— MgS04 800°C, Water Leach 
-0— MgS04 800°C, Acid Leach 
-lit— CaS04 800°C, Water Leach 
-A— CaS04 800°C, Acid Leach 
“ — No Reagents

25 50 75 100 125 150
Reagent Addition, % of Stoichiometric 

Figure 23 Zinc Extractions from Roasting with M gS04 and CaS04
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The roasted ferrite was first leached with water to determine whether leachable ZnSC>4 

had been formed during roasting and then leached under standard conditions with 

200 g/L H2SO4. Zinc extractions were less than 4% in the water leach, but improved 

slightly after leaching with H2SO4 to between 27 and 31% for MgS04  and between 3 and 

26% for CaS0 4 . Without particularly encouraging results in these preliminary tests, no 

further tests were conducted using metal sulphates.

4.5 Design of Experiments (DOE) Tests

Two systems of reagents were identified from the scoping tests for further study in the 

DOE phase of testing: roasting the ferrite with Na2C03  and roasting with carbonaceous 

additives and ferrite forming reagents.

4.5.1 M ultivariate E xperim enta l D esign

Most methods of multivariate experimental design are based on a factorial design, where 

factors are varied together, rather than individually, and the results are interpreted using 

statistical methods, such as analysis o f variance (ANOVA) or residual analysis. Factorial 

design is able to handle and quantify factor-factor interactions while greatly reducing the 

number o f tests required if  each factor-factor interaction was tested iteratively. (Factorial 

designs are typically described as 2k, 3k, 4k, etc. with the number referring to the number 

of levels of each variable tested and the k  referring to the number of variables tested.)

After examining a number of different DOE techniques, a method called central 

composite design (CCD) was selected for these experiments for two main reasons. First, 

standard 2k factorial designs require an assumption of linearity, or that interaction 

between variables is minimal; nonlinearity is automatically taken into account with 

higher order (i.e., 3k or 4k) designs, but the number of tests required is significantly 

increased. However, in the central composite design, by adding center points and axial 

points to the design (Figure 24), the standard 2k design is enlarged to allow interaction 

effects, or nonlinearity, to be quantified. In addition, the addition of center and axial 

points, rather than using a higher order design, also makes CCD a much more efficient 

design than a 3k design, especially for higher values of k (Table 10). In short, CCD is
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able to maximize the information obtained while minimizing the number of tests required 

in the lab.

4-   ♦ --------★

Figure 24 Generation of a Circumscribed Central Composite Design for Two 
Factors (111)

Table 10 Number of Trials for Various Factorial Designs and Number of 
Variables

Design k=2 k=3 k=4 k=5 k=6
2k 4 8 16 32 64
2k CCD* 10 16 26 44 78
3k 9 27 81 243 729

* Using 2 center points

In addition to reducing the number of experiments and quantifying non-linearity, if  the 

initial central composite design is selected properly, the results can then be used in the 

construction of a response surface model (RSM). This response surface can be used to 

construct contour plots, which represent essentially a “topographical map” of the variable 

response and are a powerful tool for response optimization. Response surface modeling 

is particularly useful when trying to maximize or minimize a response or to map the 

variable response over a set range o f variable space and, hence, is well suited to the 

objectives o f this portion of the roasting research. In addition, another advantage of using 

a CCD design to produce surface response model designs is that models can be generated 

for more than one observed variable using the same initial experimental design.

To enable the construction of response surface models, the CCD designs used in this 

research were designed to be rotatable or, in other words, to have a uniformity of
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prediction error from the centre of the design. In other words, a rotatable design is set up 

such that the variance of a given point is only dependent on its distance from the design 

centre (111). The position of the axial points to give rotatability is defined as a; a design 

is rotatable if a=(2k)1/4 (111). In a rotatable 22 design, this corresponds to a situation 

where all the factorial and axial design points are at a radius 21/2 from the center of the 

design; in a rotatable 23 CCD design, the factorial and axial points are arranged on two 

concentric spheres of radius 1.73 and 1.68, respectively. A software package called DOE 

XL Pro (112) was purchased to help set up and interpret the results from these tests.

A rotatable central composite design is well suited to the type of roasting tests proposed 

in the DOE tests portion of the generalized procedure. An elaborate multi-factor factorial 

design is not required as there are a limited number of variables to investigate (i.e., 

reagent type(s), amount and temperature) and each variable is known to have an effect on 

zinc (or other metal) extractions from the results of the scoping tests. In addition, 

conducting scoping tests before the DOE tests helped to reduce the number o f ineffective 

reagents to be tested in the more elaborate DOE tests and allowed for appropriate ranges 

of each variable to be determined to provide a basis for the construction of the CCD 

designs.

The experimental designs used in this research are shown in a generalized form for 22 

CCD and 23 CCD designs in Tables 11 and 12, respectively. (For example, “-1” refers to 

a decrease of one unit of variance for each variable from the center of the design.) 

Samples are designated as matrix (M), centre (C), or star (S) points, respectively, 

depending on their location relative to the centre o f the design.

While duplicate tests were not performed for most individual scoping test and DOE test 

conditions, when samples were repeated, extractions were generally repeatable to within 

2 to 3% throughout the testwork for all three materials tested in this research. In the DOE 

tests, the center points for each DOE test were repeated and the error associated with 

these repeated tests was incorporated into the response surface model, and is expressed, 

in combination with the model error in terms of R2 for each material and set o f variables 

tested.

58

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 11 Generalized Experimental Design for a Rotatable 22 CCD Design
Sample Variable A Variable B

Ml -1 -1
M2 +1 -1
M3 -1 +1
M4 +1 +1
Cl 0 0
C2 0 0
SI 0 -1.414
S2 0 +1.414
S3 -1.414 0
S4 +1.414 0

Table 12 Generalized Experimental Design for a Rotatable 23 CCD Design
Sample Variable A Variable B Variable C

Ml -1 -1 -1
M2 -1 -1 +1
M3 -1 +1 -1
M4 -1 +1 +1
M5 +1 -1 -1
M6 +1 -1 +1
M7 +1 +1 -1
M8 +1 +1 +1
Cl 0 0 0
C2 0 0 0
SI -1.682 0 0
S2 +1.682 0 0
S3 0 -1.682 0
S4 0 +1.682 0
S5 0 0 -1.682
S6 0 0 +1.682
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4.5.2 R esu lts fro m  D esign o f  E xperim en t S tudies a n d  M in eralogica l A n alysis

For the La Oroya zinc ferrite, two series of DOE tests were performed: one set 

investigating the roasting of zinc ferrite with Na2C0 3 , with or without the addition of 

secondary additives to try to inhibit iron dissolution, (Section 4.5.2.1) and the second 

studying the roasting of zinc ferrite with carbonaceous reagents, with or without the 

addition of secondary additives to encourage metal ferrite formation (Section 4.5.2.2). 

The experimental conditions used in these two sets of tests are summarized in Tables 13 

and 14, respectively, along with the R2 values of the response surface models fitted to the 

metal extractions calculated from the experimental data.

Table 13 Experimental Conditions Used in Experimental Designs for Roasting 
Zinc Ferrite with Na2C0 3  and Resulting Model Variance

Range o f Variables Tested Na2C 03 Na2C 03- Na2C 03- Na2C 0 3-
CaC03 Mg(OH)2 MnC03

Temperature, °C 750-950 750-950 750-950 750-950
Na2C03  Addition, % 40-80 40-80 40-80 40-80
Secondary Addition*, %

CaC03 - 7.8-29.5a - -

Mg(OH)2 - - 4.5-17.1B -

MnC03 - - - 8.8-33.3c

Model R2
Zn Extraction 0.969 0.990 0.976 0.969
Fe Extraction 0.959 0.958 0.990 0.970

* Secondary additions represent 25 to 95% of stoichiometric additions assuming 
formation (A) CaFe2C>4, (B) MgFe20 4  or (C) MnFe204
Note: All percentages for DOE testing are in weight percent unless otherwise noted.

In some of the extraction plots produced from the response surface models for each set of 

DOE experiments, a light grey (or yellow for those plots printed in color) region occurs 

as a contour above the maximum range of extractions. (The plot of zinc extraction in 

Figure 25A is one example of this, where this region occurs at 950°C and 80% Na2C0 3 .) 

This region occurs as an artifact o f the response surface models. These models determine 

a surface that will accurately explain the rate of change and range of extractions over a 

given reaction space, based on experimental results, but are not constrained to values of
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between 0 and 100% in the process. Since extractions cannot physically exceed 100%, 

for the purpose of analysis and interpretation, these regions can be considered as regions 

where extractions approach 100% whenever they occur in figures in subsequent sections.

Table 14 Experimental Conditions Used in Experimental Designs for Roasting 
Zinc Ferrite with Carbonaceous Reagents and Resulting Model 
Variance

Range of Variables 
Tested

Carbon
Black

Coal Coal-
CaCOs

Coal-
CaO

Coal-
M nC03

Temperature, °C 900-1100 900-1100 900-1100 900-1100 900-1100
Carbon Addition, %

Carbon Black 12-20 - - - -

Coal - 12-20 12-20 12-20 12-20
Secondary Addition*, %

CaC03 -
- 31-62a - -

CaO - -
- 17-34a -

MnC03 - - -
- 35-70®

Model R2
Zn Extraction (Total) 0.970 0.954 0.951 0.939 0.934
Zn Fumed 0.839 0.952 0.814 0.886 0.608
Fe Extraction 0.865 0.742 0.924 0.833 0.707

* Secondary additions represent 100 to 200% of stoichiometric additions assuming 
formation (A) CaFe20 4 or (B) MnFe2Q4
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4.5.2.1 Roasting with Na2CC>3

Figure 25 shows the results from a 22 CCD design showing the relationship of Na2C03  

addition and temperature to the zinc and iron extractions. The trends observed are very 

similar to those from the scoping tests, with maximum zinc extractions of over 90%, and 

corresponding iron extractions of 70 to 90%.

Zn Extraction Fe Extraction

l:

I^ c n v o o o oOs*—
t - ' - 0 0  00 00 0 © C \ 0 \ O N

O C S ^ t ^ a s ^ C O V O O O O

t > r ^ r ^ o o o o o o o o < ^ O N O v

■  90-100
■  80-90 
H 70-80
■  60-70
■  50-60
■  40-50 
030-40 
020-30
■ 10-20 
■ 0-10

Temperature, °C Temperature, °C
Figure 25 Effect of Temperature and NajCOs Addition on A) Zinc Extraction and 

B) Iron Extraction from Roasted La Oroya Zinc Ferrite

Samples at various conditions described by this model, as shown by the points A, B, C, D 

and E in Figure 25, were analyzed using x-ray diffraction to determine the phase 

transformations that occurred during roasting at various conditions (Table 15). The 

diffraction patterns and major phases observed are shown in Figure 26.

Table 15 Phases Identified by X-ray Diffraction Analysis of Zinc Ferrite Roasted 
with Na2C0 3

Sample Identified Phases (in order of intensity)
A ZnFe204, Na2C0 3 , PbsOs, Ca2SiC>4 (Lamite), ZnSO4-3Zn(OH)2-0.5 H2O
B ZnFe2C>4, Na2CC>3, PbS04, ZnO
C ZnFe2C>4, a-NaFe02, p-NaFeCh, Na2ZnSiC>4, ZnO, PbO (Massicot)
D ZnFe204, P-NaFe02, Na2ZnSi0 4 , PbO (Lithargite), a-NaFe02
E P-NaFe02, ZnO, Na2ZnSi0 4 , Na2Pb0 3 , a-NaFe02
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Figure 26 X-ray Diffraction Patterns of Zinc Ferrite Roasted with Na2C€>3

The x-ray diffraction results show that little reaction occurs at 750°C, as there is 

significant unreacted Na2CC>3 in the roasted samples, there is little change in the phases 

observed from the feed sample and there are only low levels of acid-soluble zinc in these 

samples. However, above 850°C, ZnFe204 reacts to form NaFeC>2, with a-NaFe02

63

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



preferred at 850°C and P-NaFe02 preferred at 950°C. (Based on the thermodynamic 

analysis in Section 4.3.1.1, this reaction should become spontaneous above 823°C.) With 

the release of zinc from the ferrite structure, Na2ZnSi04  and ZnO are also formed, with 

an indication of an increased preference to form ZnO at higher Na2C03  additions. 

Decomposition of ZnFe204 is incomplete at lower temperatures or lower Na2C03  

additions, but the franklinite peaks disappear at 950°C and 80% Na2C03  (Sample E). 

These conditions are near the centre of the region where zinc extractions are over 90% in 

Figure 25, indicating that complete, or near complete, decomposition of ZnFe204 to 

NaFe02 is required to achieve high zinc extractions.

100 micrometers

100 micrometers

BSE

Differences between the major 

phases are also visible with the 

scanning electron microscope using 

backscattered electron imaging. 

Four phases can be clearly identified 

in Sample E (950°C, 80% Na2C 03) 

in Figure 27. EDX analysis 

indicates that the bright phase (A) is 

high in Zn (i.e., ZnO), the light grey 

phase (B) is high in Na and Fe (i.e., 

NaFe02), the dark grey phase (C) 

contains Ca, Mn, Na, Si and Zn (i.e., 

a mixture o f Ca, Mn and Na-Zn 

silicates) and the black phase (D) 

contains Na and S (i.e., residual 

Na2C03 /Na2S04 ). Texturally, these 

particles show features consistent 

with the melting or partial melting 

of Na2C03  or Na2S0 4 , which would 

be expected at the roasting 

temperatures used for this sample.

Figure 27
Secondary Electron (SE) and Backscattered 

Electron (BSE) Images of Zinc Ferrite Roasted 
at 950°C with 80% Na2CQ3 (Sample E)
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After leaching, anglesite (PbSCU) and unreacted ZnFeaCU are the only crystalline phases 

observed in the leach residues (Figure 28). (The leach residue for sample E, where 

extractions of 99% Zn and 81% Fe were observed, along with an 87% weight loss during 

leaching, is poorly crystalline with broad low intensity peaks, but minor ZnFe204 and 

PbSC>4 peaks were identified in this sample as well.)

 na__ lâ _̂ _̂ Aaa   h— L... A.

—̂.-71 --- 1 JL_JL
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D
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Figure 28 X-ray Diffraction Patterns of Zinc Ferrite Residue after Roasting with 
N a2CC>3 and Leaching with 200 g/L H 2SO4

Overall, the analysis of the leach residue confirms the findings o f the scoping tests. High 

iron extractions occur at the conditions required for high zinc extractions which, in turn, 

correspond to the reaction of ZnFe204 with Na2C03  to form NaFe0 2 . However, based on 

these results, these high iron extractions occur because both a- and |3-NaFe0 2  are highly
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soluble in cold sulphuric acid solutions. These high iron extractions (80 to 90%) would, 

of course, be undesirable commercially as the dissolved iron would need to be 

precipitated as jarosite, goethite or hematite for disposal before any zinc recovery from 

the leach solution could take place. Without better control of iron dissolution, Na2C03 

roasting would have few advantages over the hot acid leaching process described in 

Section 4.2.2A, which also results in near quantitative zinc and iron extractions, but is 

much less energy intensive.

4.5.2.1.1 Potential Secondary Additions to Control Iron Dissolution

Although Na2COs has been shown to be effective in solubilizing zinc from the La Oroya 

zinc ferrite, this zinc dissolution is accompanied by near quantitative iron dissolution. 

Further DOE tests were, therefore, conducted to evaluate the possibility of controlling 

iron extraction during leaching by forming acid-insoluble metal ferrites during roasting 

while maintaining high zinc extractions.

Three reagents, CaC03 , MnC03  and Mg(OH)2, were selected for DOE testing. With the 

limited reaction of these reagents with ZnFe204 directly, based on the results from 

Section 4.4.2.1, thermodynamically it was assumed that these reagents would react with 

NaFe02  to form either Ca-, Mn- or Mg-ferrites, likely by the reactions shown in 

Figure 29. From this analysis, the formation of Ca- and Mn-ferrites should be favored at 

the roasting temperatures used for these tests. The formation of MgFe204, on the other 

hand, is not favored thermodynamically until 1190°C, but was tested for comparative 

purposes.

If reaction does not take place during heating, thermodynamically, CaCCb, Mg(OH)2 and 

MnC03  would be expected to decompose to their respective oxides at 845, 260, and 

360°C, respectively. Reactions showing the reaction of these oxides with NaFeC>2 to form 

Na20  and metal ferrites are also shown in Figure 29. In all cases, the reaction with the 

oxides is more favorable thermodynamically at the roasting temperatures tested.
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Figure 29 Potential Reactions of Secondary Reagents with NaFe02 (AG° vs. 
Temperature)

4.5.2.1.1.1 Roasting with CaCC>3 as a Secondary Additive

The addition of CaC03  to the Na2C03  roast produced a shift in the region of maximum 

zinc extractions to higher temperatures and Na2C03  additions, compared with roasting 

with Na2C03  alone, such that only the edge of this region is visible in the plots o f the 

conditions tested (Figure 30). In addition, with increasing CaCCb additions, the 

“steepness” (i.e.,. the rate o f change) of the zinc extraction, particularly with respect to 

temperature, showed a marked increase as the CaCC>3 addition increased.

Over the range of CaC03  additions tested, zinc extractions increased sharply with 

increasing Na2C03  additions, but showed only a mild relationship to increases in CaC03  

addition (Figure 31). However, at higher Na2C03  additions, the iron extraction decreases 

significantly with increasing CaC03  additions. Thus, this indicates that, by adding up to 

29.5% CaC03> iron extractions can be decreased from 80 to 90% down to 60 to 70% 

while maintaining zinc extractions in the range of 90 to 100%.
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Figure 30 Effect of Na2C 0 3 and Temperature on Zn Extractions from La Oroya 

Zinc Ferrite Roasted with Various Amounts of CaC03

Samples at various conditions described by this model were analyzed using x-ray 

diffraction (Points A, B, C and D on Figure 31C). The identified phases are listed in 

Table 16 while the diffraction patterns and major phases are shown in Figure 32.

Table 16 Phases Identified by X-ray Diffraction Analysis of Zinc Ferrite Roasted 
with Na2C 0 3 and CaC03 at 950°C

Sample Identified Phases (in order o f intensity)
A ZnFe2C>4, P-NaFe02, Na2ZnSiC>4, ZnO, a-NaFe02, PbO (Massicot)
B ZnFe20 4 , ZnO, p-NaFe02, Ca2Fe2Os, PbO (Lithargite), Ca2Si04  (Lamite)
C ZnO, p-NaFe02, Na2ZnSi0 4 , Ca2Fe20 5 , a-NaFe02, ZnFe20 4 , Ca2Si04  

(Lamite), Na2Pb03
D ZnO, P-NaFe02, Ca2Fe2Os, a-NaFe02, ZnFe20 4 , Na2Pb03
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Figure 31 Effect of Na2C0 3  and CaCC>3 Additions on Zinc and Iron Extractions 

from La Oroya Zinc Ferrite Roasted at A) 750°C, B) 850°C and C) 
950°C
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Figure 32 X-ray Diffraction Patterns of Zinc Ferrite Roasted with Na2CC>3 and 
CaC03

The phases formed, for the most part, are similar to those observed from roasting with 

Na2CC>3 alone. At 950°C, ZnFe2C>4 is decomposed to form a- and p-NaFeC^, ZnO and 

Na2ZnSi04  as major phases, with the decomposition going toward completion as the 

Na2C03  addition is increased. The shift o f the maximum zinc extraction observed in
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Figure 30 to higher temperatures and Na2CC>3 additions is reflected in the XRD analysis, 

as residual ZnFe2 0 4  is still present in minor quantities after roasting with Na2CC>3 and 

CaCC>3 at 950°C and 80% Na2C(>3, conditions where the complete decomposition of 

ZnFe2C>4 would be observed when roasting with Na2CC>3 alone. At 950°C, the formation 

of P-NaFeC>2 is preferred as it was when roasting at 950°C without CaCC>3 additions.

The major difference in the phases formed is the definite formation of a calcium ferrite, 

srebrodolskite (Ca2Fe2 0 s), during roasting, with the intensity of the srebrodolskite peaks 

increasing with increasing Na2C0 3  and CaCC>3 additions. However, this analysis also 

shows that NaFe02 is still the predominant iron-bearing phase in the roasted ferrite, 

indicating that the formation of Ca2Fe20s from NaFeC>2 is far from complete, even with 

CaCC>3 additions of up to 47.5% of stoichiometric for the formation of Ca2Fe20s. The 

gradual slope of the model, with respect to CaC0 3  addition, would mean that a significant 

increase in CaCC>3 would only result in a small decrease in iron extractions.

SEM/EDX analysis of Sample C (950°C, 80% Na2C0 3 , 7.8% CaCOs) shows phases high 

in Zn and O (i.e., ZnO (A)), high in Na, Fe and O (i.e., NaFe02  (C)), high in Fe, Na, Pb, 

S and O (i.e., a mixture o f NaFe02  and PbS04 /Na2Pb03  (E)), and high in Ca, Fe, Na, Si, 

Zn and O (i.e., a mixture of NaFe0 2 /Ca2Fe2 0 s and Ca2Si04 /Na2ZnSi04  (F)), all o f which 

are consistent with the phases identified using x-ray diffraction (Figure 33). However, 

additional phases were identified, which were not detected using x-ray diffraction, 

including phases high in Na, C, S and O (i.e., Na2C03 /Na2S0 4  (B)), high in Fe and O 

(i.e., Fe203 or Fe304 (D)), and high Ca and O (i.e., unreacted CaC0 3 , likely calcined to 

CaO (G)).

Sample D (950°C, 80% Na2C0 3 , 29.5% CaC0 3 ) was also examined using SEM/EDX 

analysis (Figure 34). After comparison with the x-ray diffraction results, phases likely to 

be ZnO (A), srebrodolskite (Ca2Fe2 0 s) (C), and a mixture of NaFe02  and Ca2Fe2 0 s (D) 

could be identified. However, other phases high in Na, Ca, C, S and O (i.e., a mixture of 

Na2C0 3 /Na2S04  and CaC03/CaS04 (F)), high in Fe and O (i.e., Fe20 3 or Fe30 4 (E)), high 

in Ca, Na, Si and O (i.e., a mixture of Ca2Si04  and perhaps Na2Si0 4  (F)), high in Ca, Si,
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Fe, Zn and O (i.e., a mixture of Ca2Si04  and unreacted ZnFe20 4 (G)) and high in Pb, S 

and O (i.e., PbS04 and/or PbO (H)) were also observed. One particle (I) showed 

significant concentrations of As and P, in addition to high levels of Na, Pb and O.

In the residues after leaching with 200 g/L H2S0 4 , gypsum (CaS0 4 -2H20 ), anglesite

(PbS0 4 ) and residual ZnFe20 4  are the major phases; srebrodolskite (Ca2Fe20s) is 

identified as a minor phase only in Sample D (Table 17 and Figure 35).

Table 17 Phases Identified by X-ray Diffraction Analysis of Zinc Ferrite after 
Roasting with Na2C0 3  and CaC0 3  and Leaching with 200 g/L H2SO4

Sample Identified Phases (in order of intensity) Leaching Wt. Loss, %
A ZnFe20 4, PbS04, CaS04-2H20 56
B ZnFe20 4, CaS04-2H20 , PbS04 39
C ZnFe20 4, CaS04-2H20 , PbS04 78
D ZnFe20 4, CaS04-2H20 , PbS04, Ca2Fe20 5 52

SEM/EDX analysis of Samples C and D after leaching with 200 g/L demonstrates that 

any ZnO, Na2ZnSi04  or residual Na2C03 /Na2S04  have been leached from the samples 

and also confirms the presence of gypsum (CaS04-2H20 ) and anglesite (PbS0 4 ) in the

leach residues (i.e., particles E and F, respectively, in Figure 36 (Sample C), and particles 

B and A, respectively in Figure 37 (Sample D)). However, at CaC03  additions of 7.8% 

(Sample C) where over 80% of the iron was dissolved during leaching, the major iron- 

bearing phases remaining in the leach residue are either high in Fe and O (i.e., 

Fe203 /Fe304 (D)) or high in Fe, Mn and O (i.e.,MnFe204 ), with unreacted ZnFe204  (A) 

or (Zn,Mn)Fe204  (B) also present in minor quantities (Figure 36). (Particle G in 

Figure 36 shows high Pb, Si, Na and O concentrations, possibly indicating the presence 

of Pb-Na silicate in the leach residue from Sample C). At higher CaC03  additions 

(29.5% CaC03  (Sample D)) where iron extractions were slightly lower at about 72%, 

only two iron-containing phases are observed in the leach residue: particles high in Ca, 

Fe and O (i.e.,Ca2Fe2Os (C)) and high in Fe and O (i.e., Fe203 /Fe304) (Figure 37).
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Figure 33
Secondary Electron (SE) and Backscattered Electron 

(BSE) Images of Zinc Ferrite Roasted at 950°C 
with 80% Na2C0 3  and 7.8% CaCC>3 (Sample C)

Figure 34
Secondary Electron (SE) and Backscattered Electron 

(BSE) Images of Zinc Ferrite Roasted at 950°C 
with 80% Na2C 0 3 and 29.5% C aC 03 (Sample D)



cX

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
20

. . ' ' 1
Gypsum CaS04-2H20  (C2/c) 33 -0311

1 PbS04 0 1 -0 8 9 -7 3 5 6

Srebrodolskite Ca2Fe205  0 1 -7 1 -2 1 0 8

Franklinite ZnFe20 4 2 2 -1 0 1 2

— -------------l_ —______L______ ._____j__________1___1_____L_______ _—L-------- ■....... ■—l.

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
20

Figure 35 X-ray Diffraction Patterns of Zinc Ferrite Residue after Roasting with 
Na2CC>3 and CaCC>3 and Leaching with 200 g/L H2SO4

Thus, this analysis indicates that the decrease in iron extractions observed between 

Sample C and Sample D could be the result of the formation of srebrodolskite (Ca2Fe205) 

which is not dissolved during the leaching process. However, comparison of the x-ray 

diffraction patterns before and after leaching indicate that the intensity of the 

srebrodolskite peaks decrease, or the peaks disappear, after leaching with 200 g/L H2SO4. 

In part, this could be caused by the precipitation o f gypsum in the leach residue, which 

has intense well-defined peaks which could make Ca2Fe2 0 s harder to detect. However,
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because srebrodolskite (Ca2Fe2C>5) is not present in significant quantities in the leach 

residue using either x-ray diffraction or SEM/EDX analysis, it is likely that Ca?Fe205 is 

leached, or partially leached, during leaching with 200 g/L H2SO4, and the calcium is 

then reprecipitated as gypsum under the high sulphate conditions of the leach.

In summary, though the addition of CaCC>3 did cause a decrease in the iron extractions of 

about 10% under the conditions where zinc extraction is greater than 90%, this decrease 

in iron extraction is significantly lower than would be expected if all the CaCC>3 added 

during roasting reacted to form either CaFe2C>4 or Ca2Fe2 0 s. (If all the CaCC>3 reacted, 

and assuming the calcium ferrites formed are acid insoluble, a decrease in iron extraction 

of 95% would be expected if CaFe2C>4 was formed and 47.5% if Ca2Fe2 0 s was formed.) 

Thus, whether this is a result of poor reaction kinetics for the formation of CaFe2C>4 or 

Ca2Fe205, or because the Ca-ferrites formed under these conditions are partially soluble 

in H2SO4 solutions, these results indicate that CaC03  is not particularly effective as an 

additive to control, or reduce, the dissolution of iron during roasting of the La Oroya zinc 

ferrite with Na2C0 3 .
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Figure 36
Secondary Electron (SE) and Backscattered Electron 
(BSE) Images of Zinc Ferrite Roasted at 950°C with 

80% Na2C 0 3 and 7.8% CaC03 and Leached with 
200 g/L H2SO4 (Sample C)

Figure 37
Secondary Electron (SE) and Backscattered Electron 
(BSE) Images of Zinc Ferrite Roasted at 950°C with 
80% Na2C 0 3 and 29.5% CaC03 and Leached with 

200 g/L H2SO4 (Sample D)



4.5.2.1.1.2 Roasting with Mg(OH)2 as a Secondary Additive

The addition of Mg(OH)2 to Na2CC>3 roasting produced a similar shift in the region of 

maximum zinc extractions to higher temperatures and Na2CC>3 additions as was observed 

when roasting with CaCC>3 (Figure 38). An increase in the rate of change of the zinc 

extraction, particularly with respect to temperature, was also evident, although the 

increase was much smaller than was observed when roasting with CaCC>3.
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Figure 38 Effect of Na2C 0 3 and Temperature on Zn Extractions from La Oroya 

Zinc Ferrite Roasted with Various Amounts of Mg(OH) 2

Zinc extractions are largely unaffected by Mg(OH)2 additions, with iron extractions 

showing only a mild decrease with increased Mg(OH)2 additions (Figure 39).
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Effect o f Na2C 0 3 and Mg(OH) 2 Additions on Zinc and Iron Extractions 
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Samples at various conditions described by this model were analyzed using x-ray 

diffraction (Points A, B, C and D on Figure 39C). The identified phases are listed in 

Table 18 while the diffraction patterns and major phases are shown in Figure 40.

Table 18 Phases Identified by X-ray Diffraction Analysis of Zinc Ferrite Roasted 
with Na2C 0 3 and C aC 03 a t 950°C

Sample Identified Phases (in order of intensity)
A ZnFe204, Na2ZnSiC>4, (3-NaFe02, a-NaFeCh, PbO (Litharge)
B ZnFe204, Na2ZnSi0 4 , P-NaFe0 2 , Ca2Si0 4  (Lamite), a-NaFe0 2 , PbO 

(Litharge)
C P-NaFe0 2 , ZnO, Na2ZnSi0 4 , a-NaFe0 2 , Na2Pb0 3
D P-NaFe0 2 , MgO (Periclase), a-NaFe0 2 , Na2ZnSi0 4 , ZnO, Na2Pb0 3

The phases formed are similar to those observed from roasting with Na2CC>3 alone or 

from roasting with Na2C0 3 and CaC0 3 , with only changes in the order of measured 

intensities or in the detection of minor phases. However, in these samples, there was no 

explicit evidence for the formation of magnesioferrite (MgFe204). In part, this could be 

due to the close similarity of the x-ray diffraction patterns of ZnFe2C>4 and MgFe204 

(Figure 40) which makes it more difficult to confirm the presence of MgFe2C>4 with any 

confidence or also possibly due to the formation o f a ZnFe204/MgFe2C>4 solid solution. 

However, the appearance of periclase (MgO) in Sample D would indicate that the 

majority o f the Mg(OH)2 remained unreacted under the conditions tested, as would be 

expected based on the thermodynamic analysis at the start of Section 4.5.2.1.1.

SEM micrographs of Sample C, and the phases detected, are shown in Figure 41. Energy 

dispersive x-ray analysis (EDX) of the particles in view showed several differences in 

composition. Some of the bright particles (A) contained Zn and O (i.e., ZnO) while other 

bright particles (B) contained Pb and O (i.e., PbO). Particles high in Fe and O (i.e., Fe2 0 3 

or Fe30 4 (D», Na, Zn and Si (i.e., Na2ZnSi04 (E)), and Na, O and S (i.e., Na2S 04 (F)) 

were also observed. Still other particles showed a mixture of phases, such as particles (C) 

containing Ca, Na, Si, S, Zn and O (i.e., a mixture o f Na2ZnSiCVCa2Si04  or 

NaSCVCaSCU), particles (G) containing Fe, Mn, Na, O, Si and Zn (i.e., a mixture of 

Na2ZnSiC>4 and (Zn,Mn)Fe204)) and particles (H) containing Fe, Mn, O and Zn (i.e., a

79

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



mixture of ZnFe2C>4 and MnFeadf). No magnesium containing phases were identified in 

this sample.
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Figure 40 X-ray Diffraction Patterns of Zinc Ferrite Roasted with Na2CC>3 and 
Mg(OH)2
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Figure 41
Secondary Electron (SE) and Backscattered 
Electron (BSE) Images of Zinc Ferrite Roasted 
at 950°C with 80% Na2C 0 3 and 4.5% Mg(OH) 2 

(Sample C)

SEM/EDX analysis of Sample D, 

which was roasted with more 

Mg(OH)2 (17.1%), shows light 

grey euhedral octahedral crystals 

(A), typical of ffanklinite, that 

contain Zn, Fe and Mg, indicating 

that there may be some solid 

solution of Mg in the spinel 

structure under these conditions 

(Figure 42). However, magnesium 

is also found combined with other 

metal oxides, likely as periclase 

(MgO), in bright particles (E) 

containing Pb, Zn, Mg and O. 

Besides these phases, other phases 

consistent with those observed in 

Sample C, including a Na-Fe-O 

phase (i.e., NaFe02 (B)), an Fe-0 

phase (i.e., Fe20 3 or Fe30 4  (C)), a 

Na-S-0 phase (i.e., Na2S04  (D)) 

and a Pb-0 phase (i.e., PbO (F)).

After leaching with 200 g/L H2S0 4 , ZnFe20 4  and PbS04  were identified in the leach 

residues from ferrite roasted with lower Na2C 0 3 additions (Samples A and B) while the 

samples roasted with higher additions (Samples C and D) were poorly crystalline. 

(Samples C and D experienced a weight loss of at least 85% during leaching.)

SEM micrographs of Sample C after leaching are shown in Figure 43. EDX analysis of 

this sample shows the presence of sulphate phases (CaS04  (A) and PbS0 4  (C)), quartz 

(Si02 (F)), and iron oxides with varying levels of Mn (i.e., Mn:Fe>l (B) or Mn:Fe<l (D)) 

as major phases. Some particles appear to be a mixture of phases, such as particle E,
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which is high in Pb, S, Si and O (i.e., likely a mixture of Si02 and PbS0 4 )) and particle 

G, which is high in Fe, Pb, Mn, O and S (i.e., likely a mixture of MnFe2C>4 and PbSCU). 

Minor amounts of arsenic and barium were also detected in particle G using EDX 

analysis.

Figure 42 Secondary Electron (SE) and Backscattered Electron (BSE) Images of 
Zinc Ferrite Roasted at 950°C with 80% Na2C 0 3 and 17.1% Mg(OH) 2 
(Sample D)

SEM/EDX analysis o f the residue from the leaching of Sample D was not conducted. 

However, since this sample experienced a weight loss of 86% and an iron extraction of 

over 80% upon leaching, it is evident that, even with the potential formation of a Mg-Zn 

ferrite solid solution in the roasted ash, as identified by the SEM/EDX analysis of the 

roasted ash, the addition of Mg(OH)2 was not effective in the formation of an acid 

insoluble metal ferrite. Thus, because Mg(OH)2 proved to be ineffective in controlling 

the dissolution of iron during roasting o f the La Oroya zinc ferrite with Na2C 03, no 

further investigations into this system were made.
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Figure 43

Secondary Electron (SE) 
and Backscattered 
Electron (BSE) Images 
of Zinc Ferrite Roasted 
at 950°C with 80% 
Na2CC>3 and 4.5% 
Mg(OH)2 after Leaching 
with 200 g/L H2S 0 4 

(Sample C)
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4.5.2.1.1.3 Roasting with MnC03 as a Secondary Additive

The addition of MnCC>3 did not affect zinc extractions to the same degree as the other two 

additives tested (Figure 44). The change in zinc extraction with respect to temperature 

and Na2C03  remained largely unchanged, with only a small shift in the region of 

maximum zinc extractions to higher temperatures and Na2C03  additions at the low and 

high additions of MnC03  tested.
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Figure 44 Effect of Na2C 0 3 and Temperature on Zn Extractions from La Oroya 

Zinc Ferrite Roasted with Various Amounts of M nC03

The effects of Na2C 03 and MnC03 additions on the zinc and iron extractions from 

roasting at 750, 850 and 950°C are illustrated in Figure 45.
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Figure 45 demonstrates that, while MnCC>3 addition does not have a strong effect on zinc 

extractions, it has a marked effect on the dissolution of iron. In the region of maximum 

zinc extraction, iron extractions go from 80 to 90% at 8 .8% MnCC>3 (25% of 

stoichiometric) down to 40 to 50% at 33.3% MnCCh (95% of stoichiometric). 

Extrapolation of the model shows that iron extractions of less than 40% may be possible 

by increasing the MnCC>3 to near 35% (100% of stoichiometric) while maintaining zinc 

extractions of over 90%. (Based on the extrapolation of this model, further increases in 

MnC03  would be expected to lower zinc extraction to unacceptable levels.)

Samples at various conditions described by this model were analyzed using x-ray 

diffraction (Points A, B, C and D on Figure 45C). The identified phases are listed in 

Table 19 while the diffraction patterns and major phases are shown in Figure 46.

Table 19 Phases Identified by X-ray Diffraction Analysis of Zinc Ferrite Roasted 
with Na2C 0 3 and CaC03 at 950°C

Sample Identified Phases (in order o f intensity)
A ZnFe2C>4, Na2ZnSiC>4, Nao.7Feo.7Mno.3O7, PbO (Litharge), Ca2Si04  (Lamite)
B ZnFe20 4 , Na2Mn30 7 , Na2ZnSi0 4 , ZnO, C^FegOn, Ca2Si04  (Lamite)
C a-NaFe02, ZnO, Na2ZnSi0 4 , (3-NaFe02, Ca2Fe20 5, ZnFe204
D Nao.7Feo.7Mno.3O7, Mn70 gSi04  (Braunite 1-Q), MnFe20 4 , ZnO, Ca2Si04  

(Lamite)

Phase identification for the samples roasted with MnC03 was less definitive than for 

ferrite roasted with the other secondary additives as the phases observed are not as 

consistent from sample to sample, fewer trends in phase transformation are observable 

and, in several cases, x-ray diffraction peaks of significant intensity could not be 

positively identified from the available database. (Potentially, since the Na-Fe-Mn-0 

system has been studied less than the Na-Fe-O or Na-Fe-Ca-0 systems, there may be 

fewer patterns available from which to make positive identifications.)

Zinc oxide and Na2ZnSi04  are still observed in many o f the samples, with unreacted 

ZnFe2C>4 observed at lower Na2C03  additions, as noted previously, and a- and 0- NaFe02 

were observed in Sample C. Four types of manganese compounds were identified, 

including Na-Fe-Mn compounds (Nao.7Feo.7Mno.3Ch), Na-Mn compounds (Na2Mn30 2), 

Fe-Mn compounds (MnFe204 ) and a manganese silicate (braunite (MmOgSiCh)).
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Figure 46 XRD Patterns of Zinc Ferrite Roasted with Na2CC>3 and MnCC>3
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Using back scattered electron 

imaging with the SEM and EDX 

analysis, the phases present in the 

roasted ferrite are much clearer 

(Figure 47). The dark phase (A) 

visible with the SEM is high in Na,

S and O (i.e., a mixture of Na2SC>4 

and residual Na2C0 3) while the 

small, very bright particles (E) 

contain Pb, Zn and O (i.e., a 

mixture o f PbO and ZnO). One 

mottled area (D) is believed to be a 

pocket of Na2ZnSi04  due to its 

high Na, Zn, Si and O content. The 

rest of the residue that was 

analyzed was either high in Fe, Mn 

and O (i.e., jacobsite (MnFe204)

(C)) or high in Fe, Mn, Na, Si and Figure 47
O (i.e., possibly a mixture of Secondary Electron (SE) and Backscattered

Electron (BSE) Images of Zinc Ferrite Roasted
Nao.7Feo.7Mno.3O2 and braunite at 950°C with 80% Na2C 0 3 and 33.3% MnC03

(Mn70 8Si04), or MnFe20 4 and (Sample D)

Na2ZnSi04 (B)).

The phase analysis of the leach residues using x-ray diffraction is greatly simplified from 

the analysis of the roasted ferrite (Table 20 and Figure 48).

Table 20 Phases Identified by X-ray Diffraction Analysis of Zinc Ferrite after 
Roasting with Na2C 0 3 and CaC03 and Leaching with 200 g/L H2S0 4

Sample Identified Phases (in order o f intensity) Leaching Wt. Loss, %
A ZnFe20 4 , ZnMn30 7 -3H20  (Chalcophanite), PbSCU, 

Na2Mn307

44

B ZnFe20 4 , Nao.ssM^CV 1.5 H20  (Bimessite), PbSC>4 35
C Poorly crystalline; PbSC>4, MnFe204 84
D Poorly crystalline; MnFe20 4 , PbSCV 59
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Figure 48 X-ray Diffraction Patterns of Zinc Ferrite Residue after Roasting with 
Na2C(>3 and MnCOa and Leaching with 200 g/L H2SO4

Residual ZnFe204 is present in the samples where lower Na2CC>3 additions were used in 

roasting (Samples A and B), along with anglesite (PbSC>4) and either a hydrated Zn-Mn 

or Na-Mn compound (chalcophanite (ZnMn307-3H2 0 ) or bimessite (Nao.55Mn204-1.5 

H2O)). The residues from the samples roasted at higher Na2CC>3 additions (Samples C

89

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and D) are both poorly crystalline with low intensity anglesite and jacobsite (MnFe204) 

peaks detected.

Very little variation in the phases in 

the residue from Sample D is 

observed using SEM micrography 

and EDX analysis (Figure 49). The 

majority of the residue appears as 

light grey (A) particles in the 

backscattered image and these 

particles contains high levels of Fe,

Mn and O, indicating that 

manganese iron oxides or 

manganese-iron ferrites are the 

predominant phase in the leach 

residue. In addition, the small, 

very bright particles (C) observed 

contained Pb, S and O (i.e., PbSC>4) 

while the one large darker particle 

in the field o f view (B) contained 

Si along with Fe, Mn, Pb, O and S Figure 49
and, thus, was likely a mixture of Secondary Electron (SE) and Backscattered

Electron (BSE) Images of Zinc Ferrite Roasted 
residual unleached silicates with at 950°C with 80% Na2C 0 3 and 33.3% MnC03
the other two phases observed. after Leaching with 200 g/L H2S 0 4 (Sample D)

Since the Fe-Mn oxides observed with the SEM were not identified definitively with x- 

ray diffraction, this may indicate that these oxides are poorly crystalline. However, the 

residual texture observed in the SEM (i.e., holes in the Fe-Mn-0 particles), the large 

particle size and well-defined particle shape, along with the similarity in size and shape to 

the particles observed in the roasted sample, would indicate that these Fe-Mn particles are
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not leach precipitates. Instead these factors point strongly to the formation of an acid- 

resistant Fe-Mn oxide during roasting.

Thus, based on the lower iron extractions observed in Figure 45, and evidence of the 

formation of acid-insoluble Fe-Mn-0 particles from the SEM/EDX analysis of the leach 

residue, roasting with Na2CC>3 and MnCC>3 as a secondary additive appears to be a 

significant improvement over roasting with Na2C0 3 alone as high zinc extractions are 

maintained while reducing iron extractions. In addition, the formation of a stable Fe-Mn 

residue should also make the residue from this transformational roasting process 

amenable to long term environmentally safe disposal.
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4.5.2.2 Reduction of ZnFe2 C> 4  to Form Metal Ferrites

4.5.2.2.1 Roasting with Carbon Black or Coal

DOE tests, where the La Oroya zinc ferrite is roasted with carbon black or coal, were 

conducted to provide a baseline for the comparison of the upcoming results in Sections

4.5.2.2.1.1 and 4.5.2.2.I.2. The experimental conditions used represent a modification of 

the Waelz kiln process (Section 4.2.2.1), with lower roasting temperatures than those 

normally employed in Waelz kiln operations and the use of sulphuric acid leaching to 

dissolve any unfumed, or recondensed, zinc oxide from the roasted zinc ferrite.

Figures 50 and 51 show the effect of temperature and the addition of carbon black and 

coal on the zinc and iron extractions observed.

These models indicate that the maximum zinc extractions (90 to 100%) are favoured at 

lower temperatures and additions when roasting with carbon black than when roasting 

with coal. For both types of carbon additive, very little iron was leached from the roasted 

residue. (None of the samples in the DOE tests showed an iron extraction of more than 

2.6%.) Up to 50% of the zinc in the ferrite is removed as zinc fume during roasting, 

depending on the conditions tested, with coal showing more of a tendency to induce 

filming of zinc from the zinc ferrite during roasting than carbon black (Figure 52).
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Figure 50 Effect of Carbon Black Addition and Temperature on Total Zinc and 

Iron Extractions from Roasted La Oroya Zinc Ferrite
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Figure 52 Effect of Temperature and Carbon Black or Coal Addition on the 

Percentage of Zinc Removed as Fume during Roasting

Samples at various conditions described by the model for roasting with coal were 

analyzed using x-ray diffraction (Points A through E on Figures 51 and 52). The 

identified phases are listed in Table 21 while the diffraction patterns and major phases 

observed are shown in Figure 53. (White acicular zinc oxide crystals were visible to the 

naked eye in all samples that were roasted at 1000°C or higher, even though ZnO was not 

always identified in the roasted samples using x-ray diffraction.)
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Table 21 Phases Identified by XRD Analysis of Zinc Ferrite Roasted with Coal
Sample Identified Phases (in order of intensity)

A ZnFe204, Zn2Si04, SiC>2
B, D ZnFe204, Si02,Zn2Si04

C ZnO, ZnFe204, Fe304, Fe203
E ZnFe204, Si02, Zn2Si0 4 , Fe304
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Figure 53 XRD Patterns of Zinc Ferrite Roasted with Coal
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Unfumed zinc is present in the roasted ferrite as either willemite (Zn2Si0 4 ), zincite (ZnO) 

or unreacted franklinite (ZnFe204). Zinc-free iron oxide phases, such as hematite (Fe203) 

and magnetite (Fe304), are observed as the reduction of ZnFe204 to Zn(g) and Fe203 goes 

to completion.

After leaching with 200 g/L H2SO4, zincite (ZnO) or willemite (Zn2Si04 ) are leached 

from the roasted ferrite, leaving unreduced zinc ferrite (ZnFe204), anglesite (PbS0 4 ) and, 

in some cases, quartz (Si02) and hematite (Fe203) present in the leach residue (Table 22 

and Figure 54).

Table 22 Phases Identified by X-ray Diffraction Analysis of Zinc Ferrite after 
Roasting with Coal and Leaching with 200 g/L H2SO4

Sample Identified Phases (in order o f intensity) Leaching Wt. Loss, %
A ZnFe204, Si02, PbS04 7
B ZnFe204, Si02, PbS04 13
C ZnFe204, Fe203, PbS04 15
D ZnFe204, PbS04 8
E ZnFe20 4, PbS04, Fe20 3 10

Although these DOE tests indicate that higher zinc extractions are possible at lower 

temperatures and additions using carbon black as an additive, and even some preliminary 

DOE tests were performed using carbon black along with other ferrite forming agents, it 

was decided to focus on roasting with coal in further DOE experiments as the use of coal 

would compare more closely to the type and quality o f reducing agents that would be 

used commercially. As such, the results from DOE tests performed with carbon black as a 

reducing agent will not be presented but, instead, the following sections will focus on the 

results and analysis from roasting the La Oroya zinc ferrite with coal and either CaC03  or 

MnCQ3.
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Figure 54 X-ray Diffraction Patterns of Zinc Ferrite Residue after Roasting with 
Coal and Leaching with 200 g/L H2SO4
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4.5.2.2.1.1 Roasting with Coal and CaC03

Compared with roasting without CaC03, the addition of CaCC>3 causes a considerable 

shift in the region of maximum zinc extraction to higher temperatures and coal additions 

(Figure 55). This effect becomes more pronounced as the CaC03 addition is increased. 

Iron extractions o f less than 10% are observed consistently for CaC03 additions of 46.5% 

or lower but, at 62.0% CaC03, iron extractions increase with decreasing temperature or 

coal additions. At all additions tested, though, iron extractions are consistently less than 

10% in the regions of maximum zinc extraction.

The amount of zinc removed as fume during the roasting process is also affected by the 

increase in CaC03 addition as illustrated in Figure 56. In general, the degree of fuming 

increases with increasing temperature, coal addition and CaC03 addition.

Samples at various conditions described by the model for roasting with coal and 62% 

CaC03 were analyzed using x-ray diffraction (Points A through D on Figures 55C and 

56C). The identified phases are listed in Table 23 while the diffraction patterns and major 

phases observed are shown in Figure 57.

Table 23 Phases Identified by XRD Analysis of Zinc Ferrite Roasted with Coal 
and 62% CaC03

Sample Identified Phases (in order o f intensity)
A ZnFe204, CaiFeaOs, CaS0 4 , Ca(OH)2, CaC03, Fe2SiC>4 (Fayalite), Ca2SiC>4 

(Lamite)
B ZnFe2C>4, Ca(OH)2, Ca2Fe20s, CaSC>4, ZnO, CaC0 3 , Ca2Si04  (Lamite), Si02
C ZnFe20 4, Ca2Fe20 5, CaS04, Ca(OH)2, ZnO, CaO, Ca2Si04 (Lamite)
D ZnO, Ca5Si2 0 gS04 , ZnFe204, Ca2Si0 4  (Lamite), ZnMn204 (Hetaerolite), 

FeO (Wustite)
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Residual CaCOs, or altered CaCC>3 (Ca(OH)2 or CaO), is present in the roasted ferrite, 

along with reaction products such as anhydrite (CaS0 4 ), srebrodolskite (Ca2Fe2 0 s) and 

lamite (Ca2SiC>4) to varying degrees in samples A to C. (At 1100°C and 20% coal 

(Sample D), silicocamotite (Ca5Si2 0 gS0 4 ) and lamite (Ca2SiC>4) are the only calcium 

bearing phases identified using x-ray diffraction.) ZnO is identified in all but Sample A; 

it is the major phase identified in Sample D, even with as much as 60% of the Zn lost as 

fume (Figure 56C). Franklinite disappears as an identified phase at the highest 

temperature and coal addition tested (Sample D) and FeO is observed in the roasted 

ferrite, indicating complete or near complete reduction of ZnFe204 under these 

conditions.
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Figure 57 XRD Patterns of Zinc Ferrite Roasted with Coal and 62% CaCC>3
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Phase analysis of Sample C after roasting using SEM micrography and EDX analysis is 

very consistent with the x-ray diffraction analysis (Figure 58). Numerous particles are 

identified as being high in Zn and O (i.e., ZnO (A)), Ca and O (i.e., CaO/Ca(OH)2 (B)), 

Ca, Fe and O (i.e., Ca2Fe205 (C)), Fe, Zn and O (i.e., ZnFe204 (D)), Ca, Si and O (i.e., 

Ca2Si04  (E)), and Ca, S and O (i.e., CaS04  (F)). All of these phases were identified 

previously using x-ray diffraction. Particle G was the only exception, containing As, as 

well as Ca and S, possibly due to the formation of a calcium sulphate/arsenate from 

minor amounts of arsenic in the La Oroya zinc ferrite (0.29% in the feed).

The two main phases identified in Sample D using XRD were also identified using SEM 

and EDX (Figure 59). The bright tabular phase (A) observed contains Zn and O (i.e., 

ZnO) and the dark phase (B) is high in Ca, Si, S and O (i.e., silicocamotite 

(Ca5Si2 0 gS0 4 )). However, a third major phase (C) containing Ca, Fe and O (i.e., likely 

Ca2Fe205 or another calcium ferrite) is identified using SEM/EDX that was not identified 

with XRD. The mottled appearance of some particles (D) analyzes as a mixture of the 

Ca-Fe-0 phase and calcium silicates (i.e., Ca2Si04 ).

After leaching with 200 g/L H2SO4, any unfumed zincite (ZnO) is leached from the 

roasted ferrite, along with any residual CaO, Ca(OH)2 or CaCOj which is subsequently 

precipitates as gypsum (CaSC>4-2 H2O) or CaSO4-0.67 H2O (Table 24 and Figure 60).

Unreacted ZnFe204 is still present in the leach residue, and, in some cases, unleached 

fayalite (Fe2Si0 4 ), lamite (Ca2Si0 4 ) and wustite (FeO) are also detected in the residue 

using XRD. Although srebrodolskite (Ca2Fe2 0 s) was detected in the roasted ferrite in 

Samples A, B and C, it is not observed using x-ray diffraction in the residue. Since 

srebrodolskite (Ca2Fe205) is the only iron-bearing phase that is not found in the roasted 

ferrite after leaching, it may be that it is leached, or partially leached, with 200 g/L 

H2SO4, and this behaviour could help explain the increase in iron extraction at lower 

temperature and coal addition in Figure 55.
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Figure 58
Secondary Electron (SE) and Backscattered Electron 

(BSE) Images of Zinc Ferrite after Roasting at 1100°C 
with 12% Coal and 62% CaC03 (Sample C)

Figure 59
Secondary Electron (SE) and Backscattered Electron 

(BSE) Images of Zinc Ferrite after Roasting at 1100°C 
with 20% Coal and 62% CaC03 (Sample D)



Table 24 Phases Identified by X-ray Diffraction Analysis of Zinc Ferrite after 
Roasting with Coal and 62% CaCC>3 and Leaching with 200 g/L H2SO4

Sample Identified Phases (in order of intensity) Leaching Wt. Gain, %
A, B ZnFe20 4, CaSO4-0.67 H20 , CaS04-2 H20 , Fe2Si04 

(Fayalite)
13, 12

C CaS04-2 H20 , ZnFe20 4 19
D CaS04-2 H20 , Ca2Si04 (Lamite), FeO (Wustite) 14

  ■*—

^    A^A. ...iJ \ L h
D

I I I r “ I T ------------- 1------T------- 1-------------- 1---------- 1---------- 1-------------1------- 1--------- ~1--------- 1---------- 1-----------1

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

20

1 Gypsum, syn CaS04-2H20  (C2/c) 33 -0311

| CaSO4-0.67H2O 4 7 -0 9 6 4

ll
Fayalite, syn Fe2S i0 4 0 1 -0 7 0 -1 8 6 1

I Larnite, syn Ca2S i04 0 1 -0 7 0 -0 3 8 8
1 1 1 l . i  I I t  . . M l  . 1 . ■■-  . J .  U . . I  .  t. , ____________________ _______ __  ______

1 1  i i ■■ I i
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5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
20

Figure 60 X-ray Diffraction Patterns of Zinc Ferrite Residue after Roasting with 
Coal and CaCC>3 and Leaching with 200 g/L H2SO4
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Figure 61

Secondary Electron (SE) and Backscattered 
Electron (BSE) Images of Zinc Ferrite after 
Roasting at 1100°C with 20% Coal and 62% 

CaCC>3 and Leaching with 200 g/L H2SO4 

(Sample D)

SEM images show that two main 

phases are present in the leach 

residue from Sample D (Figure 

61): the darker needlelike Ca, S 

and Si rich phase (i.e., a mixture of 

gypsum (CaSC>4-2H2 0 ) and lamite

(Ca2SiC>4), or potentially residual 

silicocamotite (Ca5Si2 0 sS0 4 )) and 

a bright phase high in Ca and Fe 

that could represent calcium 

ferrites, such as srebrodolskite 

(Ca2Fe2C>5), that were not detected 

using x-ray diffraction. In the 

field o f view, only one particle 

differed from these two phases 

(particle A) which contained Ca, 

Mn, Fe and O and may represent a 

mixture a Ca-ferrite and MnFe2C>4 

in the residue. Since these Ca-Fe- 

O phases were also found in the 

Sample D after roasting, and since

the iron extraction for Sample D is 

low (i.e., less than 10%), this could indicate that Ca-ferrites are formed under the roasting 

conditions for Sample D that are less soluble in H2SO4 than those formed at lower 

temperatures and coal addition. However, since srebrodolskite (Ca2Fe2 0 s) was not 

detected in the leach residue with XRD, it is likely that it is only present as a minor phase 

in the roasted ferrite after leaching.

Even with an acid insoluble Ca-Fe-0 phase identified in some samples, SEM analysis 

still indicates that, with CaCC>3 additions of 100% of stoichiometric for Ca2Fe2 0 s 

formation (62% CaC0 3 ), the majority of the CaCC>3 added either does not react to form
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Ca-Fe compounds, or that it does not react completely to form acid-insoluble Ca-Fe 

compounds. This is evident as the majority of the field o f view in the SEM, and the 

dominant phase in XRD, is gypsum, which would be precipitated during acid leaching of 

any soluble calcium compounds (i.e., unreacted CaCC^ or decarbonized byproducts, such 

as CaO or Ca(OH)2, dissolved calcium silicates or sulfosilicates, acid soluble calcium- 

iron compounds, etc.) which, in turn, leads to high acid consumption during leaching. 

Thus, this would indicate that CaC03  is not effective enough in forming acid-insoluble 

ferrites during roasting the La Oroya ferrite under these conditions to be practical 

commercially and, generally, is less effective than roasting with coal without a secondary 

additive.

A DOE test was also performed where the La Oroya zinc ferrite was roasted with coal 

and CaO. However, the zinc and iron extraction and extent of zinc firming showed little 

difference from the results obtained using CaC0 3 . Thus, no further phase analysis or 

SEM analysis of these samples was conducted and the results were not included in this 

document.
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4.5.2.2.1.2 Roasting with Coal and MnC(>3

Increasing additions of MnC03  causes a dramatic shift in the region of maximum zinc 

extraction towards higher temperatures and coal additions (Figure 62) such that, at 70.0% 

MnC03  addition, the region of 90 to 100% zinc extraction is no longer visible in the 

range of temperature and coal additions tested. Iron extractions of less than 10% are 

observed throughout, regardless of the temperature or coal or MnCC>3 additions used 

during roasting. Less zinc is removed as fume, compared both to roasting with coal or 

roasting with coal and CaCC>3 (Figure 63), but the same general trends of an increase in 

the degree of fuming with increasing temperature, coal addition and CaC03  addition are 

observed.

Samples at various conditions described by the model for roasting with coal and 70% 

MnCCb were analyzed using x-ray diffraction (Points A through D on Figures 62C 

and 63C). The identified phases are listed in Table 25 while the diffraction patterns and 

major phases observed are shown in Figure 64.

Table 25 Phases Identified by XRD Analysis of Zinc Ferrite Roasted with Coal 
and 70.0% MnCQ3

Sample Identified Phases (in order of intensity)
A ZnFe2C>4, MnFe204, Fe3(>4, CaMnSi2C>6 (Johannsenite), CaMnC>3, ZnMn204 

(Hetaerolite), PbSC>4
B MnFe2C>4, ZnFe2C>4, SiC>2, Zn2Si0 4 , ZnMn204 (Hetaerolite), ZnSiC>3
C MnFe2C>4, ZnO, Ca2Fe22033
D MnFe204, ZnO

At lower temperatures, zinc is not only found in unreacted ZnFe2C>4, but also a Zn-Mn 

ferrite (hetaerolite (ZnMn2C>4)) and zinc silicates. At higher temperatures, the formation 

of ZnO is promoted and ZnO is detected in the roasted ferrite even with significant 

fuming of zinc during roasting (Figure 63). Jacobsite (MnFe204) was identified in all the 

samples tested but, at lower temperatures, residual ZnFe204 and, in Sample A, magnetite 

(Fe3C>4) were also detected.
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from La Oroya Zinc Ferrite Roasted with MnC0 3  Additions of A) 
35.0%, B) 52.5% and C) 70.0%
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T h e  S E M /E D X  an a ly sis  o f  S am p le  D  (F ig u re  65) sh o w ed  s im ila r re su lts  to  th e  x -ray  

d iffrac tio n  ana lysis , in d ica tin g  th a t p a rtic le s  co n ta in in g  Fe, M n  an d  O  (B ) (i.e .,M n F e 2C>4) 

w ere  th e  p red o m in an t p h ase  in  th e  ro a s ted  ferrite , fo llow ed  b y  p artic le s  h ig h  in  Z n  an d  O  

(C ) (i.e ., Z nO ). A n a ly sis  o f  p a r tic le  C  sh o w ed  a  m ix tu re  o f  M n  an d  F e, a lo n g  w ith  C a, Si 

an d  Pb, lik e ly  in d ica tin g  th a t i t  co n ta in s  a  m ix tu re  o f  p h ases  (i.e ., l ik e ly  M n F e 2 0 4 , P b O  

an d  C a-silica tes). P a rtic le  D  w as  also  u n u su a l as  it sh o w ed  h ig h  co n cen tra tio n s  o f  S n  and  

K , as w ell as Z n , an d  lik e ly  rep resen ts  a  m ix tu re  o f  Z n , S n  and  K  ox ides.

108

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



—Av_

 l J jl

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

20

1 1
Jacobsite.syn MnFe20 4 10 -0319

1 1
Zincite, syn ZnO 36-1451  

i I I i .

Johannsenite CaMnSi20 6 0 1 -0 7 4 -0 3 3 6

t
CaMn03 0 1 -0 7 0 -7 3 0 7  

I 1

1
Quartz, low, syn S i0 2 0 3 -0 6 5 -0 4 6 6

1 .1
Willemite, syn Zn2S i0 4 0 1 -0 7 2 -1 8 5 6

. . .  k. ,
Ca2Fe220 33 0 1 -0 7 7 -0 5 6 5

11.. . t . .  .  . .  . .   ̂ M. ,

-------,----- _  J„
Magnetite, syn Fe30 4 19 -0629

—i— ..., ..... I ...... .........i _ __ 1_______J .........  ..........i .______________________ ______i

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
20

Figure 64 XRD Patterns of Zinc Ferrite Roasted with Coal and 70.0% MnCC>3
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After leaching with 200 g/L H2 SO4 , 

any unturned ZnO in the roasted 

ferrite has been dissolved, 

apparently along with Zn or Ca-Mn 

silicates identified in Table 25, 

based on the x-ray diffraction 

analysis of the leach residues 

(Table 26 and Figure 66).

Jacobsite (MnFe204) is present in 

all the leach residues along with 

magnetite (Fe304), residual 

franklinite (ZnFe204 ), quartz (Si0 2 ) 

and anglesite (PbS0 4 ). Hetaerolite 

was also identified in sample A 

indicating, perhaps, that this Zn-Mn 

spinel is acid insoluble.

Figure 65
Secondary Electron (SE) and Backscattered 
Electron (BSE) Images of Zinc Ferrite after 
Roasting at 1100°C with 20% Coal and 70% 

MnCOa (Sample D)

Table 26 Phases Identified by X-ray Diffraction Analysis of Zinc Ferrite after 
Roasting with Coal and 70.0% MnCOa and Leaching with 200 g/L 
H2SO4

Sample Identified Phases (in order o f intensity) Leaching Wt. Loss, %
A MnFe204, ZnFe204, Fe3(>4, PbSC>4, ZnMn204 

(Hetaerolite)
6

B ZnFe20 4, MnFe20 4, Fe30 4, Si02, PbS04 13
C MnFe20 4 , Fe3C>4, PbS04 11
D MnFe20 4, PbS04 16

110

20 micrometers

SE
20 micrometers

BSE
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Figure 6 6  X-ray Diffraction Patterns of Zinc Ferrite Residue after Roasting with 
Coal and M nC03 and Leaching with 200 g/L H2SO4

SEM micrography and EDX analysis o f Sample D (Figure 67) are in good agreement 

with the x-ray diffraction analyses as the dominant phase (A) is rich in Fe, Mn and O 

(i.e., MnFe2C>4) and the small bright phase contains Pb, S and O (i.e.,PbS0 4 ). The 

analysis o f one particle (C) was anomalous, as it was found to contain Sn, Zn, Ca and O.
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At this point, its mineralogical identity is unknown as, if  it were a Sn, Zn or Ca oxide, it 

would normally be expected to leach during acid leaching.

These results indicate that MnC03  is 

an effective ferrite forming reagent as 

roasting with MnC03  at 1100°C with 

20% coal resulted in near complete 

conversion of the iron values to 

jacobsite (MnFe204). However, 

MnC03  additions of greater than 

100% of stoichiometric decrease the 

zinc extraction observed at these 

conditions and, thus, future studies 

should look more closely at near 

stoichiometric MnCC>3 additions. By 

using stoichiometric additions (35% 

MnCCh), less than 1.5% of the iron is 

solubilized during leaching and zinc 

recoveries of up to 99% were 

achieved under the best conditions 

tested, producing a residue essentially 

free of zinc and silicates. Following a 

lead removal step, there may be 

potential to recover the iron and/or 

manganese from the ferrite residue 

pyrometallurgically.

Figure 67
Secondary Electron (SE) and Backscattered 
Electron (BSE) Images of Zinc Ferrite after 
Roasting at 1100°C with 20% Coal and 70% 

MnCC>3 and Leaching with 200 g/L H2SO4 
(Sample D)
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4.6 Deportment of Minor Elements

Selected solids and solution samples were analyzed to try to understand the deportment 

of minor elements in the various potential process options identified in this research. 

Four process options including roasting with Na2CO v Na2C03 /MnC0 3 , coal, and 

coal/MnC03  were considered.

Solutions and solids, after fusing with lithium metaborate, were analyzed for As, Na and 

K using a Varian SpectrAA 220FS atomic absorption spectrometer, with As analyzed 

using a deuterium lamp for background correction. The silver analysis in the feed solids 

was determined by fire assay. (Insufficient sample was available to perform fire assays on 

the leach residues.) Carbon and sulphur were carried out using an EMIA-320V 

carbon/sulphur analyzer. Chloride and fluoride analyses were analyzed using ion 

selective electrodes. (Chloride and fluoride analyses on solid samples were performed 

after fusing the solids with Na2C03 /Na202 in a zirconium crucible and leaching the fiisate 

with H 2S O 4 and H N O 3 .) All other analyses were performed using a Perkin-Elmer 4000 

atomic absorption (AA) spectrometer.

4.6.1 R oastin g  with N a2C0 3

The deportment of minor elements in the La Oroya zinc ferrite during roasting with 80% 

Na2C03  at 950°C is shown in Table 27. Projected leach solution concentrations are 

calculated by assuming a solids concentration during leaching to give a maximum 

sulphate content in the leach solution of 2.29 M, or about 225 g/L H 2S O 4 equivalent. 

(This is a typical operating concentration for many zinc electrolytic plants.)

As expected the majority o f most elements, with the exception of As, Cl, Pb and Ag, 

reported to the leach solution after Na2CC>3 roasting and leaching with H2SO4. In 

particular, the high dissolution of iron and sodium limits the solids concentration possible 

during leaching and, hence, the maximum zinc concentration possible in the leach 

solution. Iron would have to be precipitated from solution, either as jarosite, hematite or 

goethite, before zinc could be recovered. Indium and gallium extractions are both high at
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87.8% and 84.7%, respectively. These extractions, combined with a zinc extraction of 

98.9%, indicate that about 84% of the total value of the valuable metals (i.e., Ga, In, Ag 

and Zn), or about US$723/tonne of zinc ferrite at 2005 metals prices (15-18), are 

recoverable in the leach solution. The residue is significantly enriched with respect to 

lead and silver and it may be possible to recycle this residue to La Oroya’s lead smelter 

for further processing.

Table 27 Deportment of Minor Elements in La Oroya Zinc Ferrite during
Roasting with 80% Na2CC>3 at 950°C

Element Distribution, % Composition, % or g/L
Solution Residue Fume Feed Leach

Residue
Leach

Solution1
Fume1

Solids, g 1000 199 13.1
Solution, L 7.9
Elements

Zn 98.9 1.1 0.0 19.5 1.05 24.4
Fe 80.6 19.4 0.0 26.6 26 27.1
Na2 95.6 4.4 0.0 1.10 7.97 43.2
A1 88.7 11.3 0.0 0.97 0.55 1.09
Cd 95.8 4.2 0.0 0.19 0.04 0.23
Ca 74.2 25.8 0.0 0.37 0.48 0.35
Cu 86.3 13.7 0.0 0.55 0.38 0.60
Pb 4.9 90.7 4.4 2.98 14.3 0.18 10.0
Mg 77.9 22.1 0.0 0.18 0.20 0.18
Mn 44.6 55.4 0.0 1.22 3.40 0.69
K 94.4 5.6 0.0 0.18 0.05 0.21
Si 90.9 9.1 0.0 4.64 2.12 5.33
As 6.7 3.5 89.8 0.55 0.05 0.047 37.6
Cl 7.0 7.6 85.4 0.608 0.306 0.013 39.6
Co 100.0 0.0 0.0 0.001 n.a. 0.001
Ga 84.7 15.3 0.0 0.052 0.040 0.056
F 63.9 10.0 26.1 0.070 0.035 0.004 1.4
In 87.8 12.2 0.0 0.075 0.046 0.083
Ni 100.0 0.0 0.0 0.001 n.a. 0.001
Ag 2.1 98.0 0.0 0.030 0.1503 0.001
C2’4 30.0 4.0 66.0 1.42 2.10 n.a.
S4 75.6 10.2 14.2 1.50 1.84 n.a.

Estimated from element distribution, assuming a leach solution of 225 g/L H2SO4
2 Sodium and carbon extractions include Na and C added as Na2C03  during roasting.
3 Estimated from solids weight and leach extraction
4 Carbon and sulphur are assumed to be given off as gaseous CO2 and SO2.
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4.6.2 R oastin g  with N a2C O j an d  M nCO s

The deportment of minor elements in the La Oroya zinc ferrite during roasting with 80% 

Na2CX>3 and 33.25% MnC03 at 950°C is shown in Table 28.

Table 28 Deportment of Minor Elements in La Oroya Zinc Ferrite during
Roasting with 80% Na2C 0 3 and 33.25% MnCQ3 at 950°C

Element Distribution, % Composition, % or g/L
Solution Residue Fume Feed Leach

Residue
Leach

Solution1
Fume1

Solids, g 
Solution, L

1000 672
6.7

10.5

Zn 90.3 9.7 0.0 19.5 3.40 26.2
Fe 45.4 54.6 0.0 26.6 21.6 18.0
Na2 95.7 4.3 0.0 1.10 2.31 51.0
A1 81.3 18.7 0.0 0.97 0.27 1.17
Cd 96.5 3.5 0.0 0.19 0.01 0.27
Ca 90.0 10.0 0.0 0.37 0.06 0.50
Cu 52.3 47.7 0.0 0.55 0.39 0.43
Pb 1.0 93.9 5.1 2.98 4.37 0.04 14.5
Mg 80.1 19.9 0.0 0.18 0.08 0.21
Mn2 4.1 95.9 0.0 1.22 24.4 1.04
K 84.7 15.3 0.0 0.18 0.04 0.22
Si 92.8 7.2 0.0 4.64 0.50 6.40
As 0.7 9.6 89.7 0.55 0.08 0.006 47.1
Cl 46.6 15.2 38.2 0.608 0.137 0.421 22.2
Co 100.0 0.0 0.0 0.001 - 0.001
Ga 72.8 27.2 0.0 0.052 0.021 0.056
F 68.4 10.6 21.0 0.070 0.011 0.071 1.4
In 64.1 35.9 0.0 0.075 0.040 0.072
Ni 100.0 0.0 0.0 0.001 - 0.001
Ag 6.1 93.9 0.0 0.030 0.0403 0.003
C2’4 6.7 0.4 92.9 1.42 0.08 n.a. -

s4 71.8 11.6 16.6 1.50 0.63 n.a. -
Estimated from element distribution, assuming a leach solution of 225 g/L H2SO4

2 Sodium, manganese and carbon extractions include the sodium, manganese and carbon 
added as Na2C0 3 and M nC03 during roasting.

3 Estimated from solids weight and leach extraction
4 Carbon and sulphur are assumed to be given off as gaseous CO2 and SO2.

For the most part, extractions are similar to those in the previous section, but the addition 

of manganese significantly lowers the iron extraction. At these roasting conditions, the
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M11CO3 addition also drops the extractions of Cu, Ga, In and Zn. To maintain the 

extractions of these elements at similar levels to those in Section 4.6.1 for roasting with 

Na2CC>3 alone, roasting temperatures would likely have to be increased to 1000°C.

4.6.3 R oastin g  with Coal

The deportment of minor elements in the La Oroya zinc ferrite during roasting with 20% 

coal at 1100°C is shown in Table 29.

Table 29 Deportment of Minor Elements in La Oroya Zinc Ferrite during
Roasting with 20% Coal at 1100°C

Element Distribution, % Composition, % or g/L
Solution Residue Fume Feed Leach

Residue
Leach

Solution1
Fume1

Solids, g 
Solution, L

1000 610
1.5

104.0

Zn 61.7 2.9 35.4 19.5 0.84 130.2 66.4
Fe 2.6 97.5 0.0 26.6 37.4 4.7
Na 8.6 91.4 0.0 1.10 1.65 0.7
A1 20.8 79.2 0.0 0.97 1.26 1.39
Cd 0.3 6.8 92.9 0.19 0.00 1.22 1.7
Ca 9.0 91.1 0.0 0.37 0.55 0.23
Cu 13.4 86.7 0.0 0.55 0.78 0.51
Pb 0.5 81.3 18.2 2.98 1.55 0.10 5.2
Mg 46.9 53.1 0.0 0.18 0.16 0.58
Mn 7.5 92.5 0.0 1.22 1.85 0.63
K 6.5 93.5 0.0 0.18 0.27 0.08
Si 6.1 93.9 0.0 4.64 7.15 1.94
As 2.1 4.1 93.8 0.55 0.04 0.079 5.0
Cl 17.1 31.9 51.0 0.608 0.316 2.829 3.0
Co 100.0 0.0 0.0 0.001 n.a. 0.003
F 17.0 54.0 29.0 0.070 0.062 0.221 0.20
Ga 33.1 66.9 0.0 0.052 0.057 0.118
In 23.3 39.0 37.7 0.075 0.048 0.314 0.27
Ni 29.0 71.0 0.0 0.001 n.a. 0.002
Ag 0.4 99.6 0.0 0.030 0.0502 0.001
C
S

0.0
15.0

0.0
8.9

100.03 
76.13

1.42
1.5

0.00
0.22

n.a.
n.a.

Estimated from element distribution, assuming a leach solution of 225 g/L H2SO4 and 
assuming the fume produced is leached with minimal dissolution of Pb or As

2 Estimated from solids weight and leach extraction
3 Carbon and sulphur are assumed to be given off as gaseous CO2 and SO2.
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As expected from a Waelz kiln type process, cadmium and arsenic are extensively fumed, 

with Cl, F, In, Pb and Zn partially fumed during the roasting process. Additional indium 

and zinc are leached from the solids after roasting to give overall zinc and indium 

extractions of over 97% and 61%, respectively. Gallium is not recovered to a significant 

extent with only 33% soluble during leaching. Iron extractions are low during leaching 

and the overall extractions of most elements, relative to zinc, means that higher solids 

concentrations during leaching should be possible, potentially allowing leach solutions 

containing up to 130 g/L Zn to be produced.

4.6.4 R oasting  with C oal an d  M nC O j

The deportment of minor elements in the La Oroya zinc ferrite during roasting with 20% 

coal at 1100°C and 70% MnC03  is shown in Table 30. The extent o f zinc and lead 

fuming is significantly increased with the addition of MnC03  but, with the very high 

MnC03  additions used in this sample, overall zinc extractions were lowered to around 

93%. Indium and gallium extractions are slightly improved to 69 and 39%, respectively. 

Overall, the extraction of iron and other elements, relative to zinc, are lowered with the 

addition of MnC03  which would allow even higher solids concentrations to be used 

during leaching to nearly enable a solution containing 140 g/L Zn to be produced, or 

about 93% of the maximum zinc concentration possible for leaching with 225 g/L H2SO4.

Lower MnCC>3 additions are likely to be used in practice which would significantly 

reduce the manganese content of the leach residue. The potential for recovering the iron 

values from the leach residue would be dependent largely on the ability to reduce or deal 

with the major, potentially deleterious, impurities in the residue, including Cu, Pb, Na 

and Zn, which will be discussed in more detail in Section 4.7.2.1.
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Table 30 Deportment of Minor Elements in La Oroya Zinc Ferrite during
Roasting with 20% Coal and 70% MnCOa at 1100°C

Element Distribution, % Composition, % or g/L

Solution Residue Fume Feed
Leach

Residue
Leach

Solution1 Fume1
Solids, g 
Solution, L

1000 1025
1.3

169.6

Zn 33.6 7.4 59.0 19.5 0.84 139.6 67.8
Fe 1.5 98.5 0.0 26.6 25.6 3.0
Na 1.4 98.6 0.0 1.10 1.06 0.1
A1 2.1 97.9 0.0 0.97 0.93 0.16
Cd 0.4 6.0 93.6 0.19 0.01 1.38 1.0
Ca 0.2 99.8 0.0 0.37 0.36 0.01
Cu 3.0 97.0 0.0 0.55 0.52 0.13
Pb 0.3 49.0 50.7 2.98 1.43 0.07 8.9
Mg 34.7 65.3 0.0 0.18 0.11 0.48
Mn2 0.3 99.7 0.0 1.22 33.7 0.03
K 1.1 98.9 0.0 0.18 0.17 0.01
Si 2.1 97.9 0.0 4.64 4.44 0.75
As 2.8 12.7 84.6 0.55 0.07 0.118 2.7
Cl 12.6 62.4 25.0 0.608 0.37 1.77 0.90
Co 83.3 16.7 0.0 0.001 0.003
Ga 38.9 61.1 0.0 0.052 0.031 0.37 0.18
F 24.3 32.2 43.5 0.070 0.022 0.132
In 20.8 31.1 48.2 0.075 0.058 0.400 0.21
Ni 0.0 100.0 0.0 0.001 0.000
Ag 5.6 94.5 0.0 0.030 0.0303 0.013
C
s

0.0
0.0

0.0
2.7

100.04
97.34

1.42
1.50

0.00
0.04

n.a.
n.a.

Estimated from element distribution, assuming a leach solution o f 225 g/L H2SO4 and 
assuming the fume produced is leached with minimal dissolution of Pb or As

2 Manganese extractions include the manganese added as MnC03  during roasting.
3 Estimated from solids weight and leach extraction
4 Carbon and sulphur are assumed to be given off as gaseous CO2 and SO2.

4.7 Preliminary Evaluation of Potential Processing Options

4.7.1 R oastin g  with N a2C0 3  an d  M nC O j

Roasting with Na2C03  alone has few advantages over direct hot acid leaching. High zinc, 

indium and gallium extractions are possible, as they are for hot acid leaching. Iron
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extractions are lower than for hot acid leaching (i.e., 80% versus often over 98% for hot 

acid leaching). However, because of the higher reaction temperatures and endothermic 

reactions, involved in the Na2CC>3 roasting process, roasting with Na2CC>3 alone would 

likely provide few advantages, whether in energy, economic or environmental benefits, 

over hot acid leaching. However, roasting with Na2C03  alone will be discussed in the 

following sections for comparative purposes with other process options.

Roasting with Na2CC>3 and MnC.0 3 , with a reduction of almost 50% in the iron extraction 

from the zinc ferrite, is a more attractive process option, as nearly half of the iron in the 

original zinc ferrite can be fixed as a Mn-Fe oxide, which is expected to be 

environmentally stable on disposal with some potential towards recovery of manganese 

and iron from that residue (Section 4.7.1.2). A possible flowsheet for zinc recovery from 

the zinc ferrite using Na2CC>3 and MnCCb roasting is presented in Figure 68 , which 

should allow the complete integration of the process with Doe Run Peru’s existing zinc 

electrolytic plant at La Oroya. The reactions for each unit operation are provided in 

Table 31. A similar flowsheet, and chemical reactions, could be proposed for roasting 

with Na2C03  alone, but less iron would report to the leach residue and more iron would 

have to be reduced and then precipitated as goethite. (The higher iron extractions that 

would result, would limit the solids concentration during leaching, which would, in turn, 

lower the zinc concentration in the leach solution.)

Table 31 Chemical Reactions during the Na2C0 3 /MnC0 3  Roast Process
Unit Operation Chemical Reactions
Na2C03  Roasting Na2C03  + ZnFe204 ^  2 NaFe02  + ZnO + CO2 

2 NaFe02  + MnC03  ^  MnFe204 + Na2C03
H2SO4 Leaching H2SO4 + ZnO — ZnS04 + H20  

4 H2SO4 + 2 NaFe02 ^  Na2S 04 + Fe2(S04)3 + 4 H20
Iron Reduction Fe2(S04)3 + ZnS ^  ZnS04 + S° + 2 FeS04
In/Ga Precipitation H2SO4 + ZnO ^  ZnS04 + H20

(In,Ga)2(S04)3 + 3 CaC03 + 9 H 20 - 2  (In,Ga)(OH)3 + 
3C aS04-2H20  + 3 C 0 2

FeOOH Precipitation 2 FeS04 + 2 ZnO + 0.5 0 2 + H20  2ZnS04 + 2FeOOH
Basic Zinc Sulphate 
Precipitation

4 ZnS04 + 3 CaC03 + 13 H20  ^  ZnS04-3Zn(0H)2-4H20  + 
3 CaS04-2H20  + 3 C 0 2
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Figure 6 8  Possible Flowsheet for Na2C0 3 /MnC0 3  Roasting and H2S 0 4 Leaching 
of La Oroya Zinc Ferrite Residue

In this process flowsheet, the zinc ferrite is roasted with Na2C 0 3 and MnC03 and then 

leached in 225 g/L H2S 0 4 solution to give a solution containing about 26 g/L Zn, 18 g/L 

Fe, 51 g/L Na and less than 5 g/L H2S04. After leaching, the slurry would be filtered 

from the Mn-ferrite residue, which represents over 50% of the iron values in the original 

zinc ferrite material, separated from the solution and sent to either disposal or further 

processing for the recovery of the iron and manganese values (Section 4.7.1.2).
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After leaching and filtration, zinc concentrate would be added to reduce Fe3+ to Fe2+. 

Any unreacted zinc concentrate, or S° produced during the reduction, would be recycled 

to the zinc roasters to produce zinc calcine and SO2  gas for H2 SO4  production. This step 

is important for several reasons: first, because it eliminates the possibility of forming 

sodium jarosite, second, it allows for the recovery of a low iron In/Ga precipitate and, 

third, it prepares the iron remaining in solution for removal as goethite using the Vielle 

Montagne process, as described in Section 4.2.2A (99).

This solution is then neutralized, first with zinc calcine to neutralize free acid and then 

with CaC03  to precipitate indium and gallium from solution as their respective 

hydroxides in a process similar to that proposed by Maeshiro and Emi (98) or by 

Benedetto et al. (113). (Aluminum in solution would also likely be precipitated during 

this step.) The solution pH would be kept below pH 4.5 to minimize the precipitation of 

basic zinc sulphate during neutralization. The resulting precipitate would then be 

redissolved and the indium and gallium extracted using solvent extraction flowsheets, 

such as those described in the literature (113-115), with any coprecipitated zinc and iron 

recycled to the leach solution.

The solution after precipitation of indium and gallium would then be simultaneously 

oxidized at temperatures of around 90°C to precipitate iron as goethite (FeOOH) with the 

acid produced during precipitation, neutralized to give a solution pH of 2.5 to 4.2 (116). 

(Hematite precipitation is also a possibility, but the higher temperatures and pressures 

required are unlikely to be practical, especially for a plant operating at high altitudes, 

such as La Oroya.) Much of the silicon in solution would also be expected to precipitate 

in the goethite precipitation step (116).

Once iron has been removed from solution, zinc can then be precipitated by raising the 

solution pH to between pH 6 and 8 with the addition of limestone (CaCOa) or lime (CaO) 

to precipitate basic zinc sulphate (ZnS04-3Zn(0H)2-4H20  (BZS)) (117). This BZS 

precipitate can then be recycled to the calcine or neutral leach, where roasted zinc ore is 

normally leached with spent electrolyte, to neutralize acid and recover the contained zinc
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values. The neutral leach solution would be treated conventionally using zinc dust 

purification, or other purification methods, before zinc is recovered as super high grade 

cathode zinc by electro winning in Doe Run Peru’s existing electrolytic plant. Copper and 

cadmium in solution could be precipitated from the leach solution with the addition of 

zinc dust before BZS precipitation, depending on their quantity in solution and the 

desirability of recovering these metals as byproducts.

4.7.1.1 Na2C(>3 Recovery and H2SO4 Regeneration

The addition of Na2CC>3 during roasting and the consumption of H2SO4 during leaching 

would be substantial operating costs for this process and, thus, recovery of both Na2CC>3 

and H2SO4 would improve the economics of Na2CC>3 roasting of this material. After 

examination of the available literature, two potential routes for the recycling of these two 

reagents were identified: Na2S0 4 metathesis (Figure 69) or solvent extraction/ion 

exchange of Na2S0 4 (Figure 70).

With either case, it is likely that the solution after BZS precipitation would be neutralized 

to pH 10 with lime (CaO) or NaOH to remove most of the remaining impurities in 

solution (i.e., Al, Cd, Ca, Cl, Co, Cu, F, Pb, Mg, Mn, Ni and Si) and prevent the buildup 

of these impurities in the Na2C03  recovery circuit or their recycle to acid leaching with 

the regenerated H2SO4. (Potassium would be expected to remain in solution after 

neutralization.)

In Na2S04  metathesis (Figure 69), sodium sulphate is first crystallized from solution as 

Glauber’s salt (Na2SO4-10 H2O) and then further evaporated and crystallized to form 

Na2S04. The anhydrous Na2S0 4 is then added to a solution containing 40 to 60% H2SO4 

and HC1 is added to metathesize Na2S0 4 by the reaction:

Na2S04 + 2 HC1 ^  2 NaCl + H2S 0 4 (118,119).

The NaCl precipitate can then be separated from the sulphuric acid and a bleed of the 

sulphuric acid solution diluted and sent to acid leaching.
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Figure 69 Na2C 0 3 and H2SO4 Regeneration by Low Temperature Metathesis

In solvent extraction or ion exchange of Na2S04 (Figure 70), the Na2S 04 solution is 

contacted with an ion exchange resin in the H+ form of the resin or an organic solvent, 

with the resin or solvent stripped with HC1 solution to regenerate the resin or solvent and 

produce a strip solution high in NaCl. (Though research on solvent extraction or ion 

exchange of sodium solutions is not well documented in the literature, several studies 

have proposed using ion exchange resins to convert Na2S04 to H2S 04 and NaN03 (120- 

123).) The H2S04 rich raffinate would be returned to acid leaching with the NaCl
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solution going on to Na2C03  recovery. (Lowering the pH of the neutralized solution (i.e., 

pH 10) may be required to maximize the recovery of Na and SO4 ' in this flowsheet.)

Neutralization
Solution

HC1
Solution

H2SO4

RaffinateNa IX/SX

NaCl Strip 
Solution

CO2 from 
Roasting Na2C 03

Recovery
C 02 and H20

Condensate NaHCCb
Calcination

NH4CI
Crystallization

NH4CI
Calcination Na2C0 3 to 

Roasting
Figure 70 Na2C0 3 and H2SO4 Regeneration by Solvent Extraction or Ion 

Exchange

In both process routes (Figures 69 and 70), Na2C0 3 would be recovered from solution by 

adding ammonia (NH3) to the resulting NaCl solution and bubbling CO2 gas, a byproduct 

of the Na2C0 3 roasting process, through the solution to precipitate sodium bicarbonate 

(NaHC03) by the following reaction: NaCl + H20  + NH3 + C 0 2 — NH4C1 + NaHC03 

(124). The sodium bicarbonate can then be filtered from the solution, calcined to form 

Na2C 0 3 and recycled to Na2C 0 3 roasting. The NH4CI solution can be crystallized to 

recover NH4CI, which can then be decomposed by heating, to recycle HC1 and NH3 to the 

H2SO4 regeneration and Na2C 0 3 recovery steps, respectively.
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Even with the capital and operating costs associated with solvent extraction or ion 

exchange, it is likely that the costs of crystallizing Na2S04  from solution, and the capital 

cost associated with materials of construction for the high acid concentrations required in 

the Na2SC>4 metathesis, would be higher than those for ion exchange or solvent 

extraction.

The deportment of potassium through either process route is unknown. In the metathesis 

flowsheet, it is likely that K2SO4 would be crystallized along with Na2SC>4, but would not 

be metathesized to form H2SO4, potentially resulting in a buildup of potassium in 

solution. In the ion exchange/solvent extraction flowsheet, if potassium is not loaded 

along with sodium on the resin or solvent, a similar problem would occur and would 

require either bleeding a portion of the process solution to remove potassium or another 

alternate potassium removal step. However, if potassium is loaded along with sodium, 

then it will be stripped as KC1 from the resin/solvent. The high solubility o f KHCO3 in 

solution means that KHCO3 would not coprecipitate with NaHCC>3 and thus, it would be 

expected to crystallize from the solution along with NH4CI (125). On heating of the 

crystallized NH4CI, KHCO3 would be expected to thermally decompose, releasing CO2 

and water and forming K2O. The K2O could be removed from the system as a solid waste 

and disposed.

4.7.1.1.1 Process Implications and Modifications

In order to minimize sulphate losses as gypsum (CaS0 4 -2H2 0 ) and maximize the 

recovery of sulphate as H2SO4, it may be advantageous to use Na2C03  instead of 

limestone (CaCOs) during In/Ga precipitation or BZS precipitation in Section 4.7.1 Any 

Na2C03  added could be recovered in the Na2CC>3 recovery portion o f the flowsheet.

An alternative to using CaCC>3 as a neutralizing agent may be possible using observations 

made during the roasting of EAF dusts with Na2CC>3 (Section 5.5.1). In the Na2CC>3 

roasting of EAF dust, water leaching selectively removed chromium from the roasted 

solids. During hot water leaching, the majority o f the sodium added was also leached
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with sodium extractions of between 70 and 85% to the water leach solution (Sections

5.6.1 and 5.6.2). Analysis of sulphur deportment in the solids indicates that this water 

leach solution should be very low in sulphate, with the majority of this sulphate 

associated with zinc and other dissolved impurities. While carbon deportment indicates 

that some of the sodium in solution is present as Na2CC>3, likely from Na2CC>3 that did not 

react or decompose during roasting, most of the sodium is presumably present as NaOH. 

(Based on the available analyses, the EAF water leach solution should contain about 

1.5% of the sodium as Na2S0 4 , 21% as Na2C03  and 77% as NaOH.) Thus, this solution 

represents a high sodium, high pH solution which could be used for solution 

neutralization.

If similar sodium deportments were observed when the La Oroya zinc ferrite is leached 

with hot water, then it may be possible to modify the process flowsheet to make use of 

the water leach solution for neutralization. A modified process flowsheet, with the 

addition of water leaching, is illustrated in Figure 71. The water leach solution could be 

used as a neutralizing agent in In/Ga precipitation and the precipitation of basic zinc 

sulphate. Based on the results from Na2CC>3 roasting of the EAF dust, minor amounts of 

zinc would also report to the water leach, but reintroduction of the solution as a 

neutralizing agent would allow this zinc, and any other impurities leached in water 

leaching, to be recovered or removed as discussed earlier in the unit operations described 

in Sections 4.7.1 and 4.7.1.1.

Table 32 compares various process options for the processing of La Oroya zinc ferrite, 

including hot acid leaching and Na2C03  roasting with and without MnC03  or water 

leaching based on maximum zinc concentrations in solution and solution volumes. (Zinc 

concentrations and solution volumes are calculated for the water leach flowsheet 

assuming that 75% of the sodium added is recovered with water leaching.)
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Figure 71 Modification of the Na2C0 3 /MnC0 3  Roasting Flowsheet to Incorporate 
Hot Water Leaching into the Process Flowsheet

Much higher zinc concentrations in the leach solution can be obtained with hot acid 

leaching, due in large part to the high iron extractions observed, and the correspondingly 

high requirements for zinc concentrate and calcine to be able to reduce and precipitate 

these iron values. However, because of these high iron extractions, a solution is
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produced, that with respect to most elements, could potentially be able to be treated 

directly in electro winning following zinc dust purification.

Table 32 Comparison of Leach Volumes and Zinc Concentrations for Various 
Ferrite Treatment Flowsheets

Process Flowsheet Hot Acid 
Leach*

Na2C 0 3
Roast

Modified
Na2C 03
Roast**

Na2C 03-
M nC03
Roast

Modified
Na2C 03-
M nC03
Roast**

Acid Leach Volume, 4.6 7.9 5.4 6.7 4.2
L/kg ZnFe204***
Total Zinc Cone, before
BZS Precipitation, g/L 141.7 72.0 98.5 57.8 92.9

Zn from ZnFe20 4 , g/L 41.7 24.4 33.4 26.2 42.2
Zn from Zinc
Concentrate (ZnS), g/L 33.3 15.9 21.7 10.5 16.9
Zn from Roaster
Calcine (ZnO), g/L 66.7 31.7 43.4 21.1 33.8

Distribution of Zn
Recovered, %

ZnFe204 29.4 33.9 33.9 45.4 45.4
Zinc Concentrate (ZnS) 23.5 22.0 22.0 18.2 18.2
Roaster Calcine (ZnO) 47.0 44.1 44.1 36.4 36.4

* Calculated assuming extractions of 99% for Zn and Fe and similar extractions to 
Na2C03  roasting for all other impurities, except for K, Na and Si 

** Flowsheet modified to include water leaching 
*** Assuming 225 g/L H2SO4 in the leach solution

However, with the relatively high chloride and fluoride concentrations in the La Oroya 

zinc ferrite, if  chloride or fluoride extractions are similar to, or even significantly lower 

than, the extractions observed in Na2C03  roasting, then the leach solution would contain 

unacceptably high chloride and fluoride concentrations. (High chloride concentrations 

(i.e., over 40 mg/L) encourage corrosion of the lead anode (126) while high fluoride 

concentrations (i.e., over 20 mg/L) can degrade the surface oxide on the aluminum 

cathode and cause difficulty in stripping of zinc from the cathodes (101,127).) Thus, 

chloride and fluoride removal would likely be required before this material could be 

treated directly in electro winning.
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The Na2C03  roasting flowsheets, on the other hand, can easily deal with high chloride 

and fluoride concentrations as neither element would be expected to precipitate along 

with basic zinc sulphate.

Modifying the process flowsheet to include water leaching not only decreases acid leach 

volumes (i.e., decreased capital cost because of decreased equipment size) and 

significantly increases the zinc concentration in solution (i.e., increased zinc throughput 

for a certain equipment size), but it also reduces limestone requirements for In/Ga 

precipitation and BZS precipitation by up to 96% for roasting with Na2CC>3 alone and up 

to 100% for roasting with Na2CC>3 and MnCC>3 while eliminating sulphate losses from the 

system through gypsum precipitation.

While this process modification does appear promising, further research into element 

deportment during water leaching and the use of water leach solution as a neutralizing 

agent would have to be performed. The potential impact of hot water leaching on the 

water balance of the process would also have to be examined.

4.7.1.2 Potential for Iron and Manganese Recovery

From the analyses shown in Section 4.6.2, the leach residue after roasting with 80% 

Na2CC>3 and 33.25% MnCC>3 at 950°C and leaching with 200 g/L H2SO4 would be 

expected to contain about 3.4% Zn, 21.6% Fe, 0.4% Cu, 2.3% Na, 4.4% Pb and 0.6% S. 

This residue would represent approximately 55% of the iron in the original zinc ferrite 

with the remaining iron reporting to the goethite residue after precipitation. These 

impurity elements have the potential to limit the use of this material for direct reduced 

iron (DRI) production or recycle. The implications and potential solutions to allow the 

iron residues to be processed to produce DRI are discussed below.

In most DRI processes, the bulk of the zinc would be expected to be reduced and leave 

the DRI furnace as zinc fume. If integrated with a zinc smelter, particularly one 

processing secondary zinc materials, such as zinc ferrites, this zinc could be readily 

recycled to the zinc plant and the zinc values recovered.
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Lead is present as anglesite (PbSC>4) in the leach residue, and, as such, might be able to 

be selectively leached from the residue using either acetic acid, a combination of Na2CC>3 

and acetic acid solutions (128,129) or ammonia (130). Sulphur is largely associated with 

the lead as PbS04  and, thus, sulphur levels would be expected to be lowered in the solids 

as lead is leached from the solids. The lead could then be precipitated and recycled to La 

Oroya’s lead smelter for metal recovery.

Although little mention is made of the deportment of sodium in Waelz kiln or DRI 

processes, sodium would either report to the slag phase or may be reduced and 

volatilized, with sodium then reporting to the zinc fiime. Thus, the sodium could either 

be disposed of in the slag or, if firmed, leached and then recovered as Na2CC>3 in the 

process flowsheet outlined in Section 4.7.1.

Manganese would be expected to report to the slag phase. The slag phase could then 

either be leached and manganese precipitated as MnCC>3 for recycle to the Na2C03  

roasting process or further treated for the production of ferro- or silicomanganese for sale.

So far, these major impurities do not represent insurmountable problems in the operation 

of an integrated zinc-lead-copper smelter with the addition of DRI capacity. Copper in 

the residue, however, is the impurity of greatest concern. The Cu:Fe ratio in the feed 

0 .021:1 which, assuming all the copper added reports to the metal phase during iron 

production, would result in iron containing nearly 2% Cu. After roasting and leaching, 

over 50% of the copper is extracted to the solution, but, with only 55% of the iron 

reporting to the MnFe204 residue, the Cu:Fe ratio is only reduced to 0.018:1 in the 

MnFe204 residue. If the goethite waste, which would contain Pb, Zn and S as entrained 

sulphates, was also processed to recover iron, the Cu:Fe ratio would be further reduced to 

0.010:1, corresponding to an iron product o f about 1% Cu. Based on this analysis, about 

88% of the copper in the feed would have to be extracted during leaching in order to 

lower the copper content o f the iron residues produced to levels similar to the allowable 

copper levels in automobile shredder scrap (0.25%) (131). Roasting with Na2CC>3 alone
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caused up to 86% of the copper to be leached from the residue and, thus, increased 

copper removal may be possible with further optimization of the process conditions (i.e., 

temperature, Na2CC>3 and MnCC>3 additions). However, further research would be 

required to determine to what extent copper can be removed and, thus, to what extent iron 

can be recovered from the iron residues from this process.

4.7.1.3 Silver Recovery

There is no evident economically favorable route for silver recovery from the solids or 

solutions produced during this process. Thus, it is likely that, if  silver were to be 

recovered, it would have to be recovered using flotation and/or leaching before roasting 

(Section 4.2.2.1.3.3).

4.7.2 R o a stin g  w ith C oal a n d M n C O j (M odified  W aelz K iln  Process)

Roasting with coal and MnCC>3 is endothermic but should have a much lower heat 

requirement for the reaction to form MnFe204 than is necessary for the typical Waelz kiln 

reaction where ZnFeiC^ is reduced to form zinc vapor and metallic iron (Table 32).

Table 32 Comparison of Thermodynamics of Waelz Kiln Reactions
Reaction AG° (kJ/mol ZnFe204)

ZnFe20 4 + 4 C ^  Zng + 4 CO + 2 Fe
ZnFe20 4 + C + MnC03 ^  Zng + MnFe20 4 + CO + C 02
ZnFe204 + C ^  Zng + CO + Fe203

862 -  0.805T 
475 -  0.479T 
382 -0.308T

Based on the thermodynamic analysis, this should reduce the heat required for the 

reduction reaction by up to 55%. Roasting with MnCC>3 is only slightly more 

endothermic (25%) than the reduction reaction where iron is only reduced to hematite 

(Fe2C>3). However, with the difficulty in controlling the temperature and reducing 

conditions in traditional Waelz kiln operations, reduction to Fe2C>3, without forming 

metallic iron, is rare and, thus, the addition of MnCC>3 during roasting could be 

thermodynamically and operationally favorable. In addition, because the leach residue 

consists predominantly o f MnFe204, the residue, unlike the metallic iron residue from
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normal Waelz processing, should be readily disposable as an environmentally stable 

residue.

Theoretically, the addition of MnCCb to limit the reduction of iron values to metallic iron 

should also reduce the coal requirements during roasting. However, these experiments 

indicate that coal must be added significantly in excess of stoichiometric requirements for 

either reaction. This may be a function of the furnace configuration used during these 

roasting tests; it would be expected that coal requirements would be decreased under a 

furnace configuration that more closely simulates the atmosphere and temperatures of 

Waelz kiln operation.

A possible flowsheet for this modified Waelz kiln process of roasting with coal and 

MnCC>3 is presented in Figure 72. Because of the amount of chloride and fluoride in the 

La Oroya ferrite, and the high recovery of Cl and F to fume and to the leach solution, 

basic zinc sulphate precipitation would have to be used to minimize the chloride and 

fluoride concentrations reporting to zinc electrowinning. (The fume and roaster calcine 

could be leached together in one unit operation if  lead or arsenic contamination of the 

MnFe204 residue can be tolerated.) Overall, though, since the extractions of most 

elements, including Al, As, Ca, Cd, Cu, Fe, Mg, Mn, K, Si and Na, are considerably 

lower than those from Na2C03  roasting, much higher solids concentrations can be used in 

acid leaching, resulting in a much more concentrated zinc solution with lower overall 

levels of impurities.

Because of the significantly lower iron extractions in solution, much less zinc concentrate 

and zinc calcine would be needed to reduce and precipitate the iron from solution and 

less goethite precipitate would be produced. (Less contamination of the In/Ga precipitate 

by iron would also be expected.) Thus, after removal of In, Ga and Fe, it is likely that 

this solution would be amenable to be treated directly in zinc electrowinning, following 

conventional zinc dust purification o f the iron-free solution, except for the high chloride 

and fluoride concentrations in the leach solution.
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Figure 72 Possible Process Flowsheet for Roasting with Coal and MnC(>3 and Leaching with Spent Electrolyte



Under the conditions of the sample analyzed in Table 30 (1100°C, 20% coal, 70% 

MnCCh), zinc, gallium and indium extractions are relatively low at 93, 39 and 69%, 

respectively, but extractions o f zinc and indium, at least, would be expected to increase 

with MnCOa additions closer to stoichiometric, or if  slightly higher temperatures or coal 

additions were used during roasting (Figure 62). However, these extractions indicate that, 

based on 2005 metal prices (15-18), that, at least, US$543 worth of the Ga, In and Zn 

values can be recovered by roasting with coal and MnC03  or about 63% of the total value 

of Ga, In, Ag and Zn in the ferrite residue.

A major disadvantage for this flowsheet is that there are few options available to recover 

or recycle the sulphuric acid added during leaching. Some sulphate is lost as gypsum 

during BZS precipitation and most of the remaining sulphate would likely be lost during 

neutralization of the barren solution after BZS precipitation to precipitate Cl, F and other 

elements. This may be acceptable in a zinc plant that produces significant quantities of 

excess or unsaleable H2SO4 from their roasting operations, but would not likely be 

acceptable economically in most electrolytic zinc plants.

Further research into the possibility of removing chloride and fluoride by leaching the 

fume and roaster calcine with water or Na2C03  to remove Cl and F should be conducted; 

if these elements could be removed to lower the Cl and F concentrations to acceptable 

levels in the leach solution, the solution after goethite precipitation would likely be 

sufficiently pure, after zinc dust purification to be sent directly to zinc electrowinning.

4.7.2.1 Potential for Iron and Manganese Recovery

Based on the sample analyzed in Table 30 (1100°C, 20% coal, 70% MnCOs), the leach 

residue would be expected to contain 0.8% Zn, 25.6% Fe, 0.5% Cu, 33.7% Mn, 1.4% Pb, 

4.4% Si, 1.1% Na and 0.22% S. (Lower MnCOs additions during roasting would lower 

the manganese content in the residue.) Because only 3% of the copper is recovered to the 

leach solution, the Cu:Fe ratio of the residue does not drop significantly from that o f the 

feed (i.e., 0.021:1 to 0.020:1). Thus, this copper concentration would make recovery of
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manganese or iron by direct solid state reduction, or other smelting, methods impractical 

as the iron product would contain unacceptable amounts of copper (i.e., about 2%).

4.7.2.2 Silver Recovery

As discussed in Section 4.7.1.3, there is no evident route for silver recovery in this 

process as silver is not concentrated in the solids or solutions at any stage of the process. 

Thus, it is likely that, if  silver were to be recovered, it would have to be recovered using 

flotation and/or leaching before roasting (Section 4.2.2.1.3.3).

4.8 Conclusions

Through the application of the generalized testing procedure to the La Oroya zinc ferrite, 

two potential reagent systems were identified.

High zinc extractions (>99%) were possible roasting with Na2C03  roasting and leaching 

with H2SO4, but iron extractions were also high at up to 90%. Mineralogical studies 

indicated that several phases, including a-NaFe02  P-NaFeC>2, Na2ZnSi0 4 , and ZnO, 

formed during roasting, but, after leaching, only unreacted ZnFe204 and minor amounts 

of PbS04  remain in the residue. The addition of secondary reagents during Na2C03  

roasting to try to form acid insoluble metal ferrites was also tested. Of the reagents tested, 

only MnC03  was effective in significantly lowering iron extractions due to the formation 

of acid insoluble Mn-ferrites during roasting.

Roasting with coal and ferrite forming additives, such as CaC03  and MnC0 3 , was also 

tested. In both cases, high zinc extractions were possible, but CaC03  resulted in only 

limited formation of Ca-ferrites while MnC03  caused the iron values to be converted 

nearly quantitatively to jacobsite (MnFe20 4) during roasting.

The deportment o f minor elements in these systems was also detailed and preliminary 

process flowsheets were developed for each of these promising reagent systems.
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5.0 Application of the General Procedure to the Treatment of Altasteel 
Electric Arc Furnace (EAF) Dust

5.1 Feed Material

A sample of EAF dust produced as a byproduct from processing of carbon steel was 

obtained from Altasteel. Table 33 shows a summary of the analyses provided by 

Altasteel while Table 34 presents the analyses performed at the U of A. Elements, such 

as Cr, F and Pb, are of particular concern, as it is usually based on these elements that the 

dust fails Toxicity Characteristic Leaching Procedure (TCLP) tests and is then classified 

as a hazardous waste.

Table 33 Typical Chemical Analysis of EAF Dust Supplied by Altasteel
Analysis Dust Sample Analysis Dust Sample Extractable

Metals
Sample

Avg.May 04 Aug 04 May 04 Aug 04
Al, % 0.53 0.48 Ba, ppm 231 255 Strong Acid
Ca 15.2 11.8 Be <0.5 10 Hg, ppm 7.8
Cl 0.77 1.01 Co 23 26 Sb 47.1
Cr 0.56 0.36 Mo 179 148 As 40.1
Fe 33.7 34.0 Sr 105 34 Cd 349
Mg 1.83 1.92 Ti 462 <400 Cu 2960
Mn 3.86 4.01 V 100 118 Pb 9990
P 0.04 0.25 Zr 70 8 Ni 300
K 1.16 0.72 S 04 240 200 Se 5.4
Si 2.80 2.17 Sn 214
Na 0.45 0.63 Water
S 0.29 0.48 Cr6+, ppm 2.7
Zn 9.18 9.24 F 35

Table 34 Chemical Analysis of As-Received Altasteel EAF Dust

Analysis, % Analysis, ppm
Al 0.50 Cr 0.34 K 0.82 Co 70
As 0.04 Cu 0.40 Si 1.92 F 130
Cd 0.03 Fe 31.9 Na 1.32 Mo 150
Ca 7.14 Pb 0.90 S 0.43 Ni 390
C 4.71 Mg 1.39 Zn 9.40 V 80
Cl 1.45 Mn 3.56
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The as-received EAF dust had a particle size of 50% passing 84 pm, but with almost 35% 

greater than 417 pm. After drying the residue, the oversize was pulverized to give a final 

particle size of 90% passing 75 pm for the EAF dust used in the roasting tests.

Mineralogically, x-ray diffraction analysis shows that the Altasteel EAF dust contains a 

mixture of Zn-Mn-Fe spinels ((Zn,Mn,Fe)(Fe,Mn)204), CaCC>3, NaCl, CaZn2(0 H)6-2H20  

and lamite (Ca2SiC>4) (Figure 73).
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Figure 73 X-ray Diffraction Pattern for Altasteel Electric Arc Furnace Dust

The presence of a hydrated Ca-Zn compound in the dust may indicate that this sample 

was stored outdoors and was weathered prior to sampling. The x-ray diffraction peaks are
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less than one third of the intensity of those for the La Oroya ferrite feed, possibly as a 

result of a lower overall crystallinity in the EAF feed. The poor selectivity observed 

during diagnostic leaching (i.e., 49% of the zinc dissolved by leaching with sulphuric

acid at room temperature, along with a significant portion of the Al, Cd, Cr, Cu, Fe, Ni,

Mg, Mn, Mo, V and Si in the EAF dust), particularly with respect to Fe and Mn, is

further indication of poor crystallinity in the EAF dust feed.

When viewed with the scanning electron microscope, the EAF dust appears as very fine, 

often spherical, particles and, in many cases, the texture of the dust shows signs of 

melting or partial melting (Figure 74), which is likely reflective of the high temperatures 

at which the dust is produced.

■1
Figure 74 Secondary Electron (SE) and Backscattered Electron (BSE) Images of 

Altasteel Electric Arc Furnace Dust Feed Sample

EDX analysis showed the particles to be quite uniform, containing Ca, Cl, Fe, Pb, Mn, S 

and Zn, with no visible distinction between phases observed. This is a sharp contrast to
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the La Oroya ferrite, where major phases existed as distinct particles that could be readily 

distinguished using SEM/EDX analysis, and is further indication of the lower 

crystallinity of the EAF dust, relative to the La Oroya ferrite.

5.2 Literature Survey

5.2.1 M ineralogy an d  F orm ation o f  E A F  D u st

EAF dust is formed when various molten metallic iron is atomized by the CO released 

during arc melting and launched into the gas stream where it reacts with volatilized metal 

oxides, such as Zn, Pb and Cd (132), to form a material containing predominantly a 

magnetite-franklinite-jacobsite (Fe304/ZnF e204/MnF 6204) solid solution (133). 

Depending on the EAF dust sample, other phases such as zincite (ZnO), lime (CaO), 

periclase (MgO), Fe203, FeO, Ca2Si0 4, Ca2(Fe,Al)0 4 and various Ca-Fe-Mn-Zn silicates, 

along with the occasional entrained metallic iron or coke particle, can also be detected 

(134-137). Chlorine occurs as NaCl, KC1, PbCh, ZnCL or as Cl-bearing alkali metal 

oxides while fluorine primarily occurs as CaF2 or MgF2 (137). (A number of detailed 

mineralogical studies on EAF dust have been completed (134-138) and can be consulted 

for further detail.)

5.2.2  W orld Production o f  E A F  D u st an d  C oncerns

About 1.2 million tonnes of EAF dust was produced in the US and Canada in 1999 (139),

with an additional 500,000 to 600,000 t/y produced in both Europe and Japan (140). This

corresponds to between 10 and 20 kg of EAF dust produced per tonne steel (133).

A typical carbon steel EAF dust contains 15 to 25% Zn, 0.5% to 2% Pb, 0.03 to 0.3% Cd, 

0.5 to 3% Cl, 0.05 to 0.1% F, 30 to 45% Fe (140). In the developed world, EAF dust is 

classified as a hazardous waste, as it fails toxicity leaching requirements for Pb, Cd and 

Cr (133), with the high chloride and fluoride content of the dust causing additional 

concern, making landfilling of the EAF dust increasingly unpopular. In recent years, it 

was not uncommon for US EAF plants to spend US$150 to 250 per tonne to dispose of or 

treat their EAF dust (141); “tipping fees” have been reduced more recently to US$80 to 

125 per tonne due to increased competition in the EAF recycling market and
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improvements in technology (140). Even so, the cost of treating the EAF dust produced 

during EAF steelmaking can be as high as US$2 to 3 per tonne of steel produced (140). 

At present, most EAF treatment does not occur locally at the steel mill where the dust is 

produced, but the dust is instead shipped to a third party for treatment.

5.2.3 Technologies f o r  E A F  Treatm ent

The large tonnages of EAF dust produced worldwide, and the environmental and 

economic implications of its disposal, has spurred the development of processes to treat 

EAF dust and there is much more variety than observed for the treatment of ferrite 

residues from zinc production. Numerous processes have been proposed, developed or 

piloted; of these, few have been put into production, and several have been tried 

commercially and abandoned. Tables 35 and 36 list the process type, products and status, 

as of 2000, of the various EAF treatment technologies.

In general, these processes can be categorized into four categories: pyrometallurgical, 

hydrometallurgical, hybrid or stabilization processes.

5.2.3.1 Pyrometallurgical Processes

5.2.3.1.1 Waelz Kiln

Waelz kiln processing of EAF dust remains the prominent technology used for the 

treatment of EAF dusts and other zinc residues, treating 80 to 85% of the EAF dust in the 

US (141), 83% in Europe and 76% overall worldwide (142). (The Waelz kiln process is 

discussed in detail in Section 4.2.2.1 and the thermodynamics of the process are 

presented in detail in the literature (143).) In Europe and Japan, a single stage Waelz kiln 

process is used, which produces a crude ZnO product which is contaminated with Pb, Cd 

and halogens. This product is generally treated in Imperial Smelting Process (ISP) plants 

(Europe) or converted to zinc chemicals or fertilizer (Japan) (141). In the USA and 

Mexico, most of the EAF dust is treated in a two stage Waelz kiln process, in which the 

first stage volatilizes Zn, Pb, Cd and halides, and the second kiln is employed to separate 

a purer zinc oxide from a Pb/Cd halide byproduct (141). Zinc oxide is either processed in 

zinc electrothermic or leaching plants or used as rubber grade ZnO.
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Process Country of Use Product Other Products Fe Recycle Status (2000) Process Type

Two Stage Waelz Kiln US ZnO1 No Operating Pyro

Single Stage Waelz Kiln Europe, Japan, Taiwan ZnO1 No Operating Pyro

Two Stage Waelz kiln Mexico ZnO2’3’4 No Operating Pyro
Flame reactor USA ZnO1 No Operating Pyro
MF Furnace Japan ZnO1 No Operating Pyro
Electrothermic Furnace Japan ZnO3 No Operating Pyro
ISF Furnace Tuyere Injection UK, Germany PW Zn5 Pb No Operating Pyro
Vacuum Heating Reduction Japan ZnO1 No Operating Pyro
EZINEX Italy HGZn6 Pb7, Fe Oxide Yes Operating Hydro
Super Detox (Envirosource) USA - No Operating Stabilization

MRP/ASW/PSE UK, Germany ZnO1 No Construction Pyro
BSN Germany ZnO1 No Construction Pyro

CONTOP Austria, Sweden ZnO1 No Development Pyro
HYLSA Mexico ZnO1 No Development Pyro
JCI South Africa ZnO1 No Development Pyro
JCRM, Kawasaki Japan Zn No Development Pyro

Midrex Fastmet Japan ZnO1 DRI Yes Development Pyro

Phoenix Environment USA ZnO1 No Development Pyro

American Metals Recovery (AMR) USA ZnO2 Pb, DRI Yes Development Hybrid

Hartford Steel USA ZnO2 Pb No Development Hybrid
Caustic Roasting Canada, China Zn Pb/Cd7, Fe20 3 Yes Development Hybrid
Crude ZnO ^Rubber Grade ZnO ^Chemical Grade ZnO fertilizer Grade ZnO 5Prime Western Grade Z n 6 High Grade Zn 7Cement
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Table 36 Dormant or Abandoned Technologies for EAF Dust Treatment (133,141)
Process Country of Use Product Other Products Iron

Recycle
Status (2000) Process Type

Allmet USA PW Zn5 Pb No Dormant Pyro
Ausmelt Australia ZnO1 No Dormant Pyro
Enviroplas South Africa PW Zn5 

PW Zn5, Pig Iron,
No Dormant Pyro

Envirosource/Metwool USA ZnO1 Mineral Wool Yes Dormant Pyro
Ammonium Carbonate Leach Holland ZnO No Dormant Hydro
Cashman Chloride Leach USA HGZn6 Pb5 No Dormant Hydro
Chloride Pressure Leach Holland ZnO No Dormant Hydro
Hatch Acetic Acid Leach Canada Impure ZnS No Dormant Hydro
Modified ZINCEX Spain SHGZn Pb/Cd7 No Dormant Hydro
Rezada France SHGZn Pb No Dormant Hydro
Terra Gaia Canada ZnS conc. No Dormant Hydro
UBC-Chaparral Canada ZnC03 Pb/Cd7 No Dormant Hydro
AMAX Roast/Leach US Zn No Dormant Hybrid
Elkem USA PW Zn5 Pb No Abandoned Pyro
HiPlas UK Zn Pig Iron Yes Abandoned Pyro
IMS Plasma USA PW Zn5 Pb No Abandoned Pyro
Laclede Steel USA PW Zn5 Pb No Abandoned Pyro

ZTT Ferrolime USA ZnO1 Ferrolime Yes Abandoned Pyro

M RTI USA ZnO2 Pb, Fe Oxide Yes Abandoned Hydro

MRTII USA ZnO2 Pb, Fe Oxide Yes Abandoned Hybrid
IBDR-ZIPP Canada SHGZn Pb, Pig Iron Yes Abandoned Hybrid
IRC (Nucor), Oregon Steel USA - No Abandoned Vitrification

to

Crude ZnO Rubber Grade ZnO Prime Western Zn High Grade Zn Zinc Dust Cement Super High Grade Zn



In all cases, Waelz kiln processes are energy intensive and produce fairly impure ZnO 

products and, as such, a number of improvements have been proposed. These include:

a. Inclined Rotary Reduction Process (IRRP) -Waelz oxide from a single stage 

Waelz kiln is pelletized with coal and smelted in a retort with Zn and Pb 

recovered in an ISP condenser (133).

b. Pelletization o f Feed -  This allows for homogenization and uniformity in the 

furnace burden (142).

c. Double Leached Waelz Oxide (DLWO) -  In Europe, the Waelz oxide from the 

single stage Waelz process is often leached with soda and then water to decrease 

the halogen content of the oxide and improve its saleability (142).

d. Optimization o f  Kiln Heat Pattern -  The zinc in Waelz slag is decreased by 

controlling the heat pattern of the single stage kiln to minimize FeO formation 

during reduction (144).

e. Fluoride Control- Controlled heating in the single stage Waelz kiln has been 

proposed to try to fix F as MnF2 or FeF2 (145,146).

f. Slag Treatment -  Magnetic separation to recover magnetite and metallic iron from 

the Waelz slag, and leaching the non-magnetic fraction to remove heavy metals, 

has been proposed to improve the disposability/recyclability of the Waelz slag 

(146).

g. HTR Process (Japan)/SDHL Process (Germany) -  The single stage Waelz 

process is modified to operate with a less reducing atmosphere in the latter 

portion of the kiln (and higher temperatures in the HTR process). In both cases, 

there is less than 10% metallic iron in the slag, energy and coke requirements are 

lowered, and higher throughputs are possible for a given kiln (142,147).

h. Byproduct Usage -  The Horsehead Resource Development Company (HRDC) 

has marketed the partially metallized Waelz iron slag as road base, road sand and 

an environmental (heavy metal) absorbent and have developed a 

hydrometallurgical process to produce cadmium metal and lead sulphate from Pb- 

Cd residue from the second stage Waelz kiln (148).
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5.2.3.1.2 Plasma Based Processes

A number of plasma based processes have been proposed and some have gone to 

commercialization. The basic process in all cases involves mixing the EAF dust with 

coke and then passing this mixture through plasma to produce zinc metal and a slag 

phase. These processes have a number of common problems, including the formation of 

an alkali halide dross which clogs the metal condenser, the production of low grade 

metallic zinc (i.e., less than Prime Western grade) and a high Cu and S content in the iron 

slag which makes it difficult to recycle back to steelmaking (133). With the except of the 

Plasmadust process, which was operating in 2002 in Sweden and France (149), all the 

other plasmas based processes that have had plants built, including Hi-Plas, Tetronics 

Plasma, Enviroplas, IMS Plasma and IBDR-ZIPP, are now shut down with little prospect 

of reopening (133,141).

5.2.3.1.3 MF and Electrothermic processes

The MF and Electrothermic processes developed in Japan are essentially adaptations of 

primary zinc smelting processes. Existing facilities were modified to treat EAF dust and 

both processes would be uneconomic without having similar facilities available for 

modification (141).

5.2.3.1.4 Flame Reactor

Flash smelting, using the HRDC’s Flame Reactor process, produces an iron-rich glassy 

slag for disposal, and a ZnO product similar in purity to that from a single stage Waelz 

kiln. This process has the advantage in that it can be operated economically at lower 

throughput than most Waelz kilns and, thus, has potential to operate on site at large EAF 

steel operations (133). (The CONTOP process (i.e., a modified KIVCET process) and 

Inred process are other flash smelting processes that have been proposed or piloted 

(150).)

5.2.3.1.5 Sealed Arc Furnace Processes

Sealed arc furnace processes, such as Allmet, INMETCO, Elkem, Elkem Multipurpose 

EAF and Laclede Steel, have similar issues or concerns to other high temperature
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processes (i.e., high energy consumption, low zinc product quality, and poor recyclability 

of the iron residues produced), but generally have higher capital costs and are more 

difficult to operate (133,141).

5.2.3.1.6 Other Pyrometallurgical Processes

In the Metwool process, EAF dust is smelted with coke in a cupola to produce a 

Zn/Cd/Pb fume, pig iron and a low iron slag which can be spun into mineral wool (141).

Bath smelting (Ausmelt) has been tested on the pilot plant scale, but has yet to be 

commercialized (151). (The Sirosmelt or Ausmelt technology is discussed in more detail 

in Section 4.2.2.3.)

5.2.3.2 Hydrometallurgical Processes

5.2.3.2.1 EZINEX and Related Processes

This Italian process is the only hydrometallurgical process in production as of 2002 

(141). It uses an ammonium chloride leach to dissolve the zinc, lead and cadmium oxides 

from the EAF dust, followed by zinc dust cementation to remove Pb and Cd and 

electrowinning to recover the Zn and allow for recycle of the spent electrolyte. The iron 

residue is then pelletized with coal and recycled to the EAF (133).

The first MRT process is very similar to the EZINEX process, but zinc is recovered as 

ZnO instead of electrowon Zn, and no process for recycling the iron values is proposed 

(141).

5.2.3.2.2 Alkaline Leach Processes

Several processes including the Cardiff, Cebedeau (133) and Rezada processes (141) 

have been proposed using a caustic leach to leach zinc from the EAF dust, followed by 

zinc dust cementation of Pb and electrowinning from basic solution to recover Zn. While 

these processes do not dissolve much iron into solution and make chloride removal 

easier, only non-ferrite Zn is leached. Therefore, if  the residue from these processes were
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recycled to the EAF, there would be a large recycle of zinc which could affect EAF 

operation.

In the Ammonium Carbonate process, an ammonia and CO2 leach is used to recover zinc 

as zinc ammonium carbonate while the CENIM-LNETI process uses an ammonium 

carbonate leach, followed by solvent extraction and either ZnCC>3 precipitation or 

electrowinning to recover SHG zinc (133). In both cases, the residue contains zinc ferrite 

and lead and would require further treatment before recycling to the EAF.

5.2.3.2.3 Sulphuric Acid Leach Processes

Several sulphuric acid leach processes have been proposed. The Modified Zincex 

process uses a dilute sulphuric acid leach, followed by solvent extraction to separate zinc 

from the leach solution and electrowinning to recover zinc (133). This process has a low 

zinc recovery and produces a gypsum residue that would need to be disposed of. AMAX 

proposed a sulphuric acid leach with autoclave precipitation of hematite to reject iron 

from solution. Other researchers, such as the Warren Spring Laboratory and Cruells and 

Nunez, were able to adjust conditions to achieve up to 90% zinc extraction, but produce a 

solution high in iron that would require neutralization prior to disposal (133). In all these 

processes, a lead-bearing iron residue is produced which could not be recycled to 

steelmaking.

5.2.3.2.4 Sulphide Precipitation Processes

The Hatch Acetic Acid Leach is a modification of the UBC-Chaparral process (Section 

5.2.3.2.5) and uses an acetic acid leach followed by precipitation of a mixed Cu, Pb and 

Zn sulphide as its major zinc product (133). Low extractions (i.e., less than 76% Zn and 

Pb), a low purity and low value product, and a significant recycle of Cu, Pb and Zn in the 

iron residue, due to the low extractions, have made this process unattractive 

economically.

Terra Gaia, another Canadian technology, proposes the leaching of EAF dust in an acidic 

FeCl3 oxidizing pressure leach followed by precipitation of a mixed sulphide to recover
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the metals values (141). The relatively pure hematite residue would then be recycled to 

ironmaking or discarded.

5.2.3.2.5 Other Processes

The Cashman CaCh pressure leach process was adapted from the treatment of arsenic 

and copper wastes and produces a Pb/Cd cement along with ZnO as products. This 

process only recovers non-ferrite Zn and thus recoveries are low (133).

The UBC-Chaparral process has a complex flowsheet with a lime leach, ammonia leach, 

calcium recovery and recovery of zinc as ZnC03  (133). While this process produces a 

non-toxic residue, it suffers from low zinc and lead recoveries (60%).

5.2.3.3 Hybrid Processes

The second MRT process is a modification of the original MRT process where a rotary 

hearth prereduction step before leaching is used to produce a metallized iron product for 

recycle (141). (The Hartford Steel process proposed by other researchers (152) is 

virtually identical to the revised MRT process.)

The other hybrid processes have only reached the development stage. The AMAX 

Roast/Leach Process involves roasting EAF dust with 10% coke at 950°C, followed by a 

caustic leach (133). (Recoveries of over 80% Zn and over 90% Cl, Na and K are possible 

with low lead extractions.) Ye (153), among other researchers (150), proposed 

sulphation roasting as a possibility for trying to reduce the fluoride in the leach solution 

after roasting.

Caustic roasting has recently been proposed in two studies as an option for the treatment 

o f EAF dust. Xia and Pickles (154) roasted EAF dust with NaOH at 350 to 450 C and 

then leached the calcine in 4 M NaOH. Extractions o f over 95% Zn, 89% Cd, 65% Pb, 

80% Cr, and less than 1% Fe are reported and iron is reported to be present as hematite in 

the residue. High NaOH additions (200 to 400%) are required to achieve high extractions, 

but the proposed flowsheet does provide for some recovery of NaOH during basic zinc 

electrowinning. Youcai and Stanforth (155) report a similar roasting and leaching
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process, but lower NaOH additions and lower temperatures produced lower zinc 

recoveries.

Soda ash roasting, followed by hot water leaching to recover the metal values in EAF 

dust, has also been proposed (156). High extractions o f Zn, Pb and Sn (99.6 to 99.8%) 

were achieved by roasting for 3 h at 850 to 900°C, with little soluble iron and a residue 

containing predominantly hematite. However, the low iron content (22%) and high 

metals content (22% Zn, 18.6% Sn and 12.5% Pb) would indicate that this is not a typical 

carbon steel EAF dust since it would have a much lower ferrite content (i.e., less than 

60% ZnFe204) and, therefore, much of the metals would be present as their respective 

oxides.

5.2.3.4 Stabilization Processes

The Super Detox process was developed and patented by Bethelehem Steel in 1990 (157) 

and the chemically stabilized EAF dust (CSEAFD) produced was delisted by the EPA in 

1995 (158). In this process, EAF dust is mixed with fly ash and lime kiln dust or hydrated 

lime and then mixed with Fe(OH)2/CaSC>4 solution to produce a viscous paste which is 

then left to harden. The reactions during this “cementing” process cause the heavy meals 

in the ash to be immobilized in a calcium aluminosilicate matrix. The resulting CSEAFD 

contains roughly 33% EAF dust by weight. Since its invention, the Super Detox process 

has been used to treat over two million tonnes of EAF dust in the United States (159).

Pyroconsolidation by roasting o f pyrite cinders with up to 10% EAF in oxygen at 1200°C 

has been tested as a method to stabilize EAF dusts (160). D’Souza et al. (161) also report 

a reduction in Cr solubility by heating stainless steel EAF dusts to 1200°C in air.

Several vitrification processes, including the CANMET process (162) and the Oregon 

Steel process (163), have been developed where EAF dust is mixed with glass forming 

agents, heated and the melt quenched to produce residues that comply with TCLP or 

other environmental leaching regulations. At present, vitrification is not practiced 

commercially (140).
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5.2.3.5 Recycling

With the observed difficulties and disadvantages of the various EAF treatment 

technologies, research has also looked into minimization of EAF dust production by 

recycling the dust to the EAF. This represents a significant recycling load of zinc, lead 

and other contaminants which could be detrimental in the long term on steel quality.

To try to remedy this, several processes have been proposed. The Argonne National Lab 

(164) has developed a process to remove zinc from scrap before charging to the EAF 

furnace; Mantovani and Takano(165) and McCrea and Pickles (166) promote 

pelletization of EAF dust with binders such as limestone, Portland Cement or molasses to 

enhance zinc removal during recycle to the EAF. Sandstroem et al. (167) propose a 

simple NaCl/HCl leach to recover about 60% of the Zn by precipitation as ZnCC>3 to 

lower the Zn content of the recycled EAF dust, which would then be pelletized with coal 

and returned to the EAF.

5.2.4 Sum m ary

From this summary of the various technologies developed for the treatment of EAF dust, 

the following conclusions can be made.

Pyrometallurgical methods using carbon as a reducing agent remain the dominant 

technology for treating EAF dusts, in spite o f high energy consumption, the production of 

relatively low quality zinc products and the general inability to recycle the iron values 

from the dust back to the steel furnaces. For the predominant technology of the Waelz 

kiln, the economics dictate the non-localized treatment of the dust and nearby 

electrothermic or ISP zinc smelters that can accept the zinc product. However, the high 

metal recoveries o f Zn, Pb and Cd using these processes and their ability to treat a wide 

variety o f zinc residues still make them the first choice for EAF dust treatment.

Hydrometallurgical technologies, with a few exceptions, falter as a result of either poor 

zinc extractions under less aggressive leaching conditions and poor selectivity between 

zinc and iron under more aggressive leaching conditions. The leached iron must then be 

precipitated in a cheap and disposable form, resulting in similar concerns to those
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experienced in the hot acid leaching of zinc ferrite residues. (Those processes with lower 

iron extractions generally still have residues containing significant amounts of lead.) 

Thus, though higher purity, and higher value, zinc products are often possible with 

hydrometallurgical processes, the residues produced are potentially even more 

troublesome than the EAF dust and iron recycle to steel furnaces is still not possible.

To date, hybrid processes have either been pursued to try to fix problems in existing 

hydro- or pyrometallurgical processes or have not gone beyond the development stage. 

With the predominant industry emphasis on pyrometallurgical methods, less time has 

been spent on researching these types of techniques; as a result, the only processes 

described in the literature are unlikely to be economic, or have already been tested 

without success in the treatment of other similar materials. However, because the 

advantages of hydrometallurgical and pyrometallurgical processes are potentially 

complimentary, hybrid processes appear to be the best place to place future research 

efforts into the recovery of metals from EAF dust.

5.3 Thermodynamic Analysis

As franklinite (ZnFe2C>4) is the zinc bearing major phase in EAF dust, just as it is in the 

La Oroya zinc ferrite residue, the thermodynamic analysis of the decomposition follows 

that described previously in Section 4.3. However, the experience gained from applying 

transformational roasting to the La Oroya zinc ferrite residue can be used to practically 

limit the number o f reagents tested in the scoping and DOE tests. In particular, these 

tests will focus on metals recovery using either Na2C03  roasting or the reduction of 

ZnFe204 with carbonaceous reagents to form metal ferrites.

5.4 Scoping Tests

Roasting the EAF dust with Na20O3 was initially evaluated in a scoping test to determine 

its feasibility and any differences in behaviour from the La Oroya zinc ferrite. In addition, 

since roasting with sodium salts has been used as a method to recover chromium from 

ores, a hot water leach of the roasted EAF dust was added to the experimental procedure 

that was used for the roasting and leaching of the La Oroya zinc ferrite (Section 4.4.1) to
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determine whether chromium was made water soluble in the roasting process. Sodium 

carbonate additions of 10, 20, 40, 60 and 80% and a roasting temperature of 900°C were 

used in the scoping test. (Solutions were analyzed for Cr, Cu, Fe, Pb, Mo, Si, V and Zn 

while solid samples were fused with lithium metaborate before analyzing for Cr, Fe and 

Zn.) The results of this test are shown in Figure 75.

These results show that roasting with Na2CC>3 followed by water leaching can effectively 

remove up to 98% of the chromium from the EAF dust. Water leaching is quite selective 

to chromium as less than 1% Fe, 9% Si and 4% Zn are dissolved at the maximum 

chromium extraction. Molybdenum and vanadium, which are present only in trace 

quantities in the dust, are quantitatively removed from the ash with water leaching. 

Chromium extraction then drops off with higher Na2CC>3 additions and silicon dissolution 

is dramatically increased, possibly due to the formation of water soluble sodium silicates.

Acid leaching of the water leach residue recovered up to 89% of the zinc in the EAF dust 

to solution. These zinc extractions show a peak in extraction at 60% Na2CC>3, similar to 

that observed with earlier with water soluble chromium. The iron extractions observed 

are considerably lower (i.e., less than 58%) than the 80 to 90% regularly observed with 

the Na2C(>3 roasting of the La Oroya zinc ferrite. However, the lower zinc content of the 

EAF dust still means that there is a Zn:Fe ratio of 2:1, by weight, in the leach solution, 

indicating that increased iron removal through the addition of secondary additives during 

roasting would be desirable for this material.

Because Waelz kiln processing (i.e., carbonaceous reduction) of EAF dust is used 

internationally for a wide range of dust compositions, scoping tests using carbonaceous 

reductants were not performed. Instead, a DOE test, where the Altasteel EAF dust is 

roasted with coal, was conducted to provide a baseline for further DOE tests using these 

reagents and a basis o f comparison with the results from similar tests on the La Oroya 

zinc ferrite. Thus, this test was conducted using the same conditions that were used for 

similar tests with zinc ferrite (Section 4.5.2.2.1).
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Figure 75 Effect of Na2C0 3  Addition on the Extraction of Cr, Zn and Fe from 
Altasteel EAF Dust

5.5 Design of Experiment (DOE) Tests for Altasteel EAF Dust

For the Altasteel EAF dust, two series o f DOE tests were performed: one set 

investigating the roasting of zinc ferrite with Na2C0 3 , with or without secondary 

additives to try to inhibit iron dissolution, (Section 5.5.1) and the second studying the 

roasting of zinc ferrite with carbonaceous reagents, with or without secondary additives 

to encourage metal ferrite formation (Section 5.5.2). Systems of reagents that were 

shown to be ineffective (e.g., Na2C0 3 -Mg(0 FI)2) for the La Oroya zinc ferrite were not 

included in the DOE tests for the EAF dust. The experimental conditions used in these 

two sets of tests are summarized in Tables 37 and 38, respectively, along with the R2 

values of the response surface models fitted to the resulting metals extraction data.
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Table 37 Experimental Conditions Used in Experimental Designs for Roasting
EAF Dust with Na2C0 3 and Resulting Model Variance

Range of Variables Tested Na2C 0 3 Na2C 03-
CaC03

Na2C 03-
MnC03

Temperature, °C 750-950 800-1000 800-1000
Na2CC>3 Addition, % 40-80 50-90 50-90
Secondary Addition*, %

CaC03 - 3.7-14.1A -

MnCOs - - 4.3-16.3b

Model R2

Zn Extraction 0.895 0.898 0.884
Cr Extraction 0.941 0.765 0.765
Fe Extraction 0.972 0.945 0.986

* Secondary additions represent 25 to 95% of stoichiometric additions assuming 
formation (A) CaFe2C>4 or (B) MnFe2C>4 from the ZnFe2C>4 in the EAF dust

Table 38 Experimental Conditions Used in Experimental Designs for Roasting
EAF Dust with Carbonaceous Reagents and Resulting Model Variance

Range of Variables Tested Coal Coal-CaC03

Temperature, °C 900-1100 850-1050
Coal Addition, % 12-20 12-20

CaC03 Addition*, % - 3.7-14.1

Model R2

Zn Extraction (Total) 0.836 0.923
Zn Fumed 0.702 0.426
Fe Extraction 0.781 0.950

* Secondary additions represent 100 to 200% of stoichiometric additions assuming 
formation of CaFe2C>4 from the ZnFe2C>4 in the EAF dust
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5.5.1 Roasting with Na2C03

After roasting with Na2C0 3 , hot water leaching allows chromium to be selectively 

leached from the roasted EAF dust (Figure 76). The DOE tests show that 90 to 100% of 

the chromium can be extracted, with the region of high chromium extraction occurring at 

around 950°C and Na2C03  additions of about 40%. Hot water leaching is relatively 

selective to chromium, with less than 6% Zn dissolved, although about 51% of the silicon 

and almost 100% of the trace amounts of Mo and V in the EAF dust are also dissolved.
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Subsequent leaching with 200 g/L H2SO4 results in maximum zinc extractions of 80 to 

90% in a region occurring around 950°C and 40% Na2C 0 3 (Figure 77). At these
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conditions, chromium extractions with hot water leaching are 90 to 100% and iron 

extractions with 200 g/L H2SO4 leaching are 40 to 50%. The magnitude of the zinc, iron 

and chromium extractions, and the Na2C03  additions required to achieve them, are 

consistent with the results from the scoping tests; however, these extractions are observed 

at 950°C, instead of 900°C in the scoping tests. Compared to roasting the La Oroya 

ferrite with Na2C0 3 , lower Na2C03  additions are required to achieve high zinc 

extractions during roasting of the EAF dust although, in both cases, the Na2C03  additions 

required to achieve high zinc extractions correspond to additions of around 250% of 

stoichiometric for the reaction of Na2C03  with ZnFe204. Based on this response surface 

model, higher roasting temperatures would be required to reach zinc extractions o f over 

90% for the EAF dust. The iron extraction from the EAF dust is much lower throughout 

and shows a much stronger dependence on temperature than on Na2C03  addition.

Samples at various conditions described by the model for roasting with Na2C03  were 

analyzed using x-ray diffraction (Points A through E on Figure 76). The identified phases 

are listed in Table 39 while the diffraction patterns are shown in Figure 77.

Table 39 Phases Identified by XRD Analysis of EAF Dust Roasted with Na2C0 3

Sample Identified Phases (in order of intensity)
A (Zn,Mn,Fe)(Fe,Mn)204, Ca2Fe205, a-NaFe0 2 , ZnO, Ca2Si04
B (Zn,Mn,Fe)(Fe,Mn)20 4 , Na2C0 3 , a-NaFe0 2 , Ca2Fe2 0 s, Ca2Si0 4 , ZnO
C a-NaFe0 2 , (Zn,Mn,Fe)(Fe,Mn)204, ZnO, Ca2Fe205, Ca2Si04
D a-NaFe0 2 , Ca2Fe20 5 , ZnO, (3-NaFe0 2 , Ca2Si04
E (Zn,Mn,Fe)(Fe,Mn)204, <x-NaFe0 2 , Ca2Fe2 0 s, ZnO, (3-NaFe02 , Ca2Si04

The phases observed with x-ray diffraction show some similarities to those observed 

during Na2C(>3 roasting of the La Oroya zinc ferrite. Little reaction occurs at 750°C, with 

the mixture of spinels ((Zn,Mn,Fe)(Fe,Mn)204) as the major phase and a-NaFe0 2  as a 

minor phase, in Samples A and B. (Unreacted Na2C03  is also observed in Sample B.) As 

the temperature increases, the conversion to NaFe02  from (Zn,Mn,Fe)(Fe,Mn)204 

increases, but a-NaFe02  is present in greater quantities than |3-NaFe0 2  at all temperatures 

tested. (In Na2C03  roasting of the La Oroya ferrite, the formation of |3-NaFe02  is 

preferred at temperatures of 950°C and higher.) Zinc oxide is detected in all samples.
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Figure 77 XRD Patterns of EAF Dust Roasted with Na2C(>3

Lamite (Ca2Si0 4 ), which is present in the dust before roasting, appears to be the major 

silicate phase in the roasted EAF dust. Calcium which is not associated with silicon 

appears to react, either with the NaFeC^ formed during roasting or with magnetite
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(Fe304) in the dust, to form srebrodolskite (Ca2Fe20 5), which is present in all the samples 

analyzed.

Samples D (950°C, 40% Na2C 0 3) 

and E (950°C, 80% Na2C 03) were 

both examined using SEM/EDX 

analysis after roasting and a 

number of distinct particles were 

detected (Figures 78 and 79).

In Sample D (Figure 78), the bright 

phase is identified as zinc oxide (A) 

and the presence of an assortment 

of metal ferrites are indicated by 

the EDX analysis. Particles high in 

Fe, Mn, Zn and O (i.e., (Zn, 

Mn)Fe204  (B)), Ca, Fe and O (i.e., 

Ca2Fe2(>5 (C)) and Mn, Fe and O 

(i.e., MnFe204  (D)) were observed 

along with several particles which 

appear to be mixtures of ferrite 

phases, which included particles 

high in Fe, Mn, Na and O (i.e., 

MnFe2C>4/NaFe0 2 (E)) and high in 

Ca, Fe, Mn, Na and O (i.e.,

Figure 78
Secondary Electron (SE) and 
Backscattered Electron (BSE) 

Images of EAF Dust after Roasting 
at 950°C with 40% Na2C 0 3 

(Sample D)

Ca2Fe20 5/MnFe2C>4/NaFe0 2 (F)).

One particle (G) contained a significant amount of magnesium, along with Na, Fe and O, 

which may indicate that the magnesium in the dust becomes associated with the soluble 

NaFe02 phase during roasting. The darker particles in the field o f view in Figure 78 are 

either silicates, aluminosilicates or aluminates, with particles high in Ca, Si and O (i.e.,
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Ca2Si0 4 (H)) and high in Al, Ca, Fe, Si and O (i.e., a mixture o f Ca- or Fe- silicates, 

aluminates or aluminosilicates (I)).

In Sample E, zinc oxide was not visible as a distinct phase in the field of view of Figure 

79, even though it was detected in this sample using x-ray diffraction. Instead, the bright 

phase (F) observed in Figure 79 is high in Pb and O (i.e., PbO). Iron is associated with 

two phases: the larger light grey particles (D), which are high in Fe and O (i.e., Fe30 4), 

and the smaller, more euhedral light grey particles (E), which are high in Mn and Fe, but 

contain low levels of Zn (i.e.,(Zn,Mn)Fe2 0 4). The darker particles in Figure 79 are either 

high in Na, K and S (i.e., (Na,K)2S0 4 (A)), high in Na and O (i.e., Na20  or Na2C 0 3 (B)), 

or high in Ca and Si (i.e.,Ca2Si0 4 (C)). No particles containing Cr, Cl or F were 

identified in Samples D or E.

Figure 79

Secondary Electron (SE) and 
Backscattered Electron (BSE) Images 
of EAF Dust after Roasting at 950°C 
with 80% Na2C 0 3 (Sample E)

After leaching Sample E with hot water, the sodium-bearing phases (i.e., (Na,K)2S0 4, 

Na20  or Na2C0 3) are dissolved while the other phases remain (Figure 80). Particles high 

in Fe and O (i.e., Fe30 4 (A)), Zn, Mn, Fe and O (i.e., (Zn,Mn)Fe2 0 4 (B)), Fe, Mn and O
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(i.e., MnFe204 (C)), Ca and Si (i.e., Ca2SiC>4 (D)) and Pb and O (i.e., PbO (E)) are 

observed in this sample after water leaching.

H
I B S B H

H H

H |
Figure 80 Secondary Electron (SE) and Backscattered Electron (BSE) Images of 

EAF Dust after Roasting at 950°C with 80% Na2C0 3  and Leaching with 
Hot Water (Sample E)

After leaching with 200 g/L H2SO4, (Zn,Mn,Fe)(Fe,Mn)204, magnetite (Fe3C>4) and 

gypsum (CaS0 4 -2H2 0 ) are identified with XRD in the residues (Table 40 and Figure 81).

Table 40 Phases Identified by X-ray Diffraction Analysis of EAF Dust after 
Roasting with Na2CC>3 and Leaching with 200 g/L H2SO4

Sample Identified Phases (in order o f intensity) Leaching Wt. Loss, %
A (Zn,Mn,Fe)(Fe,Mn)204, CaS(>4-2H20 271,2 9 2
B (Zn,Mn,Fe)(Fe,Mn)20 4, CaS04-2H20 441, 56z
C Fe30 4, CaS04-2H20 161, 582
D Fe30 4, CaS04-2H20 , 401, 48^
E CaS0 4 -2H2 0 , (Zn,Mn,Fe)(Fe,Mn)204 32*, 532

Hot Water Leach Acid Leach
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Figure 81 XRD Patterns of EAF Dust Residue after Roasting with Na2C (>3 and 
Leaching with 200 g/L H2SO4

Samples D (950°C, 40% Na2CC>3) and E (950°C, 80% NaiCCh) were both examined 

using SEM/EDX analysis after acid leaching (Figures 82 and 83). SEM/EDX analysis of 

sample D (Figure 82) showed gypsum to be the major phase (C), with particles high in 

Fe, Mn and O (i.e., MnFe204 (A)) being the major iron-bearing phase and particles high 

in Fe, Mn, Zn and O (i.e., residual, unreacted (Zn,Mn)Fe204 (B)) also present to a lesser 

degree. In Sample E (Figure 83), gypsum is again the major phase (A), but particles high 

in Ca, Mn, Fe and O (i.e., possibly a mixture o f Ca2Fe2 0 s and MnFe2C>4 (B)) represent 

the major iron-bearing phase, with particles high in Mn, Fe, Zn and O (i.e.,
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(Zn,Mn)Fe204 (D)) also present. (Particles with the label C in Figure 83 represent a 

mixture of gypsum (A) and the Mn-ferrites (B).)

Figure 82 Secondary Electron (SE) and Backscattered Electron (BSE) Images of 
EAF Dust after Roasting at 950°C with 4(1% Na2CC>3 and Leaching with 
200 g/L H2S 0 4 (Sample D)

Figure 83 Secondary Electron (SE) and Backscattered Electron (BSE) Images of
EAF Dust after Roasting at 950°C with 80% Na2CC>3 and Leaching with 
200 g/L H2S 0 4 (Sample E)
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Lamite (Ca2Si04 ) was not observed in SEM/EDX analysis of the residue, while 

srebrodolskite (Ca2Fe2 0 s) is only perhaps present in mixtures of metal ferrites in the 

SEM/EDX analysis of the residue, even though both phases were consistently detected in 

the roasted samples with x-ray diffraction and SEM/EDX. This may indicate that the Ca 

ferrites and/or Ca-silicates formed during roasting may have been either dissolved or 

partially dissolved during sulphuric acid leaching, with much of the calcium 

reprecipitating from solution as gypsum.

Iron deportment in the Na2CC>3 roasting and sulphuric acid leaching of the EAF dust is 

considerably different from that observed during roasting of the La Oroya ferrite. For 

example, in Sample C, iron extractions are only 40 to 50%, in a region where zinc 

extractions are greater than 80%, but this level o f iron extraction is maintained in Sample 

D, even with much lower zinc extractions, and, hence, much lower conversions of 

ZnFe204 to NaFe02  and ZnO. Since the EAF dust contains iron as franklinite (ZnFe204), 

magnetite (Fe304) and jacobsite (MnFe204), while iron is only present in the La Oroya 

ferrite as franklinite, this difference in the leaching behaviour may be caused by the 

reaction of these other iron minerals with Na2C03  during roasting.

To test this hypothesis, a rough iron balance was conducted, using the available results 

from leaching, XRD and SEM/EDX analysis, to try to explain the deportment of iron in 

the EAF dust with the results shown in Table 41. Figure 84 plots free energy versus 

temperature for several potential reactions.

The iron balance for the feed is calculated assuming 100% of Zn and Mn in the feed are 

present as ZnFe204 and MnFe2C>4 and the balance of the iron is present as Fe3C>4. The 

iron balance for Samples A to E is calculated using zinc extractions to determine the 

conversion of ZnFe204 to NaFeC>2 and assuming that all unleached manganese is present 

as MnFe2C>4, that Fe304 formed during roasting is insoluble under the acid leaching 

conditions used and that all calcium that is not associated with silicon as Ca2SiC>4 reacts 

with Fe304 to form srebrodolskite (Ca2Fe2 0 s). (Thermodynamically, reaction with Fe3C>4 

should be preferred over reaction with NaFeCh formed from reaction o f Na2CC>3 with
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ZnFe2C>4 (Figure 84). Since ferrous iron is not detected in any of the leach solutions by 

the addition of diphenylamine, and no oxidant is used during leaching, it is likely that any 

ferrous iron is oxidized during roasting. For the iron balance, srebrodolskite (Ca2Fe2 0 s) 

was assumed to leach completely in sulphuric acid and the magnetite content of Sample E 

was assumed to be greater than zero, but less than the detection limit for phases using x- 

ray diffraction (i.e., 5%).

Table 41 Deportment of Iron Minerals during Na2CC>3 Roasting and H2SO4 

Leaching of Altasteel EAF Dust

Iron % of Total Iron in Feed
Minerals Feed Sample

A
Sample

B
Sample

C
Sample

D
Sample

E
ZnFe2C>4 50.3 38.2 42.5 23.7 5.0 27.5
MnFe204 22.7 . 22.3 22.2 22.2 22.0 22.1

Fe30 4 27.0 19.7 19.7 19.7 19.7 4.0
Ca2Fe20 5 0.0 7.3 7.3 7.3 7.3 7.3
NaFe02 0.0 12.6 8.3 27.1 46.0 39.1
Total 100.0 100.0 100.0 100.0 100.0 100.0

Fe Extraction 
Projected, %* 19.8 15.6 34.4 53.3 46.4
Actual, % 21.2 9.5 28.8 54.2 46.5
Difference, % -1.4 6.1 5.6 -0.9 -0.1

* Calculated assuming the total dissolution of NaFe02  and Ca2Fe2 0 s during leaching

The projected iron extraction from this balance (Table 41) is quite close to the measured 

iron extraction for these samples. From this analysis, it becomes quite apparent that the 

srebrodolskite phase (Ca2Fe205) formed during roasting at these temperatures must be 

soluble, or partially soluble, during leaching, as the iron extractions observed at low 

temperatures (Samples A and B) cannot be accounted for by the formation and 

dissolution of NaFe02  from the reaction of Na2CC>3 with ZnFe2C>4. At higher 

temperatures and Na2C03  additions in Sample E, the conversion of ZnFe2C>4 to NaFeC>2 

and the leaching of Ca2Fe2 0 5 only account for the extraction o f 30.1% of the iron in the 

dust, compared to an actual iron extraction of 46.5% during leaching. This discrepancy 

may indicate that, at the higher temperatures and Na2CC>3 additions used in roasting
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Sample E, magnetite (FesCU) may react with Na2CC>3 to form NaFe0 2 , resulting in 

additional acid soluble iron. (Because some Fe-O minerals (i.e., FesCU) are observed in 

Sample E after roasting, it is likely that this reaction is incomplete, but occurs to a 

sufficient extent to decrease the intensity o f magnetite peaks so that magnetite cannot be 

readily identified using x-ray diffraction.) Since Na2CC>3 is added well in excess of the 

stoichiometric amount required to react with ZnFe204 in Sample D, it is possible that 

magnetite also partially reacts with Na2C03  in Sample D. However, because magnetite 

(Fe3C>4) is observed using x-ray diffraction in the leach residue of Sample D, and high 

zinc extractions are achieved during leaching, it is likely that this reaction is not extensive 

under those conditions.

300

200
100

0

-100
-200
-300

OD

0 500 1000 1500

Tem perature, °C

— —  Na2C03 + ZnFe20 4 ^  ZnO + 2 NaFe02 + C02
  2 NaFe02 + 2 CaC03 ^  Ca2Fe20 5+ Na2C03 + C02

Na2C03 +Fe30 4 ^  2 NaFe02 + C02 + FeO
 ....1 2 CaC03 + Fe30 4 ^  Ca2Fe20 5 + 2 C02 + FeO
■,,l“  “ 1.5 Na2C03 + Fe30 4 + 0.25 0 2 ^  3 NaFe02 + 1.5 C02

* 3 CaC03 + Fe30 4 + 0.25 0 2 ^  1 .5 Ca2Fe20 5 + 3 C02
Figure 84 Reactions of ZnFe2 ( > 4  and Fe3 0 4  with Na2CC>3 and CaC0 3

Thus, this analysis indicates that, though the iron extractions for Samples D and E are 

similar in magnitude, the iron extractions observed are caused, in part, by the preferential 

reaction of Na2C03  with different minerals at high and low Na2C03  additions. Based on 

this analysis, it appears that, at 950°C, the reaction of ZnFe204 with Na2C03  is preferred
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at lower Na2C03  additions while reaction of Na2C03  with Fe3C>4 is preferred at higher 

Na2CC>3 additions. However, in both samples, the abundance of Mn-ferrite particles in the 

SEM micrographs, both before and after leaching, would indicate that the lower iron 

extractions during leaching are a result of the formation of insoluble Mn-ferrites during 

roasting.

5.5.1.1 Secondary Additions to Control Iron Dissolution

Further DOE tests were performed to try to further depress iron extractions through the 

addition of secondary additives to form insoluble metal ferrites during roasting. The 

thermodynamics for the formation of these metal ferrites is discussed in Section 4.5.2.1.1. 

Secondary additions of CaC03  and MnC03  were tested. Additions of Mg(OH)2 were not 

tested because of its ineffectiveness as a secondary additive in the Na2CC>3 roasting of La 

Oroya zinc ferrite.

Based on the results of the DOE test where the EAF dust was roasted with Na2C0 3 , the 

temperature range and Na2C03  additions were increased to 800 to 1000°C and 50 to 90%, 

respectively, to try to increase the zinc extractions observed during roasting. To allow 

easier comparison with the results from Sections 5.5.1.1.1 and 5.5.1.1.2, Figure 85 shows 

the extrapolation of the response surface models for Cr, Zn and Fe for the roasting of 

EAF dust with Na2CC>3.

Lower additions of CaCC>3 (3.7 to 14.1%) and MnC03  (4.3 to 16.3%) were made than 

were used during the DOE tests using secondary additives for the La Oroya zinc ferrite. 

These additions were determined based on the stoichiometric additions that would be 

required to form CaFe204 or MnFe204 from the zinc ferrite in the EAF dust.
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5.5.1.1.1 Roasting with CaC03 as a Secondary Additive

Compared with roasting with Na2C0 3 alone (Figure 85), roasting with CaC03  as a 

secondary additive significantly broadened the area of maximum chromium extraction 

(90 to 100%) possible with water leaching (Figure 86) at the CaC03 additions tested, 

making these extractions possible over a wider range of temperatures and Na2C0 3 

additions. However, this model also indicates that the size of this region decreases as 

CaC03 additions are increased.
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The shape of the zinc extraction model for leaching the roasted ash with 200 g/L H2SO4 

closely follows the trends in extraction observed in the scoping tests and roasting with 

Na2C0 3 alone (Figure 85), with a maximum around 50% Na2C0 3 and a decrease in 

extractions at higher Na2CQ3 additions (Figure 87). (Figures 85 and 87 indicate that the
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increase in roasting temperature to around 1000°C makes zinc extractions of over 90% 

possible.) With increasing CaCC>3 additions, the region of 90 to 100% zinc extraction 

increases in size, making these extractions possible at lower temperatures and a broader 

range of Na2CC>3 additions. Chromium extractions from water leaching are consistently 

greater than 90% in the regions where zinc extractions are over 90%.

The addition of CaCC>3 greatly affects the extraction of iron from the EAF dust during 

leaching. For roasting with Na2CC>3 alone, iron extractions were 50 to 60% in the region 

of 90 to 100% zinc extraction (Figure 85), but iron extractions for that same range of zinc 

extractions when roasting with Na2C03  and CaCC>3 increase from 60 to 80% to 60 to 

90% with increasing CaCCh additions (Figure 87). As well, the model indicates that, for 

roasting the EAF dust with Na2C03  and CaCC>3, the iron extraction is dependent both on 

temperature and Na2C03  addition, with increasing temperature and decreasing Na2CC>3 

additions causing an increase in the iron extraction observed. This differs significantly 

from the trend in Figure 85, which showed a strong dependence of the iron extraction on 

the roasting temperature, but little effect o f Na2CC>3 addition on the extraction.

Samples at various conditions described by the model for roasting with Na2CC>3 and the 

lowest CaCC>3 addition tested (3.7%) were analyzed using x-ray diffraction (Points A 

through D on Figures 86A and 87A). The identified phases are listed in Table 42 while 

the diffraction patterns and major phases observed are shown in Figure 88 .

Table 42 Phases Identified by XRD Analysis of EAF Dust Roasted with Na2CC>3 

and 3.7% CaC03

Sample Identified Phases (in order o f intensity)
A a-NaFe0 2 , Ca2Fe2 0 s, (Zn,Mn,Fe)(Fe,Mn)204, ZnO
B Ca2Fe205, (Zn,Mn,Fe)(Fe,Mn)204, a-NaFe0 2 , ZnO
C a-NaFe02 , Ca2Fe2 0 s, ZnO, P-NaFe0 2 , CaC03
D (Zn,Mn,Fe)(Fe,Mn)204, a-NaFe0 2 , Ca2Fe2 0 s, p-NaFe0 2 , ZnO
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Figure 8 8  XRD Patterns of EAF Dust Residue after Roasting with Na2C0 3 and 
CaC03

With the increase in the range of roasting temperatures, significant reaction of the 

ZnFe2C>4 in EAF dust occurred and, as a result, NaFeC>2 and ZnO were present in all the 

samples tested using XRD. However, as noted previously for roasting EAF dust with 

Na2C0 3, the formation of a-NaFe02  is predominant, even at higher temperatures, which
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differs from the behaviour observed in roasting the La Oroya zinc ferrite where p- 

NaFe02  is preferred at temperatures of 950°C and higher. Srebrodolskite is observed in 

all four samples, and is the major phase in Samples B and C, likely forming from the 

preferential reaction of free calcium with magnetite (Fe304) or NaFe0 2  as noted in 

Section 5.5.1. No spinel-type compounds are observed in the x-ray diffraction pattern of 

Sample C, where zinc extractions of 90 to 100% were achieved, while 

(Zn,Mn,Fe)(Fe,Mn)204 remains as the major phase at higher Na2CC>3 additions in 

Sample D. Specific silicate phases could not be identified using x-ray diffraction but, 

based on the phases observed in Section 5.5.1 and in the EAF dust feed, it is likely that 

the majority of silicon is present in the roasted dust as lamite (Ca2Si0 4 )

A number of different particles can 

be observed in Sample C (1000°C, 

50% Na2C 03, 3.7% CaC03) after 

roasting using back-scattered SEM 

imaging and EDX analysis 

(Figure 89). The zinc oxide (A) and 

srebrodolskite (C) phases identified 

using XRD are visible with the SEM, 

but a distinct Na-Fe phase (i.e., 

NaFe02) was not detected in the 

field o f view. Other phases that are 

observed, include particles high in 

Pb, Ca and O (i.e., PbO and CaO 

(B)), high in Ca, Mn, Fe and O (i.e., 

likely a mixture o f MnFe20 4 and 

Ca2Fe205 (D)), and high in Fe and O 

(i.e., Fe304 (E)), as well a darker 

phase containing Na, K and O (i.e., 

likely (Na,K)20(F)).

Figure 89
Secondary Electron (SE) and Backscattered 

Electron (BSE) Images of EAF Dust after 
Roasting at 1000°C with 50% Na2C0 3  and 

3.7% CaCOs (Sample C)
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After leaching with 200 g/L H2 SO4 , the only three phases detected using XRD analysis 

(Table 43 and Figure 90) in the leach residue were (Zn,Mn,Fe)(Fe,Mn)204, gypsum 

(CaS0 4 -2H2 0 ) and srebrodolskite (Ca2Fe2 0 s).

Table 43 Phases Identified by X-ray Diffraction Analysis of EAF Dust after 
Roasting with Na2C0 3 and CaC03 and Leaching with 200 g/L H2SO4

Sample Identified Phases (in order of intensity) Leaching Wt. Loss, %
A (Zn,Mn,Fe)(Fe,Mn)20 4, CaS04-2H20 24*, 67z
B (Zn,Mn,Fe)(Fe,Mn)20 4, CaS04-2H20 42‘, 521
C Ca2Fe20 5 , CaS04-2H20 14*,41z
D (Zn,Mn,Fe)(Fe,Mn)20 4, CaS04-2H20 , Ca2Fe205 411,452
Hot Water Leach Acid Leach

Samples C (1000°C, 50% Na2C 03, 3.7% CaC03) and D (1000°C, 90% Na2C 03, 3.7% 

CaC03) were examined using SEM/EDX analysis after leaching with 200 g/L H2SO4 

(Figures 91 and 92) to try to better understand the iron deportment in this system. 

Gypsum (CaS0 4 -2H2 0 ) is the major phase in the field of view in both samples and is 

labeled as phase G in both Figures 91 and 92.

However, a number o f phases containing iron are identified in Sample C (Figure 91), 

including particles high in Ca, Fe and O (i.e., Ca2Fe2 0 s (E)) and high in Fe, Mn, Zn and 

O (i.e., residual unreacted (Zn,Mn)Fe204 (D)). Several particles were found to be high in 

Fe, Mn and O, but the ratio o f manganese to iron in the EDX intensities differed, with 

some particles showing a ratio o f intensities o f Mn:Fe of between 2:1 and 3:1 (A, B) and 

others with a ratio o f about 0.33:1 to 0.5:1 (C). Thus, this would indicate that some 

manganese may substitute for ferric iron in the Mn-ferrite structure, resulting in Mn- 

ferrites closer to the composition of Mn2Fe0 4  (Particles A and B) while other Mn-ferrites 

are more typical o f jacobsite (MnFe2C>4) (Particles C and F). Particle B contains Ca, Pb 

and S, in addition to Mn, Fe and O, and is likely a mixture o f Mn2Fe0 4 , gypsum and 

anglesite (PbS0 4 ) while Particle F contains Ca, Mn, Fe and O and is likely a mixture of 

MnFe204 and Ca2Fe2 0 s. From a similar analysis for Sample D (Figure 92), similar 

particles likely representing (Zn,Mn)Fe20 4 (A), MnFe204 (C), Ca2Fe2 0 5 (D) and a
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mixture of Mn2Fe0 4  and gypsum (E) were identified. However, in Sample D, Phase A 

((Zn,Mn)Fe204) is much more abundant, due to the lower zinc extractions in this sample, 

and Phase E (M ^F eC V C aS C ^^O ) is not observed as frequently as in Sample C.

- - — L B

D

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

26

Gypsum CaS04-2H20  (C2/c) 33 -0311  
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Figure 90 XRD Patterns of EAF Dust Residue after Roasting with Na2C(>3 and 

CaCC>3 and Leaching with 200 g/L H2SO4
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Figure 91 Secondary Electron (SE) and Backscattered Electron (BSE) Images of EAF Dust after Roasting 
at 1000°C with 50% Na2C(>3 and 3.7% CaCC>3 and Leaching with 200 g/L H2SO4 (Sample C)



Using similar methods to those 

employed in Section 5.5.1, an iron 

balance for the roasting of EAF dust 

with Na2CC>3 and CaCC^ was 

constructed (Table 44). However, 

several adjustments to the 

assumptions made for the iron 

balance constructed for roasting 

with Na2CC>3 alone were made. 

First, because srebrodolskite 

(Ca2Fe2 0 s) is observed in the XRD 

and SEM/EDX analysis of the leach 

residue from Samples C and D, but 

not in Samples A and B, it was 

assumed that the Ca2Fe205  formed 

at high temperatures was insoluble, 

but was still assumed to be leached 

completely in Samples A and B. 

Second, the assumption that 100% 

of the available calcium reacts with 

magnetite to form Ca2Fe205  led to a

Figure 92
Secondary Electron (SE) and Backscattered 

Electron (BSE) Images of EAF Dust after 
Roasting at I000°C with 90% Na2CC>3 and 
3.7% CaCC>3 and Leaching with 200 g/L 

H2S 0 4 (Sample D)
significant overestimate o f the iron

extraction in Samples A and B; thus, it was assumed for this balance that the unreacted 

calcium in the feed reacts with Fe3(>4 to form Ca2Fe2 0 s while the CaCCb added during 

roasting reacted with NaFeC>2 to form Ca2Fe2 0 s. Third, even if  complete leaching of 

Ca2Fe205 and complete conversion of magnetite (Fe3C>4) to NaFeC>2 were assumed in 

Sample C, the iron extraction predicted by the balance would still be significantly lower 

than actual leaching extraction. Thus, it was assumed, based on the SEM/EDX phase 

analysis for Samples C and D, that some of the iron was present as Mn2Fe0 4 , instead of 

as MnFe204, with the remaining iron reacting with Na2CC>3 to form NaFeCh. With these 

assumptions, the balance agrees reasonably well with the iron extractions observed.
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Table 44 Deportment of Iron Mineral during Roasting of EAF Dust with Na2C0 3  

and CaCCb and Leaching with 200 g/L H2SO4

Iron % of Total Iron in Feed
Minerals Feed Sample A Sample B Sample C Sample D

ZnFe204 50.3 20.9 24.1 2.0 30.7
MnFe2C>4 22.7 22.1 22.1 l . l a 13.5b
Mn2FeC>4 0.0 0.0 0.0 5.3a 2.3b
Fe3C>4 27.0 20.3 20.3 0.0 0.0

Ca2Fe2C>5 0.0 13.8 13.8 13.8 13.8
NaFe02 0.0 22.9 19.7 77.8 39.8
Total 100.0 100.0 100.0 100.0 100.0

Fe Extraction 
Projected, % 36.71 33.51 77.82 39.82
Actual, % 38.9 24.1 79.3 39.6
Difference, % -2.2 9.4 -1.5 0.2

a Calculated assuming 90% of Mn is present as Mn2Fe04  
b Calculated assuming 40% of the Mn is present as Mn2Fe04
1 Calculated assuming the total dissolution o f NaFeC>2 and Ca2Fe20s during leaching
2 Calculated assuming only the dissolution of NaFeC>2 during leaching

The apparent decrease in srebrodolskite (Ca2Fe2 0 s) solubility with increasing 

temperature is consistent with the findings in Section 5.5.2.2 where, with the addition of 

CaCC>3 during roasting with coal, the results indicate that the solubility of the 

srebrodolskite (Ca2Fe2 0 s) formed is heavily dependent on the temperature of formation, 

with much less iron dissolved after roasting at higher temperatures and evidence of 

Ca2pe205 in the leach residue.

Evidence for the decomposition of magnetite (Fe3(>4) to form NaFeCb and Ca2Fe2 0 s has 

been noted earlier in Section 5.5.1.1, although the results from this test show that the 

extent of decomposition increases significantly with the increase in temperature and 

Na2CC>3 addition used in this test.

However, some phenomena, such as the formation o f Mn(Fe,Mn)204 spinels, or the 

increase in zinc and chromium extractions with the addition o f CaCC>3 during roasting, 

are not as easily explained. For example, for the Mn-spinels, if  some of manganese is
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present in the EAF dust as Mn3+ or Mn4+, then the formation of predominantly jacobsitic 

(MnFe204) spinels, as observed during roasting with Na2C0 3 , would require reduction of 

the manganese present. On the other hand, if  the manganese in the EAF dust is present 

entirely as Mn , then the formation of more Mn(Fe,Mn)204 spinels would require the 

oxidation of manganese to Mn3+ or Mn4+. Research on manganese iron spinels indicates 

that the formation of Mn2Fe0 4  is more likely where, instead of direct substitution of 

Mn3+ for Fe3+ in the octahedral sites, a combination of Mn4+ and Fe2+ are found in the 

octahedral sites, with Mn2+ remaining in the tetrahedral sites (168). Oxidation of Mn2+ is 

probably more likely, given that all the roasting is done in air, but it is uncertain why this 

latter phase would be favored, and why this phase is observed after the addition of CaCOs 

to the roasting system.

Likewise, the increases in zinc and chromium extraction with the addition of CaC03  

could occur because if  CaC03  reacts as expected (2 NaFe02  + 2 CaC03  -> Ca2Fe2 0 s+ 

Na2C03  + CO2), then it is possible that more Na2C03  would be available for reaction. 

However, because Na2C03  is added in considerable excess during roasting, and zinc 

extractions are depressed by higher Na2C03  additions, this seems unlikely. Alternatively, 

the combined reactions o f Na2CQ3 and CaCCb may work synergistically to cause more of 

the spinel phases in the EAF dust to be decomposed at lower temperatures, resulting in 

available zinc and chromium available for extraction using H2SO4 and hot water, 

respectively. Additional characterization and phase identification would be required to be 

able to explain these phenomena and will be the subject of future research.

These unexplained behaviours could also be connected to the low crystallinity of the EAF 

dust, which was discussed in Section 5.1. If portions o f the EAF dust are indeed 

metastable, then crystallization would be expected on heating and, thus, if  crystallization 

occurs in the presence of other ionic compounds, such as CaCC>3, the distribution of 

elements, such as iron, may be affected differently than if  those same additives were 

added to a crystalline material, such as the La Oroya zinc ferrite.
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5.5.1.1.2 Roasting with MnC03 as a Secondary Additive

Compared with roasting with Na2CC>3 alone (Figure 85), roasting with MnC03 as a 

secondary additive does broaden the area of maximum chromium extraction (90 to 100%) 

possible with water leaching (Figure 93), but not as much as when roasting with CaC03. 

The size of this region also increases with increasing MnC03 additions.
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The shape of the zinc extraction model for leaching the roasted ash with 200 g/L H2SO4 

(Figure 94) follows closely the trends in extraction observed in the scoping tests from 

roasting with Na2C0 3 (Figure 85) or Na2C0 3-CaC0 3 (Figure 87), with a maximum 

around 50% Na2C0 3 and a decrease in extractions at higher Na2C0 3 additions.
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Tem perature, °C
Effect of Na2C0 3  and Temperature on Zinc and Iron Extractions from 
Altasteel EAF Dust Roasted with A) 4.3% MnCC>3, B) 10.2% MnC(>3 

and C) 16.3% M nC03
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Samples at various conditions described by the model for roasting with Na2C03  and the 

highest MnCCb addition tested (16.3%) were analyzed using x-ray diffraction (Points A 

through D on Figures 93 C and 94C). The identified phases are listed in Table 45 while 

the diffraction patterns and major phases observed are shown in Figure 95.

Table 45 Phases Identified by XRD Analysis of EAF Dust Roasted with Na2COs 
and MnCOs

Sample Identified Phases (in order of intensity)
A a-NaFe02, (Zn,Mn,Fe)(Fe,Mn)204, ZnO, Ca2Fe20s
B a-NaFe02, ZnO, (Zn,Mn,Fe)(Fe,Mn)204, ZnO, Ca2Fe20s
C <x-NaFe02, Ca2Fe20 5 . (Zn,Mn,Fe)(Fe,Mn)20 4, ZnO
D a-NaFe02, ZnO, Ca4Mn3 0 io, Ca2Fe20s, p-NaFe02

As with the x-ray diffraction analysis of La Oroya ferrite roasted with Na2C03  and 

MnC03  (Section 5.5.1.1.2), phase identification for the EAF dust samples roasted with 

MnC03  was less definitive than for EAF dust roasted with Na2C03  or Na2C0 3 -CaC0 3 . In 

several cases, x-ray diffraction peaks o f significant intensity could not be positively 

identified from the available database. However, it was possible to positively identify 

several phases with x-ray diffraction including a-NaFe02, (Zn,Mn,Fe)(Fe,Mn)204, zincite 

(ZnO) and srebrodolskite (Ca2Fe20s), which are found in most o f the samples tested. In 

Sample D, a calcium-manganese oxide (Ca4Mn3 0 io) was also identified along with trace 

amounts of P-NaFeCL.

Phase analysis of Sample C (1000°C, 50% Na2CC>3, 16.3% MnCCb) using backscattered 

electron imaging in the scanning electron microscope and EDX analysis is much clearer 

(Figure 96). Zinc oxide is visible as bright particles in the backscattered images (A). 

Ferrites containing Mn, Fe and O (i.e., MnFe2<34 (B)) are the dominant iron bearing phase 

identified, but particles high in Ca, Fe and O (i.e., CaFe20s (C)) are also identified and 

both are consistent with the phases detected using x-ray diffraction. In addition, some 

darker particles were shown to be high in Ca, Si and O (i.e.,Ca2SiC>4 (D)) or high in Ca 

and O (i.e., CaO/Ca(OH)2 (E)). Texturally, the particles in view in some of the SEM 

micrographs are quite interesting, showing what appear to be lamellar type layers of 

MnFe2C>4 and ZnO in some particles.
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Figure 95 XRD Patterns of EAF Dust Roasted with Na2C(>3 and MnCC>3
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Figure 96 Secondary Electron (SE) and Backscattered Electron (BSE) Images of 
EAF Dust after Roasting at 1000°C with 50% Na2CC>3 and 
1 6 .3 %MnC0 3  (Sample C)

After leaching with 200 g/L H2SO4, zincite (ZnO) and NaFe02  are dissolved and gypsum 

(CaS04-2H20 ) and spinel phases, such as (Zn,Mn,Fe)(Fe,Mn)20 4 , MnFe204 or Fe304, are

the only phases which could be positively identified using x-ray diffraction in the leach 

residue (Table 46 and Figure 97). Several peaks could not be identified using the 

database and software available.
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Table 46 Phases Identified by X-ray Diffraction Analysis o f EAF Dust after
Roasting with Na2CC>3 and MnCC>3 and Leachinjg with 200 g/L H2S 0 4

Sample Identified Phases (in order of intensity) Leaching Wt. Loss, %
A CaS04-2H20 , (Zn,Mn,Fe)(Fe,Mn)20 4 19l, 72"
B CaS04-2H20 , (Zn,Mn,Fe)(Fe,Mn)20 4 34‘, 54"
C CaS04-2H20 , MnFe20 4/Fe30 4 91, 62"
D CaS04-2H20 , (Zn,Mn,Fe)(Fe,Mn)20 4, 

MnFe20 4/Fe3 0 4

351, 50"
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B
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Figure 97 XRD Patterns of EAF Dust Residue after Roasting with Na2C0 3  and 
MnCC>3 and Leaching with 200 g/L H2SO4
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SEM/EDX analysis of the leach residue for Sample C (1000°C, 50% Na2CC>3, 16.3% 

MnCC>3) again showed gypsum (A), present as fine elongate crystals, as the major phase 

in roasted EAF dust after leaching, likely due to the dissolution of lamite (Ca2Si0 4 ) and 

reprecipitation of the dissolved calcium as gypsum during leaching (Figure 98). Iron is 

present mostly as metal ferrites, with particles high in Fe, Mn and O (i.e., MnFe204 (B)) 

or high in Fe, Mn, Zn and O (i.e., (Zn,Mn)Fe2C>4 (C)) being the most common in the 

SEM micrograph and particles high in Ca, Fe and O (i.e., Ca2Fe20s (E)) present in 

smaller quantities. The presence of significant amounts of (Zn,Mn)Fe2C>4 would be 

expected, due to the lower zinc extractions (i.e., less than 80%) observed with these 

roasting conditions. However, iron is also found in Particle D, which contains Mn, Si 

and O as well as Fe, likely as a Mn-Fe silicate.

Figure 98 Secondary Electron (SE) and Backscattered Electron (BSE) Images of 
EAF Dust after Roasting at 1000°C with 50% Na2C(>3 and 
1 6 .3 %MnC0 3  and Leaching with 200 g/L H2SO4 (Sample C)

From this analysis, and previous findings in Sections 4.5.2.1.1.3 and 4.5.2.2.1.2, it is 

evident that the addition of MnC0 3  promotes the formation of acid insoluble Mn-ferrites
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during roasting. This is indicated, first of all, by the detection of Mn ferrites using 

SEM/EDX analysis both before and after leaching and, second, by the decrease in iron 

extractions observed with increased MnCCh additions during roasting. However, for 

roasting the EAF dust with Na2CC>3 and MnCC>3, several phenomena remain unexplained.

First, small additions of MnCC>3 (4.3%) cause an initial increase in the iron extractions 

observed, compared to those from roasting with Na2CC>3 alone, while additions of up to 

16.3% are required to reduce iron extractions to the low levels that are possible when 

roasting with Na2CC>3 alone. In roasting with low CaCCh additions in Section 5.5.1.1.1, 

significant amounts of Mn2Fe0 4 , or other manganese rich ferrites, formed which meant 

that less iron was associated with manganese and, thus, more iron could react with 

Na2CC>3 and become acid soluble. A similar phenomenon may occur during the roasting 

of the EAF dust with MnC0 3 , resulting, initially, in higher iron extractions, due to the 

formation of more manganese rich spinels and the associated increase in the amount of 

iron reacting to form NaFeC>2, and, then, in a steady decrease in iron extractions with 

higher MnCC>3 additions as MnCC>3 reacts with NaFeCh to form MnFe2C>4.

Also, the addition of MnCC>3 decreases the zinc extractions possible at a given 

temperature, but much more significantly than was observed in Section 4.5.2.1.1.3 for the 

roasting of the La Oroya ferrite. This could be connected to the presence of a 

(Zn,Mn)Fe204 solid solution in the EAF dust, or its formation during roasting, either by 

crystallization o f the EAF dust after heating in the presence of the manganese in the dust 

or Mn added as MnC0 3 , or by reaction of franklinite in the EAF dust with the manganese 

added as MnC0 3 . If the majority of the zinc is present as a solid solution in 

(Zn,Mn)Fe204, then it is possible that the increase in manganese content could decrease 

the activity o f ZnFe204 in the roasting reactions, which, in turn, could decrease the zinc 

extractions possible during roasting.

To examine this possibility, calculations were made to determine the effect of ZnFe204 

activity on the thermodynamics of the roasting reaction (ZnFe2C>4 + Na2CC>3 —> 2 NaFeC>2 

+ ZnO + CO2) using the equation, AG=AG°+RTlnK. Several assumptions were made in
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these calculations, including assuming that all the manganese in the feed, and that added 

as MnC03  during roasting, reacts to form a solid solution of (Zn,Mn)Fe2C>4, that the 

activity of ZnFe2C>4 in that solid solution is defined by Raoult’s law (i.e., ideal solution), 

that Pco2 is approximately 1 atm close to the reaction surface, that little change occurs in 

the activities of the other solids in the equilibrium constant over the temperature range 

considered (i.e., a^Ms^ 1, and, thus, K = l/aznFe2o 4) and that the maximum zinc

extraction occurs where the activity of ZnFe2C>4 is decreased enough to cause AG to equal 

zero for a given temperature. Based on these assumptions, Figure 99 was constructed to 

compare the theoretical maximum extractions from these activity and thermodynamic 

calculations with the maximum extractions observed for each temperature from the 

response surface models (Figure 94) for each level of MnC03  used in the DOE tests

Figure 99 clearly shows a shift in the theoretical zinc extraction with an increase in the 

MnCOs addition, which is a trend that is consistent with the experimental results, as is the 

observed trend of increasing maximum zinc extraction with increasing roasting 

temperature. At low M11CO3 additions, though, the maximum theoretical and 

experimental zinc extractions do not agree closely. However, as the MnC03  additions are 

increased, the discrepancy between the maximum theoretical and experimental zinc 

extractions, particularly at higher roasting temperatures, decreases until at 16.3% MnC03  

the theoretical and experimental extraction curves almost coincide. (For all MnC(>3 

additions, the zinc extractions for EAF dust roasted with 50% Na2C03  agree more closely 

to the theoretical than the maximum extractions from the response surface model.) Thus, 

this indicates that, as MnC03  additions are increased during the roasting of EAF dust 

with Na2C03 , the activity of ZnFe2C>4 in the (Zn,Mn)Fe204 spinel solid solution does 

affect the maximum zinc extractions possible at a given temperature, making it 

increasingly difficult to obtain high zinc extractions during transformational roasting of 

the EAF dust with high MnCCb additions.

From this analysis, roasting EAF dust with Na2CC>3 and MnC03  as a secondary additive 

has no advantages over roasting the EAF dust with Na2C03  alone. With increasing
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M11CO3 additions, zinc extractions are lower for a given roasting temperature and iron 

extractions are not improved over roasting with NaaCCh alone. As a result, no further 

study of this system was conducted. From these results, it was decided that the addition 

of MnC03  as a secondary addition during the roasting of EAF dust with coal would not 

be tested, as similar effects, with regard to the formation of MnFe204 or (Zn,Mn)Fe204, 

and the decrease in zinc recoveries that would follow, would be expected.
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5.5.2 R eduction o f  E A F  D u st to  Form  M eta l F errites  

5.5.2.1 Roasting with Coal

Zinc extractions after roasting the Altasteel EAF dust with coal showed a much larger 

area of maximum extractions than observed for roasting the La Oroya zinc ferrite, with 

extractions of over 90% Zn possible at temperatures as low as 970°C and coal additions 

as low as 14.5% (Figure 100A). The increase in the zinc lost as fume (Figure 100C) was 

a major contributor to this increase as the amount of zinc fumed varied from 30 to 70% in 

the region of maximum zinc extraction, compared with a range of only 30 to 50% for the 

La Oroya ferrite. Iron extractions from the EAF dust are consistent with those from the 

La Oroya ferrite at less than 10% for all the roasting conditions tested (Figure 100B).
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The reduction in the coal required is likely related in part to the lower concentration of 

zinc in the feed (i.e., 9.4% vs. 19.5% for the La Oroya ferrite). However, the need for 

both lower coal additions and lower roasting temperatures indicates that the zinc in the 

EAF dust is more easily reduced by coal than the La Oroya zinc ferrite. The higher 

temperature of formation, and the resulting poorer crystallinity, of the EAF dust may be 

connected to this behaviour, with zinc more readily reduced from a metastable, poorly 

crystalline matrix than from a more crystalline zinc ferrite material.

Samples at various conditions described by the model for roasting with coal were 

analyzed using x-ray diffraction (Points A through E on Figure 100). The identified 

phases are listed in Table 47 while the diffraction patterns and major phases observed are 

shown in Figure 101.

Table 47 Phases Identified by XRD Analysis of EAF Dust Roasted with Coal
Sample Identified Phases (in order of intensity)
A (Zn,Mn,Fe)(Fe,Mn)2C>4, Ca4Fei4C>25, ZnO, Ca2SK>4 (Lamite), Ca2Fe20s
B (Zn,Mn,Fe)(Fe,Mn)204, ZnO, Ca4Fei4025, Fe203, Ca2Si04  (Lamite)
C ZnO, (Zn,Mn,Fe)(Fe,Mn)204, Ca4Fei4025, Ca2Si04  (Lamite)
D (Zn,Mn,Fe)(Fe,Mn)204 , ZnO, Ca4Fei4025, Fe203, Ca2Si04  (Lamite)
E (Zn,Mn,Fe)(Fe,Mn)204, ZnO, Fe203, Ca4Fei4025, Ca2Si04  (Lamite)

The phases observed are quite consistent from sample to sample, with zincite (ZnO), a 

mixture of metal ferrites (Zn,Mn,Fe)(Fe,Mn)204, C a^F ei^s and lamite (Ca2SK>4) 

observed in varying quantities in all samples, with srebrodolskite (Ca2Fe2 0 s) and 

hematite (Fe203) observed as minor phases in some samples. (Less zincite is observed in 

Sample E than in Sample C, due to the extensive zinc turning in Sample E.)

Using these identified phases, an iron balance was conducted to estimate the distribution 

of iron in the various phases after roasting (Table 48). The balance was calculated using 

the total zinc extractions (i.e., from leaching and filming) to determine the amount of 

ZnFe204 that had reacted, and assuming that all the calcium that is not associated with 

lamite (Ca2Si0 4 ) is present as either Ca4Fei4025 or Ca2Fe2 0 s and that any iron from the
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decomposition o f ZnFe204 either reacts to form a calcium ferrite or is present as hematite 

(Fe203) in the roasted EAF dust.
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Figure 101 XRD Patterns of EAF Dust Roasted with Coal
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Table 48 Estimated Distribution of Iron in Mineral Phases after Roasting of EAF 
Dust with Coal

Iron-Bearing % of Total ron in Feed
Minerals Feed Sample A Sample B Sample C Sample D Sample E

ZnFe2C>4 50.3 36.1 22.8 33.7 4.8 2.8
MnFe2C>4 22.7 22.7 22.7 22.7 22.7 22.7

Fe30 4 27.0 27.0 27.0 27.0 27.0 27.0

Ca4Fei4025 0.0 11.4 21.3 14.7 21.3 21.3
Fe20 3 0.0 0.0 6.3 0.0 24.3 26.3
Ca2Fe205 0.0 2.8 0.0 1.9 0.0 0.0
Total 100.0 100.0 100.0 100.0 100.0 100.0
Extraction, % 

Zn 28.2 54.8 33.0 90.5 94.5
Fe 4.2 3.8 2.7 2.8 2.0

Ca-Ferrites Leached*, % 29.5 18.0 16.0 13.3 9.3
* Extraction assuming 100% of the iron extracted comes from the leaching o 
or Ca2Fe205

Ca4Fei4025

The balance agrees quite well with the results from x-ray diffraction, with 

ZnFe204/MnFe204/Fe3C>4 as the major phase identified, and with Ca4Fei4025, CaaFeaOs 

and Fe2C>3 present in the samples where predicted from the balance, except where these 

phases are present below XRD detection limits («5% ). This balance confirms that, 

stoichiometrically, with lamite as the major silicate phase in the as-received and roasted 

EAF dusts, the amount o f calcium available for reaction with iron during the reduction of 

ZnFe2C>4 is low and, thus, the formation of a more calcium deficient Ca-ferrite 

(Ca4Fei4025) is favored over more calcium rich ferrites, such as Ca2Fe2C>5, in these 

samples.

SEM/EDX analysis was conducted on Sample C (1000°C, 16% coal) and Sample E 

(1100°C, 20% coal) after roasting. The SEM micrographas for these samples are shown 

in Figures 102 and 103, respectively.
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Figure 102 Secondary Electron (SE) and Backscattered Electron (BSE) Images of 
EAF Dust after Roasting at 1000°C with 16% Coal (Sample C)
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Figure 103 Secondary Electron (SE) and Backscattered Electron (BSE) Images of 
EAF Dust after Roasting at 1100°C with 20% Coal (Sample E)

Bright, elongate or bladed particles (A) are observed in both samples and are likely 

zincite (ZnO), due to their high Zn and O content. In Figure 102, the hexagonal 

pyramidal crystal structure of the zincite crystals is quite evident in these micrographs, 

and the large size and extensive branching of these crystals, combined with their visibility 

to the naked eye on the surface of the roasted samples, are indicative o f vapor phase 

deposition of the zinc oxide during roasting of the EAF dust.

In Sample C (Figure 102), two major iron-bearing phases are detected: particles high in 

Ca, Fe, Mn and O (i.e., likely a mixture of (Mn,Fe)(Fe,Mn)204 and Ca4Fei4025 (B)) and 

particles high in Fe and O (i.e., FeaOs or Fe304 (C)). In Sample E (Figure 103), only one 

type of iron-containing particle was identified, which contained Ca, Fe, Mn Zn and O

(B), and, thus, is likely a mixture of (Zn,Mn,Fe)(Fe,Mn)204 and Ca4Fei4025. (The dark 

grey phase (C) observed in Sample E is high in Ca, Al, Si and S and, thus, is likely a
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mixture of lamite (Ca2SiC>4) along with CaS04  and/or Ca-aluminates, which were not 

identified with x-ray diffraction.)

After leaching with 200 g/L H2SO4, zincite (ZnO) and lamite (Ca2Si04) are no longer 

detected using x-ray diffraction in any of the samples, indicating that these phases were 

dissolved during leaching (Table 49 and Figure 104). Ca4Fei4025 is only detected as a 

minor phase in Sample B, which may point towards the partial dissolution of this phase 

during leaching, as indicated in Table 48. The majority of the dissolved calcium likely 

reprecipitates as gypsum (CaSC>4-2H2 0 ), which is observed as a major phase in the x-ray

diffraction patterns o f all the samples. Iron, and zinc that did not fume or leach, are 

predominantly present as Zn-Fe-Mn ferrites in the leach residue. (Hematite (Fe20j) and 

jacobsite (MnFe204) are detected as minor phases, in addition to (Zn,Mn,Fe)(Fe,Mn)2(>4, 

in samples with higher overall zinc extractions (Samples C and E).)

Table 49 Phases Identified by X-ray Diffraction Analysis of EAF Dust after 
Roasting with Coal and Leaching with 200 g/L H2SO4

Sample Identified Phases (in order of intensity) Leaching Wt. 
Loss, %

A (Zn,Mn,Fe)(Fe,Mn)20 4, CaS04-2H20 -3.6
B (Zn,Mn,Fe)(Fe,Mn)20 4 , CaS0 4 -2H2 0 , Fe203, Ca4Fei4C>25 3.1
C CaS0 4 -2H2 0 , (Zn,Mn,Fe)(Fe,Mn)204, Fe203, MnFe204 1.2
D (Zn,Mn,Fe)(Fe,Mn)2C>4, CaS0 4 -2H20 -1.2
E CaS04-2H20 , (Zn,Mn,Fe)(Fe,Mn)20 4, Fe20 3, MnFe20 4 1.6

SEM/EDX analysis of Sample C (1000°C, 16% coal) after leaching with 200 g/L H2SO4 

shows that gypsum (A) is the principal phase visible in the field of view (Figure 105). 

EDX analysis indicates that silicon from the dissolution of lamite also appears to have 

precipitated along with the gypsum. Metal ferrites are visible as bright particles in the 

backscattered electron images, with all iron bearing particles containing Fe and Zn and 

some containing lower concentrations of Ca and Mn (B) and some with high Ca and Mn 

concentrations (C).
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Figure 104 XRD Patterns of EAF Dust Residue after Roasting with Coal and 
Leaching with 200 g/L H2SO4
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Figure 105 Secondary Electron (SE) and Backscattered Electron (BSE) Images of 
EAF Dust after Roasting at 1000°C with 16% Coal and Leaching with 
200 g/L H2S 0 4 (Sample C)

These results indicate that the Altasteel EAF dust is highly amenable to roasting with coal 

to recover zinc through a combination of fuming and leaching. As discussed for the La 

Oroya zinc ferrite in Section 4.5.2.2.1, this DOE test should mean similar zinc recoveries 

are possible as would be expected during Waelz kiln processing of this material, although 

the methods used here require much lower temperatures to achieve the high zinc 

extractions than are typical for Waelz kiln operations. Because of the low temperatures, 

metallic iron is not formed during roasting, as it would be in most Waelz kiln processes, 

but, instead, a combination of Zn-Mn-Fe spinels, lamite (Ca2Si04) and calcium ferrites 

are formed. During leaching, the iron oxides or Zn-Mn-Fe spinels are insoluble, with less 

than 4% of the iron extracted in most samples, while recovering up to 99% of the zinc by 

leaching or as fame.
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It is possible, with an experimental setup more consistent with the rotary kilns used in 

Waelz kiln processing and, with increased air flow by the dust samples during roasting, 

that more of the zinc recovered in these tests by leaching the roasted EAF dust could 

leave the sample as fume during roasting rather than redepositing on the surface of the 

sample from the gas phase. This would eliminate the need for leaching of the roasted dust 

and, thus, would eliminate any potential concerns with the dissolution of the Ca-silicates 

and Ca-ferrites in the roasted dust during leaching, or with the amount of acid consumed 

to dissolve these compounds and to precipitate the dissolved calcium as gypsum. 

However, additional tests to optimize the zinc recoveries by fuming were not performed 

during these tests and will be the subject o f future study.

Further analysis of the deportment of minor elements to the fume, the leach solutions and 

the leach residue will be discussed in Section 5.6.
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5.5.2.2 Roasting with Coal and CaCC> 3

Because of the large region of high zinc extractions over the conditions tested in Section 

5.5.2.1, the temperatures and coal additions were lowered for the next DOE test. A 

temperature range of 850 to 1050°C and coal additions of 12 to 18% were used when the 

EAF dust was roasted with both coal and CaC0 3 .

As Figure 106 indicates, the addition of CaC03  drastically depresses the overall zinc 

extractions during roasting of the EAF dust, compared with roasting with coal alone. A 

small area where the zinc extraction is greater than 90% is visible with an addition of 

3.7% CaC0 3 , but this area is pushed to higher temperatures and coal additions with 

increasing CaCC>3 addition, such that only a small region of 80 to 90% zinc extraction is 

visible at the highest CaCC>3 addition tested. This is in stark contrast to the results from 

roasting EAF dust with coal alone, where extractions of greater than 90% were possible 

at temperatures as low as 970°C and coal additions as low as 14.5%.

In Figure 106, iron extractions in the areas o f maximum zinc extractions are all less than 

10% which is consistent with extractions observed for roasting EAF dust, or La Oroya 

ferrite, with coal alone. However, a significant increase in the iron extraction in samples 

roasted at lower temperatures is observed as the addition of CaC03  is increased. A 

similar effect was observed during the roasting of the La Oroya ferrite with coal and 

CaC03  at very high (62%) CaC03  additions (Section 4.5.2.2.1.1). However, during 

roasting of EAF dust with coal and CaC0 3 , this effect is observed even at very low 

CaC03  additions (3.7% CaCC^) and becomes more pronounced as the CaC03  addition is 

increased.

The R value for the response surface model for the amount of zinc fumed was very low 

(i.e., 0.426), but the contour plots o f this model were included for comparative purposes 

(Figure 107). This model shows that 50% is the maximum amount of zinc filmed during 

roasting with coal and CaCOs; this is a significant drop from roasting the EAF dust with 

coal alone, where up to 70% of the zinc was removed from the EAF dust as fume.
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Figure 106 Effect of Coal Addition and Temperature on Zinc and Iron Extractions 

from Altasteel EAF Dust Roasted with CaC(>3 Additions of A) 3.7%, B) 
8.9% and C) 14.1%
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Samples at various conditions described by the model for roasting with coal and 14.1% 

CaC03  were analyzed using x-ray diffraction (Points A through D on Figures 106C 

and 107C). The identified phases are listed in Table 50 while the diffraction patterns and 

major phases observed are shown in Figure 108.

Table 50 Phases Identified by XRD Analysis of EAF Dust Roasted with Coal and 
14.1% C aC 03

Sample Identified Phases (in order of intensity)
A (Zn,Mn,Fe)(Fe,Mn)204, Ca2Fe20s, Pb3Os
B (Zn,Mn,Fe)(Fe,Mn)204, Ca2Fe20s, Ca2Si04 (Lamite),
C ZnO, (Zn,Mn,Fe)(Fe,Mn)204, Ca2Fe20s, Ca2Si04 (Lamite)
D ZnO, (Zn,Mn,Fe)(Fe,Mn)204, Ca2Fe205, Ca2Si04 (Lamite)
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Figure 108 XRD Patterns of EAF Dust Roasted with Coal and CaCC>3

Zincite (ZnO) is present only in the samples roasted at 1050°C (Samples C and D) as the 

samples at lower temperatures only had zinc extractions of between 10 and 30%. (When 

roasting with coal alone, zincite was visible in even the samples roasted at 850°C as the 

zinc extractions were significantly higher at 30 to 60%.) The mixture o f zinc and 

manganese ferrites is still the predominant iron-bearing phase in the EAF dust roasted 

with coal and CaCOs but, with the increase in calcium in the dust due to the addition of 

CaC0 3 , the formation of srebrodolskite (Ca2Fe2 0 s) is favored in all samples, instead of
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the less calcium-rich ferrite, Ca4Fei4025, or unreacted hematite (Fe203), observed in the 

EAF dust when roasted with coal alone. Lamite (Ca2Si04 ) remains the major silicate 

phase in the roasted dust as it is observed in most of the samples with x-ray diffraction.

Using these phases as a starting point, an iron balance was constructed to estimate the 

distribution of iron among the iron minerals present in the roasted EAF dust (Table 51).

Table 51 Estimated Distribution of Iron in Mineral Phases after Roasting of EAF 
Dust with Coal and CaCC>3

Iron-Bearing % of Total Iron in Feed
Minerals Feed Sample A Sample B Sample C Sample D
ZnFe2C>4 50.3 43.7 44.8 14.0 6.2
MnFe2C>4 22.7 22.7 22.7 22.7 22.7
Fe3C>4 27.0 2.8 1.8 27.0 27.0
Ca2Fe205 0.0 30.7 30.7 30.7 30.7
Fe203 0.0 0.0 0.0 5.6 13.4
Total 100.0 100.0 100.0 100.0 100.0
Extraction, % 

Zn 13.1 11.0 72.2 87.6
Fe 25.6 23.5 5.8 4.7

Ca2Fe2C>5 Leached*, % 83.4 76.5 18.8 15.4
* Extraction assuming 100% of the iron extracted comes from the leaching of Ca2Fe2C>5

The balance was calculated using the total zinc extractions (i.e., from leaching and 

filming) to determine the amount o f ZnFe204 that had reacted and assuming that all the 

calcium that is not associated with lamite (Ca2SiC>4) reacts with either Fe2C>3 from 

ZnFe2C>4 decomposition or with magnetite (Fe3C>4) to form Ca2Fe2 0 s and that all of the 

iron from the decomposition of ZnFe204 either reacts to form a calcium ferrite or is 

present as hematite (Fe2C>3) in the roasted EAF dust. Once again, the balance reflects the 

phases observed in x-ray diffraction and their relative quantity. However, the balance 

indicates that, at lower temperatures, excess calcium is likely to react with magnetite 

(Fe304) to form srebrodolskite (Ca2Fe20s). Based on the magnitude of the iron 

extractions observed when roasting at 850°C (Samples A and B), this reaction must occur 

to a significant extent, and the resulting srebrodolskite (Ca2Fe2 0 s) that is formed at these
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lower temperatures must be highly soluble, since iron equivalent to over 76% of the 

Ca2Fe205 in the dust is dissolved during leaching with 200 g/L H2SO4 solutions. 

However, this balance also indicates Ca2Fe205 formed at higher temperatures is less 

soluble in H2SO4 solution as with the equivalent o f less than 19% of the iron present in 

CaFe2 0 5 is leached from those samples.

30 micrometers

SE
3 0  m icrom eters

A number of different phases can 

be identified using backscattered 

electron imaging in the SEM and 

EDX analysis of Sample D 

(1050°C , 18%  coal, 14.1%  CaC03) 

after roasting (Figure 109). The 

bright elongate, or platelike, phase 

(A) observed is high in Zn and O 

(i.e., ZnO) while the other light 

grey phases are likely mixtures of 

calcium and/or manganese ferrites 

as they were found to contain either 

Ca, Mn, Fe and O (E), or Ca, Fe 

and O (F). Particles containing Ca, 

Si and O (B) and Ca, Mg, Si and O

(C) were also observed and are 

likely calcium- or calcium- 

magnesium-silicates. (The long 

dark grey particle (D), however, is 

unique in the field o f view in 

F ig u re  109, as it co n ta in s  C r, K , 

Na, S and O, possibly representing 

a mixture of Na- or K-sulphates 

and/or Na- or K-chromates).

Figure 109 
Secondary Electron (SE) and 
Backscattered Electron (BSE) 

Images of EAF Dust after Roasting 
at 1050°C with 18% Coal and 

14.1% CaC03 (Sample D)
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As observed in Section 5.5.2.1, zincite (ZnO) and lamite (Ca2SiC>4) are no longer 

detected using x-ray diffraction on any of the samples, indicating that these phases were 

dissolved during leaching (Table 52 and Figure 110). Gypsum (CaS0 4 -2H20 ) is again

identified as a major phase in the roasted EAF dust, forming due to the reprecipitation of 

dissolved calcium in the H2SO4 leach, and unleached iron is present primarily as Zn-Fe- 

Mn ferrites in the leach residue. Srebrodolskite (Ca2Fe205) and CaFe204 are also 

observed in the x-ray diffraction patterns in the leach residues of Samples C and D, but 

not in the samples roasted at lower temperatures. This is consistent with the higher iron 

extractions at lower roasting temperatures seen in Figure 106 and the results o f the iron 

balance in Table 51 and likely indicates that the calcium-iron oxides formed at higher 

temperatures are less soluble in H2SO4 than those formed at lower roasting temperatures.

Table 52 Phases Identified by X-ray Diffraction Analysis of EAF Dust after 
Roasting with Coal and 14.1% CaC(>3 and Leaching with 200 g/L
h 2s o 4

Sample Identified Phases (in order of intensity) Leaching Wt. 
Loss, %

A (Zn,Mn,Fe)(Fe,Mn)20 4 , CaSC>4-2H20 -7.0
B (Zn,Mn,Fe)(Fe,Mn)20 4 , CaS04-2H20 -12.7
C CaSC>4-2H20 , (Zn,Mn,Fe)(Fe,Mn)20 4 , Ca2Fe2C>5, CaFe2C>4 2.5
D CaS0 4 -2H20 , (Zn,Mn,Fe)(Fe,Mn)20 4 , CaFe204, Ca2Fe205 7.8

SEM/EDX analysis of Sample D (1050°C, 18% coal, 14.1% CaCCE) after leaching 

showed that gypsum (CaSC>4-2H20 ) was present in the leach residue as fine needlelike

particles (A) and, again, is the principal phase in the field of view (Figure 111). Several 

iron oxide phases are also identified in the leach residue, including particles high in Mg, 

Mn and Ca (i.e., a mixture of (Mg,Mn)Fe204 and Ca2Fe20 s (B)), high in Zn and Mn (i.e., 

unreacted (Zn,Mn)Fe2C>4 (C)) and high in Ca and Fe (i.e., Ca2Fe2 0 5 (D)).
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Figure 110 XRD Patterns of EAF Dust Residue after Roasting with Coal and 
CaCC>3 and Leaching with 200 g/L H2SO4

Thus, this DOE test indicates that adding CaCOs during roasting of EAF dust with coal 

can aid in the formation of acid-insoluble calcium ferrites, but roasting temperatures of 

over 1050°C would be necessary to maintain zinc extractions o f greater than 90%. At 

those roasting temperatures, based on the observations from this DOE test, the
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combination of MnFe2C>4, srebrodolskite (CaFe2 0 s), magnetite (Fe3C>4) and hematite 

(Fe203) in the residue should only have a limited solubility, with iron extractions of less 

than 5% expected at the conditions required to maximize zinc extractions. These results 

indicate that operating at lower temperatures, not only lowers the zinc extraction possible 

during leaching, but may encourage side reactions with the magnetite (Fe3C>4) in the dust 

and the formation of srebrodolskite (Ca2Fe205) with a higher solubility in H2SO4 

solutions.

However, roasting with CaCC>3 

and coal has little advantage 

over roasting with coal alone for 

the Altasteel EAF dust since 

lower temperatures can be used 

to achieve higher zinc 

extractions without the use of 

CaC0 3 . Because of the lower 

energy costs for roasting at 

lower temperatures, roasting 

with coal alone would be more 

likely to be pursued 

commercially than roasting with 

coal and CaCC>3.

Figure 111
Secondary Electron (SE) and Backscattered 

Electron (BSE) Images of EAF Dust after 
Roasting at 1050°C with 18% Coal and 14.1% 

CaCC>3 and Leaching with 200 g/L H2SO4 (Sample
D)
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5.6 Deportment of Minor Elements

Selected solids and solution samples were analyzed to try to understand the deportment 

of minor elements in the various possible process options identified in this research. 

From this work, only two process options were selected: roasting with Na2C03  and lower 

temperature (i.e., 1000°C) roasting with coal.

Solutions and solids, after fusing with lithium metaborate, were analyzed for As, Na and 

K using a Varian SpectrAA 220FS atomic absorption spectrometer, with As analyzed 

using a deuterium lamp for background correction. Carbon and sulphur were analyzed 

using an EMIA-320V carbon/sulphur analyzer. Chloride and fluoride analyses were 

analyzed using ion selective electrodes. (Chloride and fluoride analyses on solids samples 

were performed after fusing the solids with Na2C03 /Na202 in a zirconium crucible and 

leaching the fusate with H2SO4 and HNO3.) All other analyses were performed using a 

Perkin-Elmer 4000 atomic absorption (AA) spectrometer.

5.6.1 R oastin g  with Na.2CO3

Table 53 shows the deportment o f minor elements during roasting of Altasteel EAF dust 

with 40% Na2C03  at 950°C. With the exception of K, Na and Cr, only minor levels of 

impurities are dissolved into solution during water leaching and only 2% of the zinc is 

leached in hot water. Chromium is selectively and extensively leached in water leaching 

as are molybdenum and vanadium. Sodium is also leached to a significant extent in the 

water leach solution.

Overall zinc extractions are low (89.7%) in this sample; higher roasting temperatures are 

necessary to reach higher zinc extractions as noted in Section 5.5.1.1. Gypsum formation 

during leaching results in a very high sulphur content in the leach residue.
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Table 53 Deportment of Minor Elements in Altasteel EAF Dust during Roasting 
with 40% Na2CQ3 at 950°C

Element Distribution, % Composition, % or g/L
Water
Leach

Solution

Acid
Leach

Solution

Residue Feed Leach
Residue

Water
Leach

Solution1

Acid
Leach

Solution2
Solids, g 
Solution, L

1000 652.8
1.6 3.2

Zn 3.1 86.6 10.3 9.4 1.05 1.8 25.6
Fe 0.0 56.6 43.4 31.9 21.2 - 56.7
Na3 82.0 11.9 6.1 1.32 1.37 96.2 7.0
A1 34.7 30.1 35.2 0.50 0.27 1.09 0.47
Cd 0.0 22.7 77.3 0.03 - 0.00 0.02
Ca 0.0 2.1 97.9 7.14 10.7 0.00 0.47
Cr 91.7 2.5 5.8 0.34 0.03 1.96 0.03
Cu 0.2 59.0 40.8 0.40 0.25 0.01 0.74
Pb 2.3 2.2 . 88.0 0.90 1.35 0.13 0.06
Mg 0.0 40.0 60.0 0.98 0.90 0.00 1.23
Mn 0.0 3.1 96.9 3.56 5.28 0.00 0.35
K 88.5 8.8 2.7 0.82 0.035 4.56 0.23
Si 10.5 63.3 26.2 1.92 0.77 1.27 3.82
As 9.4 4.1 1.5 0.039 - 0.023 0.005
Cl 4.3 27.4 24.6 1.45 0.55 0.392 1.25
Co 2.4 53.4 44.2 0.007 - 0.001 0.012
F 5.5 5.6 88.9 0.013 0.0028 0.016 0.027
Ni 0.4 25.9 73.7 0.039 - 0.001 0.032
Mo 100.0 0.0 0.0 0.015 - 0.094 0.000
V 66.9 29.8 3.3 0.008 - 0.034 0.007
c
S

9.2
94.2

6.2
0.0

0.3
0.0

4.71
0.43

0.04
6.59

n.a.
n.a.

n.a.
n.a.

Estimated from element distribution and assuming a solids concentration of 625 g/L
2 Estimated from element distribution and assuming a leach solution o f225 g/L H2SO4
3 Sodium extractions include the sodium added as Na2C0 3 during roasting.

For 1000 g of feed, 1.2 g of fume would be expected to be produced containing 
57.9% Pb and 28.5% As as their respective oxides. (7.5% of Pb and 85% of As report to 
this fume.) 84.3% of the carbon and 5.8% of the sulphur are also lost to the gas stream.

5.6.2 R oastin g  with C oal

Table 54 shows the deportment of minor elements during roasting of Altasteel EAF dust 

with 16% coal at 1000°C. The carbon content o f the as-received EAF dust is quite high 

(4.7%) and this carbon content could explain the lower coal additions required to achieve
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high extractions as noted in Section 5.5.2.1. Because of the low zinc concentration in the 

feed, a maximum for the solids concentration during leaching o f 1000 g/L was set for the 

acid leach, which corresponds to an acid leach concentration of about 180 g/L H2SO4.

Table 54 Deportment of Minor Elements in Altasteel EAF Dust during Roasting 
with 16% Coal at 1000°C

Element Distribution, % Composition, % or g/L
Solution Residue Fume Feed Leach

Residue
Leach

Solution1
Fume

Solids, g 
Solution, L

1000 1019
1.0

56.6

Zn 51.9 48.1 43.1 9.4 1.00 89.3 71.7
Fe 2.0 98.0 0.0 31.9 36.6 6.38
Na 32.6 67.4 0.0 1.32 1.04 4.30
A1 53.4 46.6 0.0 0.50 0.27 2.67
Cd 0.4 5.6 94.02 0.03 n.a. 0.28 0.5
Ca 1.9 98.1 0.0 7.14 8.2 1.36
Cr 8.9 91.1 0.0 0.34 0.36 0.30
Cu 2.6 97.4 0.0 0.40 0.32 0.10
Pb 1.4 48.7 49.9 0.90 0.52 0.13 7.9
Mg 7.6 92.4 0.0 0.98 1.06 0.74
Mn 1.8 98.2 0.0 3.56 4.09 0.64
K 20.9 79.1 0.0 0.82 0.76 1.71
Si 30.5 69.5 0.0 1.92 2.89 5.86
As 12.7 2.3 85.02 0.039 n.a. 0.050 0.6
Cl 0.3 19.4 80.3 1.45 0.33 11.7
Co 9.9 90.1 0.0 0.007 n.a. 0.007
Ni 1.2 98.8 0.0 0.039 n.a. 0.005
Mo 100.0 0.0 0.0 0.015 n.a. 0.150
V 99.2 0.8 0.0 0.008 n.a. 0.079
F 93.3 6.7 0.0 0.13 0.001 0.121
C 0.0 0.0 100.0 4.71 0.0 n.a. n.a.
S _3 _3 0.0 0.43 4.16 n.a. n.a.

1 Estimated from element distribution and assuming a so ids concentration o f 1C00 g/L in
leaching and assuming the fume produced is leached with no dissolution of Pb or As

2 Estimated3 « « .More sulphur is present in the residue than in the feed due to gypsum formation during 
leaching.
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5.7 Preliminary Evaluation of Potential Processing Options

Because of the low volume of EAF dust produced by Altasteel (15000 t/y), it is unlikely 

that any process could be operated to economically recover zinc or other metals because 

of the unfavorable economics of having to operate at such a small scale. However, the 

implications of the processing, assuming the availability of larger tonnages o f EAF dust, 

using the roasting processes proposed here will be discussed.

5.7.1 Roasting with Na2C0 3

A possible process flowsheet for the processing of electric arc furnace dust with Na2C03 

roasting is illustrated in Figure 112.

Na2C03
NaOH/NaiCCb 

Solution to In/Ga and 
BZS Precipitation

EAF Dust

Na2C03
Roasting

Water Water Leach

H2S04
Solution H2S04 Leach

Iron 
Reduction

FeS04

Cr
Precipitation

Cr/Fe 
Hydroxide to 

Disposal
Leach Residue to Mn/Fe 

Recovery or Disposal

Oxygen FeOOH S
Precipitation L

Water Leach 
Solution

Na2C03 —

Basic Zinc 
Sulphate 

Precipitation

S

L

T

S° to Disposal

FeOOH Precipitate 
to Disposal

ZnS0 4-3Zn(0 H)2-4H20 / 
Gypsum Product 

for Sale

Solution to Na2C03 
and H2S04 Recovery

Figure 112 Possible Process Flowsheet for Na2C 0 3 Roasting of EAF Dust
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Sodium recovery and H2SO4 regeneration would be carried out by the methods outlined 

in Section 4.7.1.1.

This flowsheet is very similar to the one presented in Section 4.7.1.1.1 for roasting La 

Oroya zinc ferrite with Na2C03  and MnC03  followed by water and acid leaching, but the 

following changes were made. (

First, because of the high chromium extraction in water leaching, chromium precipitation 

would be required before the water leach solution could be used as a neutralizing agent 

later on in the process. A variety of methods for the removal of chromium from solution 

have been proposed, or are being used commercially, as chromium is a major impurity in 

waste streams from leather tanning (169). However, the simplest method for chromium 

removal from this solution appears to be adding FeSC>4 to form a mixed Cr/Fe hydroxide. 

All of the chromium in the water leach solution is initially present as Cr6+ but, at the high 

pH of the water leach solution (i.e., pH 11 in the DOE test water leach solution), upon 

reduction of Cr6+, Cr3+ would readily precipitate from solution. A scoping test on a small 

volume of water leach solution from the DOE tests showed that the addition of FeS04  

readily reduced Cr6+ to Cr3+ and both Cr3+ and Fe3+ precipitated from solution as their 

respective hydroxides, with less than 0.1 mg/L Cr detected in the solution after 

precipitation. The hydroxide precipitate was easily separated from the solution by 

vacuum filtration.

Second, because the integration of an EAF dust treatment facility with an existing zinc 

smelter is unlikely, the flowsheet had to be modified to reflect the availability o f various 

reagents. For example, without zinc concentrate available to use in iron reduction, 

another reductant, such as H2S, would have to be used to reduce Fe3+ to Fe2+ to allow for 

goethite precipitation. A significant proportion of the basic zinc sulphate precipitated 

would have to be recycled to goethite precipitation to neutralize the acid produced during 

precipitation. Finally, because of the low sodium addition required during roasting, the 

sodium content of the water leach solution is lower and, thus, the water leach solution has 

less neutralizing capacity than the water leach solution from the roasting of zinc ferrite.
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Based on the solution analyses presented in Section 5.6.1, the water leach solution would 

be expected to meet 56% of the neutralization requirements for BZS precipitation and the 

remaining neutralization requirement would have to be made up with Na2C03  or CaCC>3.

Without integration with a zinc smelter, basic zinc sulphate would be the primary zinc 

product produced for sale. While this is a saleable product, and easily integrated into 

existing zinc smelter flowsheets, it would command a considerably lower price than zinc 

metal and, thus, this would affect the economics o f any plant using this process.

Another of the major hindrances o f treating the Altasteel EAF dust is the low zinc content 

and the high iron content o f the as-received material. If treatment were considered, it may 

be valuable to test the feasibility o f magnetic separation to remove magnetite (Fe3C>4) 

values from the EAF dust prior to Na2CC>3 roasting. Given the morphology of the as- 

received EAF dust (Figure 74), it is uncertain whether this would be possible, but if  low- 

zinc iron oxides can be rejected, then the grade of zinc in roasting could be increased 

while decreasing the amount of material treated using Na2CC>3 roasting and possibly 

decreasing the amount of iron reacting with sodium during roasting and reporting to the 

acid leach solution.

5.7.1.1 Iron and/or Manganese Recovery

The leach residue after Na2CC>3 roasting contains 1.1% Zn, 21.2% Fe, 1.1% Al, 10.7% 

Ca, 1.4% Pb, 1.3% Na, 5.3% Mn, 0.8% Si and 6.6% S. As discussed previously in 

Sections 4.7.1.2 and 4.7.2.1, various impurities in the residue, including Cu, Pb, Na and 

S, would determine the potential to recover the iron or manganese values using a direct 

reduced iron (DRI) or an iron smelting process.

Sulphur, mostly present in the leach residue as gypsum (CaS0 4 -2H2 0 ), is a major 

impurity in the leach residue from the roasting o f EAF dust. While it is possible that the 

iron values could be separated from the gypsum in the residue using magnetic separation 

or other mineral processing techniques, it is still likely that sulphur contamination could 

be an issue with further processing of this material.
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Copper in the EAF dust is much lower than in the zinc ferrite with a Cu:Fe ratio of 

0.013:1 in the as-received EAF dust. However, the Cu:Fe ratio is not significantly 

improved in the leach residue (0.012:1), though it is improved if the iron and copper 

content of the goethite and leach residue are combined (0.005:1). However, in all cases, 

the Cu:Fe ratio is higher than the allowable copper levels in automobile shredder scrap 

(0.25%), and it is unlikely that a marketable steel product could be produced from these 

residues as a result.

5.7.2 Roasting with Coal (Waelz Kiln Processing)

A possible flowsheet for roasting with coal following by water leaching is presented in 

Figure 113. This flowsheet is very similar to that presented in Section 4.7.2, but with the 

following modifications. H2S is used instead of zinc concentrate as a reducing agent in 

iron reduction, basic zinc sulphate is recycled to goethite precipitation to neutralize the 

acid produced during precipitation, and basic zinc sulphate is the zinc product produced 

for sale. (Iron extractions are low during acid leaching and, thus, reduction and 

neutralization requirements for goethite precipitation, and the amount of goethite 

precipitate, would be low for this process flowsheet.) The high calcium content of the 

EAF dust would be expected to cause significant sulphate losses through the precipitation 

of gypsum during acid leaching.

Again, the low zinc grade of the EAF dust limits the solids concentration possible during 

acid leaching. As mentioned earlier, any concentration of the zinc values in the EAF dust 

prior to roasting (i.e., by removal o f magnetite values) would be advantageous to this 

process flowsheet as well.

The high sulphur content (4.2%) of the residue because of gypsum precipitation during 

leaching and the Cu:Fe ratio in the leach residue (0.009:1) are likely to make further 

processing of the leach residue to recover iron or manganese undesirable.
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Overall, processing this material by roasting with coal and then acid leaching has few 

advantages over traditional Waelz kiln processing. Without integration with a zinc plant, 

recovery or regeneration of H2 SO4  would be difficult and, thus, fresh acid would have to 

be added continuously in this flowsheet which would significantly increase operating 

costs for this process. The high carbon content of the EAF dust makes this material 

highly amenable to conventional Waelz kiln processing; increased roasting temperatures 

would cause most of the zinc to be removed as fume and the high manganese content of 

the EAF dust would reduce the amount of iron reduced to metallic iron and, thus, would 

improve the thermodynamics of the Waelz kiln process, as described in Section 4.7.2.

Based on this analysis, without integration with an existing zinc smelter, and without 

larger tonnages of dust available for treatment, processing of EAF dusts by these 

processes (i.e. Na2CC>3 roasting or coal roasting/acid leaching) would be difficult to 

operate economically. Thus, as discussed in the literature survey of EAF treatment 

processes in Section 5.2.3, traditional Waelz kiln processing appears to be the most 

feasible method of treatment investigated to date for this material.

5.8 Conclusions

Only one potentially novel transformational roasting system was identified through the 

application of the generalized procedure to the Altasteel EAF dust. Sodium carbonate 

roasting of the EAF dust resulted in zinc extractions of over 90% while leaching 50 to 

60% of the iron into solution. The addition of secondary additives to further reduce the 

iron extraction was ineffective for this material.

Mineralogically, the EAF dust behaved with much more complexity than the La Oroya 

zinc ferrite. This study points to the low crystallinity of the EAF dust feed, the formation 

of (Zn,Mn)Fe204 solid solutions and the reaction of other non-ZnFe204 iron compounds 

with Na2C03  during roasting as potential reasons for this behaviour.

After minor element analysis and preliminary flowsheet development, Waelz kiln 

processing appears to be the most feasible process option for treating this waste material.
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6.0 Application of the General Procedure to the Treatment of Inco 
Copper Residue

Two samples of copper residue from Inco’s Thompson Refinery were obtained in 2005, 

one from Inco’s research facilities in Mississauga, ON and another directly from 

Thompson, MN. This material is byproduct of the electrorefining of nickel matte and is 

produced at a rate of 4000 t/y and, at present, is not treated further for metals recovery, 

resulting in an accumulation of about 100 000 t in containment ponds at Inco’s 

Thompson refinery (170). Analyses of the samples obtained are presented in Table 55 

below.

Table 55 Analysis of INCO Copper Residue
Sample Analysis, %

A1 As Cu Ni Fe Pb Si S
1 0.06 1.93 30.8 4.74 0.25 0.17 0.21 19.1
2 0.13 3.04 29.7 3.80 0.31 0.61 0.31 28.1

At 2005 metal prices (171,172), the contained copper and nickel would be valued at 

between US$1660 and $1840 per tonne.

The particle size distribution of Feed #1 was analyzed using a Malvern Mastersizer 2000 

and this sample showed a bimodal distribution with a D90 of 98.8 pm and a D50 of

24.8 pm. Due to the fine particle size o f this sample, it was used directly in the roasting 

tests without further grinding.

SEM micrographs of Feed #1 of the Inco copper residue feed are shown in Figure 114 

with micrographs of Feed #2 shown in Figure 115. The material in Feed #1 (Figure 114) 

is extremely fine and platelike and, with imaging with back-scattered electrons, the 

coloration of the residue is very uniform, indicating a high degree of homogeneity. EDX 

analysis o f the feed showed the presence o f Cu, Ni, S and Cl, with minor amounts of 

arsenic, but no distinct phases could be identified in the feed using EDX. Even though 

the second feed sample is also very fine, more distinct phases can be observed using 

backscattered electron imaging (Figure 115). The dipyramidal crystals (A) contain 

sulphur and the crystal shape of the particles is consistent with that expected for
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elemental sulphur. Other particles include sulphides, including particles high in Cu and 

As (B), Ni and Cu (C) and Ni, Cu and As (D), and sulphates with varying Ni:Cu ratios in 

the EDX analysis (i.e., 1:1 Ni:Cu (E) and 2:1 Ni:Cu (F). Some of the sulphidic particles 

also contain low levels of chloride (i.e., particles B and D).

■1
—  a»r*»T m

Figure 114 Secondary Electron (SE) and Backscattered Electron (BSE) Images of 
As-Received Inco Copper Residue (Feed #1)

Figure 115 Secondary Electron (SE) and Backscattered Electron (BSE) Images of 
As-Received Inco Copper Residue (Feed #2)
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X-ray diffraction of the two feed samples was also performed and the results are reported 

in Table 56 and Figure 116. This analysis showed the presence of a number of hydrated 

copper and nickel phases, likely as the result of the drying of entrained electrorefining 

solution in the solids. Leaching with hot water confirmed this, as up to 24% Cu, 82% Ni, 

85% As and 11% S were soluble from Feed #1 and up to 6.5% Cu, 6 6 % Ni, 6 8 % As and 

23% S were soluble from Feed #2. These water leached samples were also analyzed with 

XRD and the phases found were also reported in Table 56 and Figure 116.

Table 56 Phases Identified by XRD Analysis of Copper Residue Feed Samples
Sample Identified Phases (in order of intensity)
Feed #1 CuS (Covellite), NiSdfbFLO (Retgersite), MS2 (Vaesite), 

Cu3(As0 4 )2, Cu2C1(OF1)3 (Atacamite), PbS (Galena), 
NiCfe^KfeO, S, BaS(>4 (Barite), AS2S3 (Orpiment)

Feed #1 Water Leach CuS (Covellite), MS2 (Vaesite), Pb3 0 2 S0 4 , S
Feed #2 CuS (Covellite), NiS2 (Vaesite), CU3ASS4 (Enargite), S, 

CuS04-3H20, Cu4S0 4(0 H) 6 (Brochantite), Cu2C1(OH) 3 

(Atacamite), PbS (Galena), BaCL^FLO
Feed #2 Water Leach CuS (Covellite), MS2 (Vaesite), Pb3 0 2 S0 4 , CU3ASS4 

(Enargite), S

Covellite (CuS) is the major phase, and major copper phase, in both samples, with the 

remaining copper present as either soluble copper arsenate, chloride or sulphate or as 

enargite (CU3ASS4). Nickel is present in the residue primarily as entrained nickel 

sulphates or chlorides in both samples, with the remaining nickel present as vaesite 

(MS2). Arsenic is present in Feed #1 as Cu3(As0 4 ) 2  and orpiment (AS2S3), with 

Cu3(As0 4 ) 2  as the major phase, as shown by the high solubility of arsenic in hot water for 

this sample; in Feed #2, the only arsenic phase identified is enargite (CU3ASS4) but, since 

up to 6 8 % of the arsenic is soluble in hot water, there are likely other unidentified 

arsenate compounds in this feed sample. Phases containing minor elements, such as 

barium (i.e., barite (BaSCTj) and BaCL^FLO) and lead (galena (PbS)), are also identified 

in both samples. Sulphur is present primarily in the nickel and copper sulphides, but also 

as elemental sulphur (S), particularly in Feed #2.
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Figure 116 XRD Patterns of Copper Residue Samples before and after Leaching 
with Hot Water
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6.1 Literature Survey

No reference could be found in the literature on the treatment of solid residues from the 

electrorefining of nickel matte. However, there have been a number of research studies 

that have examined the application of transformational roasting processes to the treatment 

of sulphide concentrates. This research falls into three main categories, including lime 

roasting of copper concentrates, lime roasting of refractory gold concentrates and Na2C0 3 

roasting of refractory gold concentrates, and each will be discussed in the following 

sections. In addition, sodium carbonate roasting has been proposed as a method to treat 

metallurgical wastes containing metal selenides, tellurides and arsenides and, thus, the 

treatment of these materials has also been summarized. However, based on this review of 

available literature, none of the materials listed appear to be treated commercially using 

transformational roasting processes at present.

6.1.1 L im e R oastin g  o f  C opper C oncentrates

Research into lime roasting of copper sulphide concentrates was conducted in the 1970’s, 

and piloted on a commercial scale by Kennecott (173) as an alternative processing route 

due to concerns that sulphide smelting might become legally prohibited because of the 

release of SO2 and other gaseous emissions. The lime roasting reaction is shown below.

2 CuFeS2 + 4 Ca(OH)2 + 8.5 0 2 => 2 CuO + Fe20 3 + 4 CaS04 + 4 H20

Haver and Wong (174) with the US Bureau o f Mines were the first to publish details on a 

lime roasting process for copper concentrates. They proposed roasting a chalcopyrite ore 

(26% Cu, 25% Fe, 28% S, 1% Mo) with 57% Ca(OH)2 (88% of stoichiometric) by 

allowing the ore to oxidize spontaneously after ignition to give roasting temperatures of 

about 500 to 600°C. Then, using a 20% HC1 leach, extractions of 99% Cu, 96% Mo and 

87% Fe were achieved while retaining up to 98% of the sulphur in the solids during 

roasting. (The formation of CuFe204 during roasting, which is insoluble in H2S04, is 

cited as the reason for selecting HC1 as the lixiviant (175).) Molybdenum was then 

removed from the leach solution with activated carbon, copper was recovered by iron
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powder cementation and the resulting FeCk solution was injected into a spray reactor at 

500°C to convert FeC^ to Fe2C>3 and recover HC1 as a vapor for recycle to the process. 

Further testing and optimization looked at pelletization of the feed, particle size, air flow, 

roaster configuration and roasting and leaching conditions (175). From this optimization, 

a range of operating temperatures (600 to 900°C) was selected to both minimize the 

formation of CaSC>3 at lower temperatures and prevent the decomposition of CaS(>4 at 

higher temperatures. Large scale pilot plant testing produced results consistent with the 

smaller batch tests with 97% of the sulphur retained in the solids during roasting and 

extractions of 99% Cu, 73% Fe, 91% Mo and 81% Ag possible after leaching with 

boiling 20% HC1. After roasting, near quantitative gold recovery was possible through 

cyanidation of the leach residue.

Similarly, Bartlett and Haung from Stanford (176) also studied the possibility of using 

lime roasting to treat chalcopyrite concentrates in the early 1970’s. They showed that 

roasting at 500°C with Ca(OH)2 additions of 88% of stoichiometric could be used to fix 

over 95% of the sulphur in the solids while allowing over 98% of the copper to be 

recovered by leaching with H2SO4 solution. Less than stoichiometric Ca(OH)2 additions 

are possible due to the partial sulphation of copper during roasting. Better temperature 

control and lower roasting temperatures prevented the formation of CuFe204 during 

roasting. This research eventually led to a US patent (177) and further research into 

fluidized bed roasting of lime-concentrate pellets was also performed (178).

In later years, other similar studies on lime roasting of copper concentrates have also 

been published in South Africa (179,180), India (181) and, most recently, in China (182) 

and, generally, report similar reaction conditions and results to what either Haver and 

Wong or Bartlett and Haung reported.

More recently, however, another study was performed to try to better understand and 

optimize the lime roasting of a chalcopyrite concentrate (28% Cu, 26% Fe, 32% S) by 

looking at a variety o f process variables (183-186). The best copper extractions were 

found to occur when pellets o f 0.75 to 1.25 mm in diameter with 38 to 43% porosity and
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92% CaO additions (200% of stoichiometric) were roasted at 500°C for 50 min with an 

air flow rate of 24 L/h and leached in dilute sulphuric acid solutions (185). In a later 

study, Riveros (187) indicated that similar results could be achieved using activated 

limestone (CaCOa) instead of lime (CaO) as the roasting reagent. Chalcocyanite (CUSO4), 

dolerophanite (CUOCUSO4), anhydrite (CaS0 4 ) and hematite (Fe203) are the major 

phases present in the ore roasted under these conditions (185). Roasting at 500°C was 

selected as roasting below 600°C was necessary to avoid CuFe204 formation and 

maintain the heat balance o f the reaction (184).

Mineralogically, after chalcopyrite (CuFeS2) decomposes to covellite (CuS) and FeS, 

covellite breaks down on heating in air in the following sequence (186):

covellite—* digenite —► cuprite —*■ tenorite —» dolerophanite —> chalcocyanite 
CuS -»■ Cu,.8S -> Cu20  -+ CuO -»• CuOCuS04 -*  CuS04

If water is adding during pellet production, the formation of tenorite (CuO) is favored 

over dolerophanite (CUOCUSO4). Iron oxidizes from FeS to Fe203 while calcium reacts 

either to form anhydrite (CaS0 4 ) directly or to form CaS as an intermediary before 

reacting further to form anhydrite. (No CaS was formed when covellite (CuS) or digenite 

(Cui.gS) were roasted in air, indicating that iron plays a role in the formation of CaS 

during roasting (185).)

The same research group also reported using lime to capture arsenic and sulphur 

emissions during the roasting of a sample of enargite (CU3ASS4) at 700°C (188). Arsenic 

was captured as either CaAs or Ca3(As0 4 )2, with sulphur captured as CaS or CaSC>4. (The 

formation of calcium arsenates is preferred over copper arsenates at all the temperatures 

tested.) Complete removal of arsenic and conversion of enargite to digenite (Cui.8S) is 

possible in 30 minutes o f roasting with longer roasting times encouraging the formation 

of cuprite (CU2O), tenorite (CuO) and dolerophanite (CUOCUSO4). Lime layers o f up to 

400% by volume or 140% by weight, relative to the enargite ore, were required to ensure 

no arsenic or sulphur is emitted during roasting (i.e., about 95% of stoichiometric).
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Another study proposed lime roasting as a possible process route for recovering copper 

from copper smelter flue dust (173). Roasting a sample of flue dust (15% Cu, 7% S, 8% 

As, 30% H2O) at 650°C for 2 h, followed by leaching with NH3/NH4CI or 

NH3/(NH4)N 03 solutions for 24 h, resulted in copper extractions of 60 to 64% while 

extracting less than 0.3% As. Heap leaching of roasted pelletized feed for up to 25 days 

increased copper extractions to up to 77% from this material.

6.1 .2  Transform ational R oastin g  o f  G old  Concentrates

6.1.2.1 Lime Roasting of Refractory Gold Concentrates

Refractory gold concentrates are ores where most o f the gold is trapped within sulphide 

minerals, such as pyrite (FeSi) or arsenopyrite (FeAsS), and, thus, the gold cannot be 

recovered by direct cyanidation of the ore. In most cases, the ores need to be oxidized in 

order to make the gold in the ores more recoverable. The oxidation reactions for the 

roasting of pyrite and arsenopyrite are provided in Table 57

Table 57 Pyrite and Arsenopyrite Oxidation (9)

Pyrite Reactions Arsenopyrite Reactions
Dissociation FeS2 = FeS + S(g) FeAsS = FeS + As(g)

FeS Oxidation 3 FeS + 5 02(g)= Fe30 4 + 3 S02(g)
4 Fe30 4 + 0 2fa) = 6 Fe20 3

3 FeS + 5 02(g) — Fe30 4 + 3 S 02(g)
4 Fe30 4 + 02 (g) = 6 Fe203

S/As
Oxidation

S(g) + 0 2(g) = S 02(g) S(g) + °2(g) = S 02(g)
4 As(g) + 3 0 2(g) = 2 As20 3(g)

Total
Reaction

2 FeS2 + 5.5 02(g)= 
Fe203 + 4 S02(g)

2 FeAsS2 + 7 0 2(g) =
Fe203 + 4 S 02(g) + As203(g)

Since both of these overall reactions produce noxious gases (i.e., SO2 and AS2O3), 

oxidation of pyrite and arsenopyrite by roasting has been largely abandoned in favor of 

aqueous pressure or bacterial oxidation, which not only oxidize the ores but, with further 

processing of the leach solutions, enable sulphur and arsenic to be precipitated in an 

environmentally stable form (i.e., gypsum (CaS0 4 -2H2 0 ), calcium arsenate (Ca3(As0 4)2) 

or ferric arsenate (FeAsQ4)) (9).
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However, lime roasting of refractory gold ores, where the addition of calcium, in the 

form of CaO, CaC03  or Ca(OH)2, would be used to eliminate sulphur and arsenic 

emissions through the formation of CaS04  and Ca3(As04)2 during roasting, was first 

proposed in the early 1990’s as a possible alternative process route to aqueous pressure or 

bacterial oxidation. The additional roasting reactions for the capture o f sulphur and 

arsenic during the lime roasting of pyrite and arsenopyrite are shown in Table 58.

Table 58 Lime Roasting Reactions for Pyrite and Arsenopyrite (9)
Pyrite Reactions Arsenopyrite Reactions

S Fixation CaO + S 02(g) = CaS03 
2 CaS03 + 0 2(a) = 2 CaS04

CaO + S 02(g)= CaS03  
2 CaS03  + 02(g)= 2 CaS04

As Fixation 3 CaO + As203(g) = Ca3(As03)2 
Ca3(As03)2 + 02(g) = Ca3(As04)2

Total Roasting 
Reaction

4 FeS2 + 8 CaO + 15 0 2(g) = 2 
Fe203 + 8 CaS0 4

2 FeAsS + 5 CaO + 7 02(g) = 
Fe203 + 2 CaS04  + Ca3(As04)2

Early on in this research, Taylor et al. (9) found that Ca(OH)2 was more effective than 

CaO or CaC03  in reducing sulphur and arsenic emissions from the roasting of pyrite and 

arsenopyrite and most subsequent research has focused primarily on Ca(OH)2 as the 

roasting reagent for these applications.

Taylor et al. (9) conducted process and mineralogical studies on lime roasting of both 

pyrite and arsenopyrite. For the roasting of pyrite (FeS2), sulphur retentions o f over 98% 

were reported for roasting with 108% Ca(OH)2 at 650°C for 60 minutes (9). Subsequent 

mineralogical studies showed that, when roasting above 600°C in the presence of 

Ca(OH)2, pyrite is converted stepwise, first to pyrrhotite (Fei.xS) and then to hematite 

(Fe203), with the sulphur released reacting with calcium to form either anhydrite 

(CaS0 4 ), CaS or CaS03  (189). Roasting the same mixtures at 400°C showed no reaction 

while pyrite roasted at 500°C showed an unreacted pyrite core surrounded by a low 

porosity rim of hematite (189). Roasting about 700°C caused sintering of the particles to 

occur, with essentially no porosity present in particles after roasting at 850°C (190).

Roasting of arsenopyrite (FeAsS) with 90% Ca(OH)2 at 650°C for 60 minutes produced 

similar results with over 98% of the sulphur and 99.9% of the arsenic retained during 

roasting (9). Mineralogically, during roasting, arsenopyrite converts from FeAsS to
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pyrrhotite (Fei_xS) to magnetite (Fe3 0 4 ) and, finally, to hematite (Fe2 0 3). The sulphur 

released reacts to form CaS and anhydrite (CaSC^) during roasting, with lower Ca(OH)2 

additions and roasting temperatures promoting the formation of CaS (189,190).

For both pyrite and arsenopyrite, roasting at 650°C and 60 min produced porous residues 

suitable for gold recovery by cyanidation. Roasting a sample of refractory gold ore 

(0.55 oz/t Au) at these conditions gave gold extractions of up to 87% with cyanidation, 

with extractions of up to 97% possible with regrinding of the roasted ore (190).

Several less detailed studies on lime roasting of refractory gold concentrates are reported 

in the literature. Agar (191) patented a process for CaO/Ca(OH)2 roasting of 

sulphide/arsenide gold concentrates to reduce, but not eliminate, sulphur and arsenic 

emissions. This process used additions of at least 75% of the stoichiometric 

CaO/Ca(OH)2 addition to fix up to 75% of the arsenic and sulphur in the ore while 

roasting for 2 to 4 h at 550 to 650°C. Lime roasting was also tested on a gold concentrate 

(3.5% S, 1.3% As) from Ashanti Goldfields, which could not be treated using aqueous 

pressure oxidation because the high carbon content in the oxidation residue caused lower 

than acceptable gold recoveries by cyanidation (192,193). After agglomeration with 

between 16.5 and 22.0% Ca(OH)2, the ore was roasted at 700°C, with over 95% of the 

sulphur retained in the calcine and gold extractions of over 90% possible using 

cyanidation. Another study (194) used an industrial waste, containing 92% Ca(OH)2, to 

fix arsenic and sulphur from a Chinese refractory gold concentrate (11% As, 32% S, 31% 

Fe, 19 g/t Au, 80 g/t Ag) with up to 95% of the arsenic and 93% of the sulphur retained in 

the roasted ore and gold extractions of 94% possible using cyanidation.

6 .1.2.1.1 Lime Roasting for Selective Control of Arsenic Emissions from Refractory 
Gold Ores

Zeng et al.(195) used a slightly different approach, using lower additions of Ca(OH)2 to 

preferentially eliminate arsenic emissions during roasting of a carbonaceous 

pyrite/arsenopyrite concentrate (1% As, 21% S, 1% Sb, 3% C) while allowing the 

majority of the SO2 produced to be liberated from the ore. In this process, over 78% of
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the sulphur in the ore was volatilized, but up to 92% of the arsenic was retained in the 

roasted ore and up to 92% of the gold in the ore could be recovered by cyanidation.

Similarly, Liu et al. (196) used mixtures of FeSC>4 and CaO to selectively reduce arsenic 

emissions during the roasting of a refractory pyrite/arsenopyrite ore (57 g/t Au, 2 g/t Ag, 

1% Sb, 1% As, 22% Fe, 21% S). Using a 9:1 mole ratio of Ca(OH)2:FeS04 and additions 

of 10% by weight, up to 92% of the arsenic, but only 22% of the sulphur, was retained in 

the roasted ore, which would then allow the S 02 produced to be recovered for the 

production of sulphuric acid. To avoid the formation of low melting point antimony 

compounds, a two-stage roast using temperatures o f 450°C in the first stage and 650°C in 

the second stage was used to maximize gold recovery at between 89 and 91% using 

cyanidation. The resultant residue passed TCLP tests for arsenic.

6.1.2.2 Sodium Carbonate/Sodium Hydroxide Roasting of Refractory Gold Ores

Following similar principles to those used for lime roasting, sodium carbonate has been 

proposed as another possible reagent for controlling the emission of sulphur and arsenic 

during roasting of sulphide and arsenic sulphide concentrates. Roasting with Na2C03  is 

reported in several studies as a possible treatment method for refractory gold ores 

containing pyrite, arsenopyrite and stibnite (Sb2Ss). The following illustrate the reactions 

involved during Na2CC>3 roasting of these minerals:

2 FeS2 + 4 Na2CC>3 + 7.5 0 2 ^  Fe203  + 4 Na2S 04 + 4 C 02 
2 FeAsS + 5 Na2C 03 + 7 0 2 ^  Fe20 3 + 2 Na2S04 + 2 Na3A s04 + 5 C 02 
Sb2S3 + 7 0 2 + 3 Na2C 0 3 ^  Sb20 5 + 3 Na2S04 + 3 C 02

Taylor and Yin (197,198) looked at roasting gold ores containing stibnite or arsenopyrite 

with Na2CC>3, as it gave higher sulphur retentions than roasting with Ca(OH)2, but did not 

cause fusion o f the roasting charge like NaOH. Roasting stibnite at 550°C for 90 minutes 

with 101% Na2C03  (108% of stoichiometric) gave retentions of over 99.9% Sb and 95% 

S, with over 85% of the sulphur converted to soluble Na2S 04. Similarly, roasting of 

arsenopyrite at 550°C for 90 min with the addition of 134% Na2CC>3 (110% of 

stoichiometric) resulted in retentions o f over 99.9% As and 97% S. Up to 97% of the
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arsenic in the roasted arsenopyrite residue was soluble in distilled water adjusted to 

pH 13 with NaOH. (Less arsenic is dissolved in solution with lower pH, which likely 

indicates that arsenic is present as a mixture of sodium and either ferrous or ferric 

arsenate in the roasted ore, as the iron arsenates would be expected to leach more readily 

as the pH of the solution is increased.) Arsenic solubility is also affected by roasting 

temperature, with a maximum at 550°C, a minimum at 625°C and another increase at 

higher temperatures. The melting of sodium arsenite at 600°C followed by its oxidation 

at higher temperatures to produce more soluble arsenic compounds is proposed as the 

mechanism for this behaviour. Arsenic and sulphur were then precipitated from the 

arsenopyrite leach solutions as Ca2A s040H  and CaS04 by adding CaCl2.

Five other studies on Na2CC>3/NaOH roasting of pyrite/arsenopyrite refractory gold ores 

are also reported in the literature. Wu (199) roasted an ore, containing 39 g/t Au, 13% As, 

11% S and 17% Fe, with 100% NaOH at 700°C to retain up to 96% of the arsenic in the 

solids during roasting. Zhang et al. (200) roasted another ore (20 g/t Au, 10 g/t Ag, 7% 

As, 31% S) with Na2C03  or NaOH at 650 to 700°C for 1 to 3 h to convert up to 85% of 

the sulphur to sulphate and allow up to 88% of the gold to be recovered using 

cyanidation. (Zhang et al. (200) also propose the use o f MgC03  and Mg(OH)2 as 

potential sulphur-fixing agents.) Luganov et al. (201,202) roasted a carbonaceous 

arsenopyrite/pyrite ore (7 g/t Au, 6% As, 12% S, 14% Fe, 13% C) with 150 to 200% 

Na2C03  at 600°C for 1 h; 98% of the As and 99% of the S were retained in the ore after 

roasting while leaching the residue at 70°C with water recovered between 95 and 97% of 

the arsenic and sulphur to solution. (Dundua and Dobrokhotov (203) report a similar 

roasting and leaching procedure in their study.) After water leaching, 70 to 75% of the 

gold could be recovered by direct cyanidation and up to 96% of the gold was recoverable 

after treating the ore with S02 prior to cyanidation. Finally, Xue (204) reports 

cyanidation recoveries o f up to 98% Au, 70% Ag and 93% Cu from a pyritic refractory 

gold concentrate (55 g/t Au, 150 g/t Ag, 24% S, 28% Fe and 0.12% As) roasted with 

Na2C 0 3.
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6.1.2.3 Roasting of Refractory Gold Ores with Iron Sulphates

Iron sulphate was also used in another study (205) where refractory sulphide/arsenide 

ores are roasted in an oxygen enriched atmosphere at 500 to 575°C to enable up to 92% 

of the gold to be recovered by cyanidation while producing a disposable ferric arsenate 

(FeAs04 ). Further modifications o f this process include using additional fuel sources (e.g. 

S, FeS2, etc.) to improve the heat balance of the process (206) and using one roasting 

stage to oxidize and volatilize arsenic and a second roasting stage to react the arsenic gas 

from the first stage with a metal (e.g., Ba, Ca, Mn or Fe) oxide, sulphate, chloride or 

hydroxide in an oxygen enriched atmosphere to form insoluble metal arsenates (207).

6.1.3 Sodium  C arbonate R oastin g  o f  O ther R ela ted  M aterials

6.1.3.1 Copper Electrolytic Slimes

Sodium carbonate roasting has also been proposed for the treatment of copper electrolytic 

slimes, which generally contain a mixture of copper selenides or tellurides

Makhmetov (208) and Tishchenko an Smimov (209) proposed adding CaO or Na2C03  to 

copper electrolytic slimes to reduce the volatilization of Se during oxidative roasting.

In a review paper on the recovery of selenium and tellurium from copper electrolytic 

slimes (i.e., typically 5 to 25% Se, 2 to 10% Te), Hoffmann (210) reports that roasting 

with Na2C03  at 530 to 650°C converts both selenium and tellurium to Se6+ and Te6+, 

respectively, so that the sodium selenate readily dissolves selectively in water, leaving 

tellurium in the solids. The sodium selenate solution is then crystallized, with the crystals 

mixed with charcoal, reduced to Na2Se and then oxidized to elemental form in solution 

with air sparging; tellurium is recovered from the original water leach residue by 

sulphuric acid leaching, with the dissolved tellurium converted to elemental tellurium 

either by HC1 reduction and precipitation with SO2 or by reduction and precipitation of 

TeC>2 with NaS0 3 , followed by dissolution in NaOH solution and electrowinning.
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6.1.3.2 Speiss

Speiss is a metallurgical term for a mixture of arsenic compounds produced as a 

byproduct of smelting high arsenic ores. Two studies have been published on roasting 

nickel, copper or cobalt speiss with sodium compounds to remove arsenic from the 

speiss.

The first study (211) involved roasting a mixture of nickelite (NiAs) and cloanthite 

(NiAsa), grading 31% Ni and 48% As, at 400 to 500°C with a mixture of NaOH and 

NaNC>3 (NaOH:NaNC>3 mole ratio of 0.68 to 0.85). However, extremely high additions 

(i.e., 700 to 780% of stoichiometric) are required and only 91% of the arsenic could be 

removed from the speiss by hot water leaching, resulting in a product grading 53 to 60% 

Ni and 7 to 10% As.

The journal article from the second study (212) was not available, but the abstract 

indicates that a speiss containing nickel, copper and cobalt was roasted with 66% Na2C03  

and 2% of a catalyst at 800°C for 2.5 h. Arsenic is removed by leaching with hot water 

while up to 97% Cu, 99% Ni and 92% Co are recovered, presumably by leaching the 

water leach residue in H2SO4 solution.

6.1.4 C onclusions

From this analysis, it is clear that both Ca(OH)2 and Na2CC>3 can be effective reagents in 

capturing or limiting sulphur and arsenic emissions during the roasting of sulphide ores. 

Although high additions of these compounds are required during roasting to limit these 

emissions, these roasting reactions are possible at relatively low temperatures and the 

metals of interest are readily recovered by subsequent leaching of the roasted ores.

All research to date has focused on the recovery of copper or precious metals from 

traditional copper or refractory gold concentrates. No research has been conducted on the 

roasting of arsenic-bearing base metal sulphides with Na2CC>3 and only limited research 

has been conducted on roasting these materials with Ca(OH)2. Thus, this indicates that 

roasting of the Inco copper residue with Na2CC>3 to capture sulphur and arsenic and
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enhance metals recovery is a novel approach to processing this material. Because o f the 

extensive research on lime roasting of copper sulphides, comparison of the results of 

roasting with Na2CC>3 and with Ca(OH)2 may be valuable to allow for comparison of the 

effectiveness of the two reagents.

6.2 Thermodynamic Analysis

Using available thermodynamic data, three main types of reactions were identified for 

further study. Where possible, thermodynamic data, including heats and entropies of 

formation, were taken from either the FREED or FACTS AGE databases (107,108). 

Exceptions include: AHf for FeAsO^KbO and Na3AsC>4 (213), S2980 for Na3As04 (214), 

S2980 for FeAsC>4 (215) and AHf and S2980 for Fe(OH)3 (147). (With no data available in 

the literature, the AHf for FeAsC>4 was estimated from the AHf for FeAs04'2H20 and the 

S2980 for FeAs04-2H20 was estimated from the S2980 for FeAsC>4 by adjusting the values 

for the presence or absence of water. (This approximation was based on the observed 

difference in AHf and S2980 between CaSGt and CaS04-2H20.)) No thermodynamic data 

for atacamite (Cu2Cl(OH)3), brochantite (Cu4S04(0H)6), or enargite (CU3ASS4) were 

available in the literature.

6.2.1 R oastin g  o f  AS2S 3

Free energy (AG°) is plotted versus temperature for several potential reactions for the 

roasting of AS2S3 in Figure 117. Arsenic sulphide can be roasted readily in air to form 

sulphur dioxide (S0 2) and arsenic trioxide (AS2O3) (Reaction 1, Figure 117). However, 

neither product is particularly desirable as both represent significant environmental 

concerns if  they are not captured and converted to a more disposable form.

Based on the results reported for roasting arsenopyrite concentrates ( 198), it may be 

possible to roast materials containing AS2S3 in the presence of oxygen and Na2CC>3 to 

capture sulphur and arsenic in the roasting residue as sodium sulphate (Na2SC>4) and 

sodium arsenate (Na3As04), respectively (Reaction 2, Figure 117). The residue could 

then be leached with water to dissolve these two compounds. The SO42' ions could then 

be precipitated as gypsum (CaS04*2H20) by adding lime or limestone and the ASO43'
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ions could be precipitated either as calcium arsenate (Ca3(AsC>4)2) or ferric arsenate 

(FeAs04 ). (Sodium could be recovered from solution using a modified version of the 

Solvay process (124).)

-1000

«  -2000 W

w -3000

-4000
0 500 1000 1500

Temperature, °C
  As2S3 + 4.5 0 2 ^  As20 3+ 3 S02

—  As2S3 + 7 0 2 + 6 Na2C 03 ^  2 Na3A s0 4 + 3 Na2S 04 + 6 C 02

As2S3 + 7 0 2 + 3 CaC03 + 3 Na2C 0 3 ^  Ca3(A s0 4)2 + 3 Na2S 0 4 + 6 C 0 2 

 As2S3 + 7 0 2 + 3 Ca(OH)2 + 3 Na2C03 ^  Ca3(As04)2 + 3 Na2S04 + 3 C02 +3 H20

—  As2S3 + 7 0 2 + 2 Fe(OH)3 + 3 Na2C 0 3 ^  2 FeAs04 + 3 Na2S 0 4 + 3 C 0 2 + 3 H20

—  As2S3 + 7 0 2 + Fe20 3 + 3 Na2C 0 3 ^  2 FeAs04 + 3 Na2S 0 4 + 3 C 0 2

“  “  As2S3 + 7 02 + 2 Fe(OH)3 + 3 Na2C03 ^  2 FeAs04 H20 + 3 Na2S04 + 3 C02 + H20

Figure 117 Potential Reactions for Roasting AS2S3 (AG° vs. Temperature)

However, calcium arsenate or ferric arsenate precipitated at low temperatures from 

aqueous solution may not be stable enough to allow for long term disposal o f this residue 

(25). To improve the stability of these compounds, precipitation is often carried out at 

higher temperatures and pressures in precipitation autoclaves. However, the possibility of 

roasting with sodium carbonate, along with an additional reagent which is added 

specifically to promote the formation of more stable, higher temperature arsenic 

compounds directly during roasting, also warrants investigation. Since calcium and iron
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(Ill) both form arsenates with low solubilities, potential reactions for forming both 

compounds are proposed (Reactions 3 to 7, Figure 117).

All the reactions presented are not only highly exothermic, but thermodynamically 

possible at between 200 and 1500°C and the free energies in each case are lower than for 

the direct oxidation of AS2S3. An oxidizing atmosphere, however, would be required in 

all cases for these reactions to proceed.

6.2.2 R oasting  o f  C opper a n d  N ickel Su lph ides

Free energy (AG°) is plotted versus temperature for several potential reactions for the 

roasting of covellite (CuS), vaesite (NiS2), retgersite (NiS0 4 -6H20 ) and bonattite 

(CuS04-3H20 ) with Na2C03  in Figure 118.
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 —  CuS + 1.5 0 2 S02 + CuO
— —  NiS2 +2.5 0 2^  2 S 0 2 + Ni0

CuS + Na2C03 + 2 0 2 ^  Na2S04 + CuO + C02 
— ■ NiS2 + 2 Na2C03 + 3.5 0 2 ^  2 Na2S04 + NiO + 2 C02
 CuS0 4-3H20  + Na2C03 ^  Na2S04 + CuO + C02 + 3 H20
 NiS04-6H20  + Na2C03 ^  Na2S04 + NiO + C02 + 6 H20

Figure 118 Potential Reactions for Roasting Copper and Nickel Sulphides (AG° vs. 
Temperature)
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Reactions 1 and 2 show the expected reaction for roasting the copper and nickel sulphides 

in air while Reactions 3 and 4 show the proposed reactions for oxidative roasting of these 

sulphides in the presence of Na2CC>3. For both sulphides, all the reactions are exothermic 

and the free energy for roasting with NaiCCb is significantly lower than for roasting in air 

alone. Reactions 5 and 6 show the potential reactions of two of the hydrated nickel and 

copper sulphates found in the samples of the copper residue feed. These reactions are 

mildly endothermic, but should be spontaneous at temperatures above 50°C.

Thus, this analysis indicates that roasting of the Inco copper residue with Na2C03  should 

be thermodynamically feasible at all temperatures above 50°C.

6.3 Scoping Tests

6.3.1 E xperim ental P rocedure

For the first batch of scoping tests and the first DOE tests, a Lindberg split-tube furnace 

was used in the configuration shown in Figure 119A. For all subsequent tests, a 

Thermolyne tube furnace was used, where one end of the furnace was sealed off with 

refractory, in the configuration illustrated in Figure 119B.

The furnace set point was adjusted so that the centre of the hot zone of the furnace was 

equal to the desired reaction temperature. The samples boats were inserted so that the 

center of the sample coincided with the centre o f the hot zone. Measurements of the 

temperature distribution in the tube furnaces used showed a variation o f less than 10°C 

from the center to either end of the sample during roasting.

Dried copper residue was mixed with the particular reagent(s), placed in an alumina boat 

and inserted into the tube furnace which had been preheated to the desired reaction 

temperature. Once inserted, the tube was sealed and air flow to the furnace was started 

and adjusted to give a continuous flow of 2.4 to 3.3 L/min of air through the furnace tube. 

(This flow was selected due, in part, to constraints in the flowmeters available, but was 

set to ensure that air was supplied in significant excess to ensure that the oxidation 

reaction could proceed.) The sample was then roasted in the furnace for 4 h. After
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roasting, the sample was removed from the furnace, air cooled, ground and a subsample 

taken for chemical, XRD and SEM analysis.

Alumina Boat

Air —

Off Gas to 
Scrubber

Controller

Off Gas to 
Scrubber

Alumina Boat

Firebrick
Plug

Air In

m Controller

Figure 119 Setup for Tube Furnaces Used in Roasting Tests for A) Preliminary 
Scoping Tests and DOE Tests and B) All Other Roasting Tests (Not 
Drawn to Scale)

The remainder of the sample was then leached in water at 95 to 97°C for 1 h. After hot 

water leaching, the leach slurry was filtered with the filtrate collected for chemical 

analysis and the solids were then washed three times with distilled water with the wash 

solution collected for analysis. The filter cake was then dried at 80°C overnight before 

being ground in a mortar and pestle. A subsample of the water leach residue was taken 

for chemical, XRD and SEM analysis.

The remainder of the sample was then leached in 200 g/L H2SO4 at room temperature for 

1.5 h. After leaching, the leach slurry was filtered with the filtrate collected for analysis 

and the solids washed twice with water adjusted to pH 2 with H2SO4 and twice with 

distilled water with the wash solution collected for analysis. The filter cake was then 

dried at 80°C overnight before being ground in a mortar and pestle.
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Solutions were analyzed initially for Cu, Ni, Fe and Pb using a Perkin-Elmer 4000 atomic 

absorption (AA) spectrometer and then for arsenic using a Varian SpectrAA 220FS 

atomic absorption spectrometer with a deuterium lamp for background correction.

Solids were fused with lithium metaborate in a two stage fusion process, where the first 

stage, involving oxidation of the solid sample with NaNC>3 or UNO3 at 700°C, is 

followed by a second stage where the oxidized sample is fused with lithium metaborate at 

950°C. After the fusion, the samples are dissolved in concentrated HC1, with HNO3 

added where necessary, to ensure complete dissolution of the fused samples. The 

dissolved solids fusion samples were then analyzed for Cu, Ni and As as indicated for the 

solution samples in the previous paragraph. Solid samples were also analyzed for sulphur 

using a Horiba EMIA-320V carbon/sulphur analyzer.

Scanning electron microscope analysis was performed on selected samples using a 

Hitachi Model S-2700 microscope equipped with a GW Electronics annular four- 

quadrant backscattered electron detector and a Princeton Gamma Tech (PGT) prism 

intrinsic germanium (IG) x-ray detector and operating at an accelerating voltage of 

20 kV. Digital images were taken using a Princeton Gamma Tech IMIX system.

6.3.2 R esu lts fro m  S coping  Tests

6.3.2.1 Na2CC>3 Roasting Tests

Inco copper residue (Feed #1) was roasted with 100% Na2CC>3 at 600, 700 and 800°C in 

the initial scoping tests. The deportment of Cu, Ni, As and S during roasting, water 

leaching and leaching with 200 g/L H2SO4 are summarized in Figures 120 to 123.

With the addition of 100% Na2CC>3, all of the sulphur in the residue is retained in the 

solids during roasting; the majority o f the sulphur in the roasted residue was soluble in 

water, indicating the formation of sulphates, but the amount o f sulphur leached decreases 

with increasing roasting temperature (Figure 120). Essentially no sulphur is soluble in 

sulphuric acid solution, meaning that the remaining unleached sulphur is likely present as 

sulphides that are not oxidized during roasting.
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Figure 121 Deportment of Arsenic during Scoping Roasting and Leaching Tests on 
Inco Copper Residue (Feed #1)
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Over 85% of the arsenic is retained in the solids during roasting, with a maximum 

observed at 700°C in these tests (Figure 121). A similar maximum is observed during 

water leaching with nearly 97% water soluble arsenic after roasting at 700°C, but much 

lower extractions at higher and lower temperatures (29 to 38%). An additional 38% and 

1.6% of the arsenic is leached from samples roasted at 600°C and 700°C, respectively, 

with 200 g/L H2SO4 to give overall arsenic extractions of 88 to 100%. Over 55% of the 

arsenic remains in the solids after roasting at 800°C and leaching, compared to only 15% 

for the sample roasted at 600°C and 1.4% for the sample roasted at 700°C.

Neither copper nor nickel volatilized during roasting and virtually no copper or nickel 

were soluble in subsequent water leaching. The copper extractions after leaching with 

200 g/L H2SO4 showed a steady decrease with increasing temperature, with over 93% of 

the copper leached from the sample roasted at 600°C and only 11% leached from the 

800°C sample. Nickel extraction reached a maximum of 61% at 700°C; some nickel 

extraction was observed at 600°C, but no nickel was extracted at 800°C. Extensive 

sintering of the sample was observed in the sample roasted at 800°C, which could 

perhaps explain the poor oxidation of Cu, Ni, As and S observed in this sample.

Thus, these preliminary results indicate that sulphur and arsenic emissions can be reduced 

or eliminated by roasting with Na2CC>3 and that there is significant potential to be able to 

selectively leach arsenic and sulphur in water and then subsequently recover the majority 

of the copper and nickel by leaching in sulphuric acid solutions. However, lower 

temperatures should be used for subsequent tests to try to avoid the poor results achieved 

by roasting at 800°C.

6.3.2.2 Screening of Secondary Reagents

After the first DOE test (Section 6.4.1.1) was completed, four roasting/leaching tests with 

Feed #1 of the Inco copper residue were conducted to try to screen potential reagents that 

could be used to form insoluble, and potentially stable, arsenic compounds during 

roasting. Samples were roasted for 4 h at 550°C with 80% Na2(X)3 and either FeCl3, 

FeS0 4 -7H2 0 , CaCCh or Ca(OH)2, which were added to give additions of 200% of
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stoichiometric for the formation of FeAsC>4 or Ca3(AsC>4)2 from the arsenic in the copper 

residue. The samples were then leached with hot water and then 200 g/L H2SO4 at room 

temperature. Table 59 shows the elemental deportment from these tests.

Table 59 Elemental Deportment from Roasting and Leaching of Inco Copper 
Residue (Feed #1) with Na2C(>3 and Various Secondary Additives

Secondary
Additive None* FeCl3 FeS04-7H20 CaC03 Ca(OH)2

Addition, % — 8.1 13.9 7.5 5.6
Sulphur

Retained, % 93 100 100 100 100
Water Leach, % 90 97.6 97.6 92.4 94.8
Acid Leach, % 0 2.1 2.0 0.0 0.0
Total, % 90 99.7 99.5 92.4 94.8

Arsenic
Retained, % 89 100 99.4 100 93.0
Water Leach, % 16 1.1 0.6 3.7 7.0
Acid Leach, % 62 66.0 74.7 85.4 76.6
Total, % 78 67.1 75.3 89.1 83.6

Copper
Water Leach, % 2 0.0 0.0 0.0 0.0
Acid Leach, % 92 92.2 94.3 98.2 98.0
Total, % 94 92.2 94.3 98.2 98.1

Nickel
Water Leach, % 16 0.0 0.0 0.0 0.0
Acid Leach, % 36 30.5 38.6 31.9 30.6
Total, % 52 30.5 38.6 32.0 30.6

* Results estimated from response surface models from first DOE test (6.4.1.1)

All the secondary reagents show slight increases in sulphur and arsenic retention from the 

DOE results. (The former likely occurs because more Na2C03  is liberated to react with 

sulphur instead of reacting with arsenic.) Sulphur is soluble in hot water up to almost 

98% after roasting with the iron reagents and between 92 and 95% for the calcium 

reagents. Copper extractions are quite similar to the DOE results for the iron reagents and 

slightly higher at around 98% for the calcium reagents. Nickel extractions are 

consistently lower than the DOE results, which are already relatively low because of the 

low temperatures used during acid leaching. Changes in the acid leach conditions, as
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employed in Sections 6.4.1.2 and 6.4.3, would be expected to significantly improve the 

extraction of nickel.

However, overall arsenic extractions are only lowered, compared to the results of the 

DOE tests, when iron reagents are added during roasting, with a decrease of about 3% for 

FeS0 4 -7H2 0  and 11% for FeCl3. (Though these results indicate that calcium indeed does 

form calcium-arsenic compounds, these compounds appear to be readily soluble in 

H2SO4 solutions at room temperature.) These results were not particularly promising, but 

these reagents were selected as potential reagents to try to fix arsenic as an acid insoluble 

iron compound during roasting. (A few DOE samples were roasted with FeCl3 but, with 

the higher arsenic content of the second sample of Inco copper residue and the range of 

FeCl3 additions used (200 to 400% of stoichiometric), fuming of copper chlorides was 

observed as some copper reported to the scrubber solution during roasting. Thus, as a 

result, further tests with FeCl3 were not performed and the DOE test in Section 6.4.3 was 

performed with FeS(V7H2 0  as the secondary additive.)

6.4 Design of Experiment (DOE) Tests

For the Inco copper residue, four DOE tests were performed. The first involved roasting 

the copper residue (Feed #1) with Na2C0 3 , followed by hot water leaching and leaching 

with 200 g/L H2SO4 at room temperature (Section 6.4.1.1). However, because of low

nickel extractions in this first test, a second test was then performed under the same

conditions with the second sample of Inco copper residue, expect that H2SO4 leaching 

was performed at higher temperatures (95 to 97°C) (Section 6.4.1.2). A third test was 

then performed to look at the potential for the addition of secondary additives to produce 

stable acid insoluble iron arsenate compounds (Section 6.4.3). Finally, the last DOE test 

involved roasting the Inco copper residue with Ca(OH)2 under similar conditions to the 

first two DOE tests to provide a comparison between the results from lime and sodium 

carbonate roasting o f this material (Section 6.4.2). The experimental conditions used in 

these tests are summarized in Table 60 along with the R2 values o f the response surface 

models fitted to the resulting metals extraction data. (The same procedure as described in 

Section 6.3.1 was used in the scoping tests, except for the modifications in the exact
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conditions used, such as roasting times, temperatures and additions and acid leach 

concentrations, which are documented in Table 60.)

Table 60 Experimental Conditions Used in Experimental Designs for Roasting 
Inco Copper Residue with Na2C 0 3 and Resulting Model Variance

Range of Variables Tested Na2C 03 
(Cold Acid)

Na2C 03 
(Hot Acid)

Na2C 03-
FeS04-7H20

Ca(OH)2

Temperature, °C 550-700 550-700 450-600 550-700
Roasting Time, h 4 4 5 4

Na2C 03 Addition, % 50-150 50-150 50-150 -
Ca(OH)2 Addition, % - - - 38-113%

FeS04-7H20  Addition, % - - 45-90%* -
Acid Leach Temp., °C 25 95-97 95-97 95-97
H2S 04 Cone., g/L 200 200 200 300

Model R2 
Arsenic

Emitted/Retained 0.890 0.851 0.768 0.583
Water Extraction 0.962 0.960 0.888 0.896
Acid Extraction 0.989 0.987 0.673 0.638
Total Extraction 0.938 0.968 0.773 0.644

Sulphur
Emitted/Retained 0.735 0.925 0.967 0.713
Water Extraction 0.952 0.969 0.825 0.860
Acid Extraction — — — 0.858
Total Extraction 0.687 0.933 0.871 0.952

Copper
Water Extraction 0.722 0.964 0.961 0.888
Acid Extraction 0.986 0.955 0.946 0.698
Total Extraction 0.994 0.950 0.749 0.945

Nickel
Water Extraction 0.938 0.850 0.680 0.985
Acid Extraction 0.685 0.955 0.741 0.842
Total Extraction 0.817 0.973 0.951 0.724

* Secondary additions represent 200 to 400% of stoichiometric additions assuming the 
formation of FeAsC>4
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6.4.1 Roasting with Na2COs

6.4.1.1 Roasting of Inco Copper Residue (Feed #1) with Na2CC>3

6.4.1.1.1 Roasting Behaviour

The emission of sulphur and arsenic from the copper residue is highly dependent on 

Na2CC>3 addition (Figure 124). No sulphur was lost if  Na2CC>3 additions of over 100% 

were used; lowering of arsenic emissions to similar levels required Na2CC>3 additions of 

closer to 150%. In both cases, these additions are higher than the stoichiometric Na2CC>3 

addition for this material of 71%. Sulphur emissions showed very little dependence on 

temperature while arsenic emissions showed a slight dependence, reaching a maximum at 

around 600°C and then decreasing with increasing or decreasing temperature

Sulphur Emitted Arsenic Emitted
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Figure 124 Effect of Na2CC>3 Addition and Temperature on Sulphur and Arsenic 

Emissions During Roasting of Inco Copper Residue (Feed #1)

The phases formed during roasting were identified using x-ray diffraction analysis of 

selected samples (Points A through E on Figures 124, 127, 128 and 129). The identified 

phases for the copper residue after roasting are listed in Table 61 while the diffraction 

patterns for the samples and major phases observed are shown in Figure 125.

As the results from Figure 125 indicate, the sulphur in the copper residue reacts readily 

with the Na2CC>3 added during roasting to form sodium sulphate (Na2SC>4), which is the
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major phase in both samples B and E after roasting. Some unreacted, or partially reacted, 

Na2CC>3 is observed in these samples either as Na2CC>3 or Na4C0 3 S0 4 .

Table 61 Phases Identified by XRD Analysis of Copper Residue Roasted at 700°C 
with Na2CC>3

Sample Identified Phases (in order of intensity)
B Na2S04 , CuO (Tenorite), NiO (Bunsenite), Na2C03  (Gregoryite), C ui^S  

(Chalcocite-Q)
E Na2S0 4 , CuO (Tenorite), NiO (Bunsenite), C ui^S  (Chalcocite-Q), 

Na4C0 3 S04 , Na3As04
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Figure 125 XRD Patterns of Inco Copper Residue (Feed #1) after Roasting with 
Na2C03

Copper and nickel are predominantly converted to their respective oxides (i.e., tenorite 

(CuO) and bunsenite (NiO)), but some residual copper sulphide (i.e., Cui %S) is also
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present in both samples. The conversion from covellite (CuS) to this form of chalcocite 

shows that significant oxidation of covellite has occurred and, thus, chalcocite likely 

represents an intermediate step in the oxidation of covellite to tenorite (CuO), likely 

falling in between covellite and digenite (Cui.gS) on the reaction series described in 

Section 6.1.1 (185). (Chalcocite-Q is a high temperature tetragonal polymorph of 

monoclinic chalcocite (Chalcocite-M). It would be expected to revert to the monoclinic 

form at room temperature over time.) Sodium arsenate (Na3As0 4 ) is also detected as a 

minor phase in the x-ray diffraction patterns of Sample E.

Backscattered electron

imaging and EDX analysis of 

Sample B (550°C with 150% 

Na2CC>3) confirm the presence 

of many of the phases 

detected using x-ray 

diffraction (Figure 126). The 

darker particles, identified as 

either Na2SC>4 (B) or 

Na2CC>3/Na2S04  (A), are the 

predominant phases in the 

field o f view with the smaller 

brighter particles representing 

unreacted, or partially reacted, 

copper sulphides (E) or 

mixtures of copper and nickel 

sulphides (D). EDX analysis 

of Particle C showed that it 

contained As, Na, Cl, S and O . 

and, thus, likely represents a 

mixture o f NaCl, Na2SC>4 and 

Na3AsQ4.

Figure 126
Secondary Electron (SE) and Backscattered 

Electron (BSE) Images of Inco Copper Residue 
(Feed #1) after Roasting at 550°C with 150% 

Na2CC>3 (Sample B)
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6.4.1.1.2 Hot Water Leaching and Room Temperature Acid Leaching

Since the majority of the sulphur retained in the solids is present as Na2SC>4, it follows

that most of the sulphur in the roasted residue is readily soluble in hot water (Figure 127).

Sulphur Retained Water Leach Extraction
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Effect of Na2C 0 3 Addition and 
Temperature on Sulphur 
Deportment from Inco Copper 
Residue (Feed #1)
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Some additional sulphur is extracted by leaching with 200 g/L H2SO4 from samples 

roasted with low Na2C0 3, likely due to the formation of copper or nickel oxysulphates 

during roasting when insufficient sodium was present to form Na2S0 4  from all of the 

sulphide sulphur. Because any unleached sulphur in the solids is likely present as 

sulphides, the response surface model for the total extraction of sulphur can also be used 

to explain the degree o f oxidation of sulphides during roasting. This model demonstrates, 

first, that higher Na2C0 3 additions encourage the formation o f water soluble Na2SC>4 

during roasting and, second, that higher conversions o f sulphur to sulphate are observed
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at lower temperatures. The drop in conversion at higher temperatures may be due either 

to sintering of the residue as the roasting temperature approaches the melting point of 

Na2CC>3 (851°C) or to kinetic concerns (i.e., the formation of reaction products which 

limit the rate at which oxygen reaches the sulphide surface).

Very different trends are observed in the deportment of arsenic during hot water and 

room temperature H2SO4 leaching (Figure 128). Increasing Na2C03  addition and 

temperature both strongly promote the formation of hot water soluble arsenic such that, 

while less than 10% As is converted to a water soluble form at 550°C and 50% Na2CC>3, 

(Sample A) nearly 100% is water soluble after roasting at 700°C and 150% Na2CC>3 

(Sample E). (Sodium arsenate (NasAsCL) was identified in the x-ray diffraction patterns 

for the residue sample roasted under the latter conditions (Sample E) which explains the 

high arsenic extraction observed during water leaching for this sample.) Additional 

arsenic is then dissolved by leaching with 200 g/L H2SO4, where the extent of leaching is 

inversely related to the roasting temperature, but is largely unaffected by Na2C03  

additions. The response surface model for the overall arsenic extraction shows that, for 

most o f the region where over 90% of the arsenic is retained during roasting, over 70% of 

the arsenic can be removed from the residue by water and/or acid leaching.

Less than 3.5%, and generally less than 0.3%, of the copper in the feed, and up to 30% of 

the nickel in the feed, can be leached in hot water (Figure 129). These extractions are 

highest when low Na2CC>3 additions were used, possibly pointing to the formation of 

copper or nickel sulphates when not enough Na2CC>3 was added to completely react with 

the sulphide sulphur during roasting. In the regions of greater than 90% sulphur and 

arsenic retention, copper and nickel water leach extractions are negligible.

Acid leaching o f the water leach residues resulted in copper extractions o f up to 96% and 

overall extractions o f up to 98%, with the best conversions o f copper to an acid soluble 

form in samples that had been roasted at temperatures of 575°C or lower (Figure 129). 

Under these same conditions, only 50% of the nickel is leached in the H2SO4 solution and
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overall nickel extractions only reach 60%, with the highest extractions observed at the 

lowest Na2CC>3 additions and temperatures tested.

Arsenic Retained Water Leach Extraction
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Figure 128 Effect of Na2CC>3 Addition and Temperature on Arsenic Deportment 

from Inco Copper Residue (Feed #1)

The phases present in the copper residue after leaching with hot water and after leaching 

with 200 g/L H2SO4 solution are summarized in Tables 62 and 63, respectively while the 

diffraction patterns and major phases observed are shown in Figures 130 and 131.
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Figure 129 Effect of Na2CC>3 Addition and Temperature on Copper and Nickel 

Extractions from Inco Copper Residue (Feed #1)
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Figure 130 XRD Patterns of Inco Copper Residue (Feed #1) after Roasting with 
Na2C0 3  and Leaching with Hot Water
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Figure 131 XRD Patterns of Inco Copper Residue (Feed #1) after Roasting with 
Na2CC>3 and Leaching with 200 g/L H2SO4 at Room Temperature
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Table 62 Phases Identified by XRD Analysis of Inco Copper Residue (Feed #1)
Roasted with Na2CC> 3  and Leached with Hot Water

Sample Identified Phases (in order o f intensity) Leaching Wt. 
Loss, %

A CuO (Tenorite), NiO (Bunsenite), AS2O3 (Claudetite) 62
B CuO (Tenorite), NiO (Bunsenite) 75
C CuO (Tenorite), NiO (Bunsenite) 70
D CuO (Tenorite), NiO (Bunsenite), 

Cu4S 04(0H )6 (Brochantite-M)
64

E CuO (Tenorite), NiO (Bunsenite), Q 12O (Cuprite), 
CU2S (Chalcocite-M)

77

Table 63 Phases Identified by XRD Analysis of Inco Copper Residue (Feed #1) 
Roasted with Na2CC>3 and Leached with 200 g/L H2SO4 at Room 
Temperature

Sample Identified Phases (in order o f intensity) Leaching Wt. 
Loss, %

A NiO (Bunsenite), As, AS2O3 (Claudetite), CuO (Tenorite), 
BaS04 (Barite)

85

B NiO (Bunsenite), CU2S (Chalcocite-M) 84
C NiO (Bunsenite), CuO (Tenorite), Cui %S (Chalcocite-Q), 

CU2S (Chalcocite-M), M 3.11S2
64

D CuO (Tenorite), NiO (Bunsenite), AS2O3 (Claudetite), 
BaS04  (Barite), PbS04  (Anglesite)

58

E NiO (Bunsenite), CuO (Tenorite), CU2S (Chalcocite-M) 51

After leaching with hot water, any Na2SC>4 or residual Na2CC>3 is dissolved along with 

any water soluble As, Ni or Cu to leave tenorite (CuO) and bunsenite (NiO) as the major 

phases identified in all the water leach residues. Claudetite (AS2O3) and brochantite 

(Cu4S0 4(OH)6) are also identified in Samples A and D, which were roasted with low 

Na2C03  additions. (Claudetite (AS2O3) is likely formed by the decomposition of AS2S3 to 

S and As and the subsequent oxidation of As to AS2O3 (25) under conditions where less 

sodium was available to react to form other arsenic compounds.) Two intermediate 

phases in the oxidation of covellite (CuO) were also observed in Sample E as chalcocite 

(CU2S) and cuprite (CU2O) were identified. SEM/EDX analysis o f Sample B (550°C, 

150% Na2C0 3 ) reflects the findings o f the XRD analysis as particles containing either Cu 

and O (i.e., CuO (tenorite) (A)), Ni, Cu and O (i.e., a mixture o f NiO and CuO (C)), or 

Ni, Cu, O and As (i.e., NiO, CuO and/or possibly copper or nickel arsenates or arsenites 

(B)), were identified (Figure 132).
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After leaching with 200 g/L H2SO4 at room temperature, both bunsenite (NiO) and 

tenorite (CuO) are still major phases in most of the samples. Arsenic (As) and AS2O3 

appear to be largely unleached in the acid conditions as they are identified in the acid 

leach residues from samples roasted with low Na2C03  additions (Samples A and D). 

Several intermediate phases from covellite and vaesite oxidation, such as Q 12S, C u ^ S  

and M 3.11S2, are also observed in several samples. Insoluble sulphates, such as barite 

(BaS0 4 ) and anglesite (PbS0 4 ), are also present in several samples, likely as the result of 

dissolution, and reprecipitation, of lead and barium compounds during H2SO4 leaching. 

SEM/EDX analysis of Sample B (550°C, 150% Na2C03) also indicates that nickel 

oxide (C) are the major phase in the acid leach residue, with minor amounts of nickel and 

copper sulphides with Cu:Ni ratios varying between 1:1 (A) and 3:1 (B) also observed 

(Figure 133).

From this analysis, it is evident that good control of sulphur and arsenic emissions, high 

sulphur extractions by water leaching and high copper extractions by subsequent H2SO4 

leaching are all possible by roasting with Na2CC>3 under these conditions. However, the 

presence of unleached bunsenite (NiO) and tenorite (CuO) after acid leaching indicates 

that changes in the leaching procedure are necessary to maximize nickel and copper 

extractions. Thus, a second DOE test was carried out using identical conditions, except 

that H2SO4 leaching was conducted at 95 to 97°C, instead of room temperature. This 

second test was performed using the second sample of Inco copper residue because 

previous testing had depleted the small first sample that had been obtained from Inco.
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Figure 132 Figure 133
Secondary Electron (SE) and Backscattered Electron Secondary Electron (SE) and Backscattered Electron

(BSE) Images of Inco Copper Residue (Feed #1) (BSE) Images of Inco Copper Residue (Feed #1) after
after Roasting at 550°C with 150% Na2CC>3 Roasting at 550°C with 150% Na2CC>3 and Leaching
and Leaching with Hot Water (Sample B) with 200 g/L H2SO4 at Room Temperature (Sample B)



6.4.1.2 Roasting of Inco Copper Residue (Feed #2) with Na2 C( > 3

6.4.1.2.1 Roasting

The response surface models for roasting of Feed #2 of the Inco copper residue indicates 

that, while the Na2CC>3 additions used in this DOE test were able to reduce sulphur 

emissions to zero at higher Na2C03  additions (i.e., greater than about 125% Na2C0 3 ), 

they were not effective in reducing arsenic emissions to zero during roasting 

(Figure 134). Extrapolation of the response surface model indicates that Na2C03  

additions of over 170% would be required to eliminate arsenic emissions during the 

roasting of this sample. This is not entirely unexpected as, stoichiometrically, an addition 

of 111% Na2CC>3 (i.e., 98% for reaction with sulphur and 13% for reaction with arsenic) 

would be required to completely react with these two elements in the second sample of 

Inco copper residue. This is a significant increase from the stoichiometric requirement for 

the first sample o f Inco copper residue (71%) and is due, in large part, to the high 

elemental sulphur and arsenic content of this second residue sample.
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Figure 134 Effect of Na2CC>3 Addition and Temperature on Sulphur and Arsenic 

Emissions During Roasting of Inco Copper Residue (Feed #2)

The amount o f arsenic emitted during roasting this sample is also much more dependent 

on temperature, particularly at lower Na2C03  additions and does not show a peak in 

emission at 600°C as observed in the roasting of Feed #1. This is likely due to the
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differences in arsenic mineralogy in this material, with enargite (CU3ASS4) being the 

major arsenic phase identified, instead of Cu3(As04)2 and orpiment (AS2S3).

The phases formed during roasting were identified using x-ray diffraction analysis of 

selected samples (Points A through E on Figures 134, 136, 137 and 138). The identified 

phases for the copper residue after roasting are listed in Table 64 while the diffraction 

patterns and major phases observed are shown in Figure 135.

Table 64 Phases Identified by XRD Analysis of Inco Copper Residue (Feed #2) 
Roasted with Na2C03

Sample Identified Phases (in order of intensity)
A CuO (Tenorite), Na2S0 4 , CuAs03 (0 H)-H20  (Geminite), Na2As4 0 n, S, 

Cu3(As0 4)2-4H20  (Rollandite), Q 1SO4 (Chalcocyanite)
B Na2S0 4 , CuO (Tenorite), NiO (Bunsenite)
C Na2S0 4 , CuO (Tenorite), Cu2S (Chalcocite-Q), Na4C0 3 S04 , 

NiO (Bunsenite)
D Na2S0 4 , CuO (Tenorite), Na2C03  (Gregoryite), Cu2S (Chalcocite-Q), 

Na4C0 3S0 4 , NiO (Bunsenite), BaC03  (Cerussite), CuAs0 3 (0 H) H20  
(Geminite)

E Na4C0 3 S0 4 , CuO (Tenorite), Na2S0 4 , NaCu4(As0 4 )3, NiO (Bunsenite), 
Cu2S (Chalcocite-M), Na3As0 4 , BaC03  (Cerussite)

Generally, the copper, nickel and sulphur phases observed after roasting the second 

sample of the Inco copper residue are very similar to those observed after roasting the 

first sample. The sodium carbonate added reacts readily with the sulphur from the 

elemental sulphur and sulphides to form Na2S04  and, thus, sodium sulphate is a major 

phase in all the samples analyzed, but some unreacted, or partially reacted, Na2C03  is 

also present in Samples C, D and E, either as Na2CC>3 or Na4C0 3 SC>4. Tenorite (CuO) 

and bunsenite (NiO) are the major copper and nickel phases, respectively, in the roasted 

residue, but intermediate phases in the oxidation of covellite (CuS), such as tetragonal 

and monoclinic chalcocite, are also observed in the samples roasted above 625°C. 

Chalcocyanite (CUSO4) is also formed in Sample A, likely because o f sulphation due to 

the lower addition o f Na2C03  relative to the sulphur content in this sample.
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Figure 135 XRD Patterns of Inco Copper Residue (Feed #2) after Roasting with 
Na2C 0 3
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However, a wider range of arsenic minerals are observed after roasting the second copper 

residue sample from Inco. Arsenic compounds in the roasted residues consist mostly of 

copper or sodium arsenates or arsenites, with CuAs0 3 (0 H )H 20  (Geminite), Na2As40 u  

and Cu3(As04)2-4H20  (Rollandite) detected at lower Na2C03  additions in Samples A and 

D and NaCu4(As04)3 and Na3AsC>4 identified at higher Na2C03  additions in Sample E.

6.4.1.2.2 Hot Water Leaching and Hot Acid Leaching

Though the majority of the sulphur in the solids is soluble by hot water leaching, the 

overall water leach extractions from this second sample of copper residue are much lower 

than those observed for the roasting and leaching of Feed #1 (Figure 136).
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Between 55 and 90% of the sulphur is soluble from the second Inco copper residue 

sample over this range of roasting conditions while between 76 and 100% could be 

extracted under similar conditions from Feed #1 and little additional sulphur is leached 

with 200 g/L H2SO4. Thus, these overall extractions represent an approximate range of 

sulphide conversion of only 55 to 90%, which is quite low given the long roasting time 

and high air flow used in these experiments. However, since roasted residue samples 

from this DOE test showed a significant degree of sintering, particularly at higher 

roasting temperatures, it is possible that the high sulphur, and particularly elemental 

sulphur, content of this feed sample, in combination with the proximity of the roasting 

temperatures to the melting point of Na2C03  (851°C), encouraged sintering of the 

roasting charge, and, as a result, could have inhibited the effective oxidation of sulphide 

sulphur during roasting.

The leaching of arsenic with hot water shows a similar trend to that observed when 

roasting Feed #1 as the arsenic extraction increases with increasing temperature and 

Na2C03  addition (Figure 137). However, the maximum arsenic extraction by hot water 

leaching only reaches 70% which is considerably lower that that observed from roasted 

Feed #1 (i.e., up to 90%). This is likely related to the low Na2CC>3 addition, relative to the 

sulphur and arsenic content of this material, which not only reduced the amount of 

arsenic captured, compared to roasting the first feed sample, but also would reduce the 

amount of sodium available for the formation of water soluble sodium arsenates or 

arsenites. Subsequent extraction of arsenic by leaching with hot 200 g/L H2SO4 shows 

that the arsenic extractions by acid leaching increase strongly with decreasing 

temperature and Na2CC>3 additions. This trend is nearly the opposite o f that observed in 

water leaching, and, thus, high overall arsenic extractions o f between 60 to 100% are 

possible, with the highest overall extractions occurring at lower roasting temperatures.

Up to 12% of the copper and nickel extractions are leached by hot water from this feed 

sample, but only at lower Na2CC>3 additions during roasting; water leach extractions are 

negligible when enough Na2C03  is added to reduce sulphur emissions to less than 3% 

(Figure 138). As mentioned previously, this water soluble copper and nickel is likely a
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result of the partial sulphation of the copper or nickel sulphides under conditions where 

insufficient Na2C03  was present to promote the formation of Na2S(>4 from sulphide 

sulphur. Maximum water leach extractions were significantly higher for nickel (i.e., up to 

30%) for the first feed sample. About 15% more of the nickel was soluble in hot water 

leaching of the as-received sample o f Feed #1, likely as retgersite (NiSCVbFbO), and it is 

possible that this compound is not completely converted to NiO during with lower 

Na2C03  additions.
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Figure 137 Effect of Na2C(>3 Addition and Temperature on Arsenic Deportment 

from Inco Copper Residue (Feed #2)
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Acid leaching extractions for copper and nickel follow closely the trends observed for the 

acid leach extraction of arsenic from the samples of roasted residue. Both copper and 

nickel extractions show an increase with decreasing temperature and, to a lesser degree, 

decreasing Na2C(>3 addition, though the nickel extraction shows less dependence overall 

on the Na2CC>3 addition (Figure 138). Acid leach and overall copper extractions are 

decreased across the reaction space from Feed #1 to Feed #2, with acid leach extractions 

ranging from 10 to 90%, and overall extractions from 10 to 100%, which is considerably 

lower than the range of 70 to 100% observed under similar roasting conditions for 

Feed#l. However, leaching with hot sulphuric acid solutions greatly improved the 

recovery of nickel, with up to 90% recovered by acid leaching and up to 100% overall for 

these roasting conditions.

The phases present in the copper residue after leaching with hot water and after leaching 

with 200 g/L H2SO4 solution at 95 to 97°C are summarized in Tables 65 and 66 , 

respectively, while the diffraction patterns and major phases observed are shown in 

Figures 139 and 140. Because of a high weight loss during leaching, insufficient sample 

o f the acid leach residue o f Sample A was available for analysis.

Table 65 Phases Identified by XRD Analysis of Inco Copper Residue (Feed #2) 
Roasted with Na2CC>3 and Leached with Hot Water

Sample Identified Phases (in order of intensity) Leaching Wt. 
Loss, %

A CuO (Tenorite), Cu4S0 4(OH)6 (Brochantite-M), 
Cu3S0 4(OH)4 (Antlerite), NiO (Bunsenite), 
NaCu4(As0 4)3 (Bradaczekite)

60

B CuO (Tenorite), NiO (Bunsenite), CU2S (Chalcocite-M) 76
C CuO (Tenorite), CU2S (Chalcocite-M), NiO (Bunsenite), 

Cui.%S (Chalcocite-Q), M 3S2 (Heazlewoodite), 
Ba(0H)2 H20

68

D CuO (Tenorite), CU2O (Cuprite), NiO (Bunsenite), 
CU2S (Chalcocite-M), Cui ^S  (Chalcocite-Q), 
Cu3AsS4 (Enargite), BaS04 (Barite)

61

E CuO (Tenorite), NiO (Bunsenite), CU2S (Chalcocite-M) 76
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Figure 138 Effect of Na2CC>3 Addition and Temperature on Copper and Nickel 
Extractions from Inco Copper Residue (Feed #2)
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Figure 139 XRD Patterns of Inco Copper Residue (Feed #2) after Roasting with 
Na2CC>3 and Leaching with Hot Water
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Figure 140 XRD Patterns of Inco Copper Residue (Feed #2) after Roasting with 
Na2CC>3 and Leaching with 200 g/L H2SO4 at 95 to 97°C
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Table 6 6  Phases Identified by XRD Analysis of Inco Copper Residue (Feed #2)
Roasted with Na2 CC>3 and Leached with 200 g/L H 2 SO4  at 95 to 97°C

Sample Identified Phases (in order of intensity) Leaching Wt. 
Loss, %

B Cui %S (Chalcocite-Q), CU2S (Chalcocite-M), 
NiO (Bunsenite), CU31S16 (Djurleite)

99

C Q 12S (Chalcocite-M), Cui%S (Chalcocite-Q), 
M 3S2 (Heazlewoodite), NinSi8

79

D CU2S (Chalcocite-M), Cui.96S (Chalcocite-Q), 
NiO (Bunsenite)

35

E CU2S (Chalcocite-M), Cui %S (Chalcocite-Q), 
NiO (Bunsenite)

27

After leaching in hot water, a number of phases are no longer detected that were detected 

in the roasted copper residue, including Na2SC>4 , Na4C0 aS0 4 , NaaCCh, Na3As0 4 , 

Na2As4 0 n, CuAs0 3 (0 H) H2 0  (Geminite), Cu3(As0 4 )2 -4 H2 0  (Rollandite), and CUSO4 

(Chalcocyanite); all are believed to be phases that are readily soluble and, thus, are likely 

dissolved during the hot water leaching stage. After hot water leaching, tenorite (CuO) is 

the major phase present in all five samples analyzed with XRD while bunsenite (NiO) is 

again identified as the predominant nickel-bearing phase. Intermediate products in the 

covellite reactions series are observed in all but Sample A, including both monoclinic 

chalcocite (Q 12S), tetragonal chalcocite (Cui^S) and cuprite (Q 12O). Heazlewoodite 

(M 3S2), likely an intermediate product in vaesite oxidation, is also identified in Sample C 

and some unreacted enargite (CU3ASS4) is also detected as a minor phase in Sample D. In 

Sample A, after water leaching, copper is also present as basic copper sulphates, such as 

brochantite (Cu4 S0 4 (OH)6) and antlerite (Cu3 S0 4 (0 H)4), and as a sodium-copper 

arsenate (NaCu4 (AsQ4)3). Barium is present in trace quantities in the feed and barium 

compounds are observed in trace quantities in Samples C and D, with Ba(0 H)2 -2 H2 0  

detected at lower Na2C0 3  additions and barite (BaS0 4 ) detected at higher additions.

Backscattered electron imaging with the scanning electron microscope and EDX analysis 

of Sample B (550°C, 150% Na2C0 3 ) show more variation in the phases present than were 

observed using x-ray diffraction (Figure 141). Copper sulphides (i.e., chalcocite (CU2 S) 

(A)) and copper and nickel oxides (i.e., tenorite (CuO) (D) or mixtures of CuO and NiO 

(C)) are indeed present, as indicated by the x-ray diffraction analysis, but other particles
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high in Cu, S and As (i.e., enargite (CU3ASS4 (B)), high in Ni, Cu, O and C (i.e., possibly 

a mixture of CuO, NiO and MCO3 (E)) and high in Ni, Cu, As, O and C (i.e., possibly a 

mixture of the phases in Particle E with a copper arsenate (F)).

After leaching with 200 g/L H2SO4 at 95 to 97°C, reaction products of covellite (CuS) 

and vaesite (MS2), such as tetragonal chalcocite (Cui %S), monoclinic chalcocite (Q 12S), 

djurleite (CU31S16), heazlewoodite (M 3S2) and NinSig, are the major phases in the acid 

leach residue, indicating that, although partial oxidation of the sulphides has occurred, 

oxidation is incomplete for the roasting conditions tested as was proposed earlier from 

analysis of the overall sulphur and copper extractions. SEM/EDX analysis of Sample B 

(550°C, 150% Na2CC>3) confirms these findings, as copper sulphides (A) and nickel 

sulphides (B) are the only phases visible in the field of view for the acid leach residue 

from Sample B (Figure 142). Some unleached bunsenite (NiO) is still present in the acid 

leach residue, but the amount has been significantly reduced through the change in acid 

leaching conditions for this sample.

The results from roasting both Feed #1 and Feed #2 of the Inco copper residue with 

Na2C0 3 , followed by hot water and H2SO4 leaching, indicate that lower roasting 

temperatures should be used to maximize copper and nickel extractions during roasting. 

In addition, these tests indicate that Na2C0 3 additions o f over 125% of stoichiometric are 

required to eliminate the emission of sulphur during roasting with additional Na2CC>3 

additions of between 230 and 600% of the stoichiometric requirement for arsenic capture 

required to effectively eliminate arsenic emissions. (The wide variation reported here 

may be caused by the differences in the arsenic minerals present in Feed #1 and #2.) If 

enough Na2CC>3 is added to eliminate sulphur emissions, it is then possible to selectively 

extract the majority o f the sulphur from the roasted residue by hot water leaching with 

minimal dissolution of copper and nickel.
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Figure 141
Secondary Electron (SE) and Backscattered Electron 
(BSE) Images of Inco Copper Residue (Feed #2) after 
Roasting at 550°C with 150% Na2C(>3 and Leaching 

with Hot Water (Sample B)

Figure 142
Secondary Electron (SE) and Backscattered Electron 
(BSE) Images of Inco Copper Residue (Feed #2) after 
Roasting at 550°C with 150% Na2CC>3 and Leaching 

with 200 g/L H2S 0 4 at 95 to 97°C (Sample B)



The formation of water soluble arsenic is promoted at higher roasting temperatures and 

Na2CC>3 additions for both copper residue samples. However, since higher roasting 

temperatures, particularly for Feed #2, reduce the amount of copper and nickel that can 

be recovered from this material, further research, possibly using oxygen enrichment of 

the roasting atmosphere, would be necessary to try to improve the water solubility of 

arsenic and, hence, its selective removal from copper and nickel during water leaching 

after roasting at lower overall roasting temperatures.
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6.4.2 Roasting of Inco Copper Residue (Feed #2) with Ca(OH)2

Since a number of studies have reported the results of roasting sulphide concentrates with 

hydrated lime (Sections 6.1.1 and 6 .1.2.1), one DOE test was conducted to produce 

response surface models which could then be used to allow comparisons to be made 

between the effectiveness of Ca(OH>2 and Na2CC>3 as roasting reagents, and to be able to 

compare these results more effectively with those reported from lime roasting. The 

results of this test are described in the following section. Slightly higher acid 

concentrations of 300 g/L H2SO4 were used during acid leaching to ensure that unreacted 

Ca(OH)2 would not be able to completely neutralize the available acid from the leach 

solution.

6.4.2.1 Roasting

The roasting results agree quite well with those reported in the literature (175-177). 

Sulphur emissions are effectively eliminated at all additions above the stoichiometric 

requirement for Ca(OH)2 additions (68.5%) (Figure 143). While capture o f the arsenic 

should require an additional 4.5% Ca(OH)2, based on the stoichiometry, arsenic 

emissions were negligible (0.0  to 0.3%) for the entire range of Ca(OH)2 additions and 

temperatures tested.
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Figure 143 Effect of Ca(OH)2  Addition and Temperature on Sulphur and Arsenic 
Emissions During Roasting
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The phases formed during roasting were identified using x-ray diffraction analysis of 

selected samples (Points A through E on Figures 143, 145, 146 and 147). The identified 

phases for the copper residue after roasting are listed in Table 67 while the diffraction 

patterns and major phases observed are shown in Figure 144.

Table 67 Phases Identified by XRD Analysis of Copper Residue (Feed #2) 
Roasted with Ca(OH)2

Sample Identified Phases (in order of intensity)
A CaSC>4 (Anhydrite), CuO (Tenorite), CU2OSO4 (Dolerophanite), 

CUSO4 (Chalcocyanite), CaO (Lime), CaHAs0 4 -H2 0  (Haidingerite)
B CaS0 4  (Anhydrite), CuO (Tenorite), NiO (Bunsenite), 

CU2OSO4 (Dolerophanite), CuS04  (Chalcocyanite), Ba2Cu5Og.s4 , 
CaHAs04  (Weilite)

C CaS0 4  (Anhydrite), CuO (Tenorite), NiO (Bunsenite), CU2 S (Chalcocite-M)
D CaS0 4  (Anhydrite), CuO (Tenorite), NiO (Bunsenite), 

CUSO4 (Chalcocyanite), CaHAs0 4  (Weilite)
E CaS0 4  (Anhydrite), CuO (Tenorite), CaO (Lime), NiO (Bunsenite), 

CU3 1S16 (Djurleite)

During roasting the sulphur in the sulphides and elemental sulphur are oxidized and react 

with Ca(OH>2 to form anhydrite (CaSO.*) which is the major phase in all the roasted 

residue samples. (Some unreacted lime (CaO), which would form from Ca(OH) 2  upon 

heating, was also detected as a minor phase in Samples A and E.) Tenorite (CuO) and 

bunsenite (NiO) are the major copper and nickel phases identified, respectively. Copper 

sulphates or copper oxysulphates, such as chalcocyanite (O 1SO4) or dolerophanite 

(CU2OSO4), are also formed as minor phases, particularly in samples roasted at lower 

temperatures or with lower Ca(OH) 2  additions (Samples A, B and D). Copper sulphides, 

including monoclinic chalcocite (CU2S) and djurleite (CU3 1S16), which are intermediate 

phases in covellite oxidation, are also detected in samples roasted at higher temperatures 

and Ca(OH) 2  additions (Samples C and E). Arsenic is detected in the roasted residue 

samples as either haidingerite (CaHAs0 4 -H2 0 ) or weilite (CaHAsQ4 ).
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6.4 .2.2 Hot Water Leaching and Hot Acid Leaching

Between 30 and 50% of the sulphur is leached with hot water (Figure 145), with the 

increase in sulphur extraction observed with decreasing Ca(OH)2 additions due to the 

formation of water soluble copper or nickel sulphates under these roasting conditions 

(Figure 147). Up to an additional 30% of the sulphur in the residue was dissolved during 

leaching with 300 g/L H2SO4 to give an overall extraction of 30 to 70%.
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As noted earlier, essentially all o f the arsenic is retained in the solids after roasting and, 

similarly, no arsenic is dissolved during leaching with hot water (Figure 141). Between
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90 and 98% of the arsenic in the water leach residue is then dissolved with 200 g/L 

H2SO4 solutions with increased extractions with decreasing Ca(OH)2 additions.

Arsenic Retained Water Leach Extraction
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Figure 146 Effect of Ca(OH)2  Addition and Temperature on Arsenic Deportment

Up to 12% of the copper and up to 36% of the nickel are dissolved during leaching with 

hot water with the extractions increasing with decreasing Ca(OH)2 additions (Figure 

142). However, over the region where sulphur emissions are zero, copper and nickel 

water leach extractions are negligible, indicating that sulphur reacts preferentially with 

calcium to form anhydrite (CaS0 4 ) and these soluble nickel or copper sulphates are 

formed, likely by direct sulphation o f copper and nickel sulphides, only when insufficient 

calcium is present to react with all the sulphur present. These results follow a pattern
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similar to that observed during Na2C03  roasting, except that, at low additions of 

Ca(OH)2, nickel sulphation is more extensive than for roasting with low levels of Na2C03  

(i.e., up to 36% water soluble Ni for Ca(OH)2 compared with up to 12% for roasting with 

Na2C 03).

Between 85 and 100% of the copper is leached with the sulphuric acid solution, with a 

maximum occurring around 75% Ca(OH)2 and 670°C. These extractions, when combined 

with the water leach extractions, result in an overall copper extraction of up to 100%, 

with the overall copper extraction decreasing with increasing Ca(OH)2 addition and 

decreasing roasting temperature.

The behaviour of nickel during acid leaching is significantly different from that of 

copper. Nickel extractions increase with decreasing temperature and increasing Ca(OH)2 

additions, but do not exceed 90% over the range of roasting conditions tested. When 

combined with the water leach extractions, overall nickel extractions increase with 

decreasing Ca(OH)2 additions and temperature to give a maximum of over 90% at 550°C 

and 38% Ca(OH)2.

The phases present in the copper residue after leaching with hot water and after leaching 

with 300 g/L H2SO4 solution are summarized in Tables 68 and 69, respectively while the 

diffraction patterns and major phases observed are shown in Figures 148 and 149.

Table 6 8  Phases Identified by XRD Analysis of Copper Residue Roasted with 
Ca(OH)2 and Leached with Hot Water

Sample Identified Phases (in order of intensity) Leaching Wt. 
Loss, %

A CaSC>4 (Anhydrite), Cu3S04 (OH)4 (Antlerite) 17
B CaS0 4  (Anhydrite), CuO (Tenorite), Ca(OH)2 (Portlandite), 

Q 12S (Chalcocite-M), NiO (Bunsenite), BaPbOs
1

C CaS0 4  (Anhydrite), CuO (Tenorite), NiO (Bunsenite), 
CaHAs04-3 H20

4

D CaS0 4  (Anhydrite), CuO (Tenorite), NiO (Bunsenite), 
CuS (Covellite), Cu4304(OH)6 (Brochantite)

12

E CaS04  (Anhydrite), CuO (Tenorite), Ca(OH)2 (Portlandite), 
NiO (Bunsenite)

1
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Table 69 Phases Identified by XRD Analysis of Copper Residue Roasted with
Ca(OH)2 and Leached with 300 g/L H2S 0 4 at 95 to 97°C

Sample Identified Phases (in order of intensity) Leaching Wt. 
Loss, %

A CaS04 (Anhydrite), NiO (Bunsenite) 57
B CaS04 (Anhydrite) 13
C CaS04 (Anhydrite) 34
D CaS04 (Anhydrite), NiO (Bunsenite) 51
E CaS04 (Anhydrite), NiO (Bunsenite) 15

B
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Figure 149 XRD Patterns of Inco Copper Residue after Roasting with Ca(OH) 2 and 
Leaching with 300 g/L H2S 0 4 at 95 to 97°C

After water leaching, anhydrite (CaS04) is still the major phase in all the samples 

analyzed and chalcocyanite (CUSO4) and any nickel sulphates have been leached from the

276

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



solids. Unreacted Ca(OH)2, which had been calcined to CaO, and subsequently 

rehydrated during water leaching, is also observed in samples where excess Ca(OH)2 was 

added during roasting (Samples B and E). Tenorite (CuO) is the major copper phase, in 

all but Sample A, where antlerite (Cu3S0 4 (0 H)4) is the only phase other than anhydrite 

present. Sample B contains monoclinic chalcocite (CU2S) and Sample D contains 

unreacted covellite (CuS) and brochantite (Cu4S0 4 (0 H)6), all in trace quantities. 

Bunsenite (NiO) is the only nickel phase and haidingerite (CaHAsCL^O) the only 

arsenic compound identified in any of the samples using XRD.

However, after leaching with 300 g/L H2SO4, the only phases that can be identified in the 

leach residues are anhydrite (CaS0 4 ) and bunsenite (NiO), which points to the dissolution 

of the other phases observed after water leaching, such as CuO, Ca(OH)2, Cu3S04 (0 H)4, 

NiO and CaHAs(V3H2 0 . Copper sulphides, such as covellite (CuS) and chalcocite 

(CU2S) would be expected to remain unleached, but may not be present in large enough 

quantities, particularly with the high concentration of anhydrite (CaS0 4 ) in the leach 

residue, to be detected using XRD. It should be noted that bunsenite is only detected in 

samples where low nickel extractions where observed during acid leaching (Samples A, 

D and E ) . Thus, with further modification of the leaching conditions, it may be possible 

to dissolve the remaining NiO from these samples and further improve the nickel 

extractions possible from Ca(OH)2 roasting of this material.

Overall, this test indicates that roasting with Ca(OH)2 is very effective in controlling the 

emissions of sulphur and arsenic, with essentially no sulphur or arsenic released from the 

copper residue during roasting with a Ca(OH)2 addition very close to the stoichiometric 

requirements for sulphur and arsenic capture. With proper selection of the roasting 

conditions, not only can sulphur and arsenic emissions be eliminated, but over 95% o f the 

copper can be recovered from the roasting residue with acid leaching. Depending on the 

exact roasting conditions selected, nickel extractions would be expected to be between 75 

and 85%, based on this analysis.
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However, although Ca(OH)2 was very effective in capturing arsenic during roasting, and 

did form arsenic compounds that were not soluble during water leaching, the compounds 

formed are highly soluble when leached with 200 g/L H2SO4; the overall arsenic 

extractions for roasting with Ca(OH)2 were considerably higher than those observed for 

roasting with Na2C03  (Sections 6.4.1.1.2 and 6.4.1.2.2). Thus, this indicates, that at least 

under the roasting conditions tested, the calcium-arsenic compounds formed are not 

sufficiently stable to permit recovery of nickel and copper by acid leaching to leave an 

acid insoluble arsenic residue for disposal. Arsenic would be expected to leach 

extensively during acid leaching and would then have to be precipitated as either a 

calcium or ferric arsenate in a subsequent effluent disposal/arsenic fixation process.

Sulphur also cannot be selectively removed from the copper and nickel in the roasted 

residue with water leaching. Between 30 and 40% of the sulphur in the feed is dissolved 

in water leaching and an additional 10 to 20% during acid leaching under these 

conditions, resulting in a leach residue containing only 40 to 60% of the sulphur 

originally in the feed. This dissolved sulphur would have to be precipitated from the 

H2SO4 leach solution for disposal in a gypsum precipitation unit operation possibly 

before solvent extraction or electrowinning of nickel or copper to prevent the 

precipitation of gypsum from solution in these metals recovery processes.

Roasting the second sample of Inco copper residue with Ca(OH)2 did not result in the 

same problems with sintering that were observed in Section 6.4.1.2. Thus, the sintering 

problems observed at these temperatures may be specific to roasting with Na2CC>3. It is 

possible that the formation o f a low melting point, or eutectic, phase with Na2C03  and 

either elemental sulphur or one of the sulphide phases occurs which inhibits the transport 

of oxygen to the reaction surface or otherwise slows the rate of oxidation of the sulphides 

in the residue.

Thus, these results indicate that roasting of this material with hydrated lime could be an 

effective treatment method. Its major advantage over Na2CC>3 roasting, at this stage o f the 

research, is its effective control o f arsenic emissions with only low reagent additions
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during roasting. However, higher roasting temperatures are necessary to achieve high 

copper extractions, but those temperatures are less than optimum for maximum nickel 

recovery. Roasting with either Na2C03  and Ca(OH)2 would require precipitation of 

sulphur and arsenic from the leach solutions for disposal; however, the major potential 

advantage for roasting with Na2C03  is that, with some optimization and improvement, it 

may be possible to selectively leach sulphur and arsenic from the copper residue, such 

that this solution can be dealt with separately for arsenic and sulphur disposal without any 

concern about interference with the recovery of nickel and copper. However, if further 

research into Na2C03  roasting cannot overcome the potential concerns about arsenic 

capture and selective water leaching of arsenic, then the use of Ca(OH)2 as a secondary 

arsenic-capturing agent may be worth further consideration and study.
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6.4.3 R oastin g  with Secondary A dditives to  F ix  A rsenic

One additional DOE test was performed to determine whether FeS0 4-7Fl20  could be

added as a secondary additive during Na2C03  roasting to try to produce stable, acid 

insoluble ferric arsenates during roasting, which, after copper and nickel extraction, could 

then be disposed of safely. Similar Na2C03  additions to those used in Section 6.4.1 at 50 

to 150% were made, but roasting temperatures were lowered to between 450 and 600°C 

to try to further improve nickel and copper extractions based on the trends observed in 

the DOE tests in Section 6.4.1.

6.4.3.1 Roasting

The addition of FeS04-7H20  means that additional sulphur is added to the roasting 

system and, thus, the stoichiometric requirement for Na2C03  to control sulphur emissions 

is shifted from 98% with no FeS0 4 -7H20  added, to 107% with 22.6% FeS0 4 -7H20  and 

116% with 45.2% FeS0 4 -7H2 0 . For FeS0 4 -7H20  additions of 22.6%, sulphur emissions 

can be eliminated by roasting at Na2C03  additions of 135% or higher (125% of 

stoichiometric for sulphur capture), but at higher FeS0 4 -7H20  additions, while sulphur 

emissions approach zero as Na2C03  additions approach 150%, minor losses of sulphur 

(i.e., 2 to 3%) to atmosphere still occur in this region (Figure 150).

22.6% FeS04-7H20 45.2% FeS04-7H20
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Figure 150 Effect of Na2C0 3  Addition and Temperature on Sulphur Emissions 
During Roasting with 22.6 and 45.2% FeS04-7H20
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The addition of FeS0 4 -7H20  also has a dramatic effect on the effects of Na2C03  addition 

and temperature on arsenic emissions (Figure 151). From extrapolation of the response 

surface model for roasting with Na2CC>3 alone (Figure 134), the elimination of arsenic 

emissions, without the addition of FeSCVTFbO, would occur only at high Na2CC>3 

additions (i.e., above 170%) or at very low roasting temperatures (i.e., less than 300°C). 

However, with the addition of 22.6% FeS04-7H20 , arsenic emissions are reduced to zero 

at higher temperatures and lower Na2C03  additions as the response surface model shown 

in Figure 151 shows an elliptical minimum centered around 475°C and 70% Na2C0 3 , 

with arsenic emissions increasing as the temperature and Na2CC>3 additions move away 

from this point. At high FeS0 4 -7H20  additions (45.2%), arsenic emissions are reduced to 

as low as 1%, but are not completely eliminated, and the region of minimum arsenic 

emission shrinks in size and shifts to higher temperatures and Na2C03  additions (530°C 

and 125% Na2C 03)
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Figure 151 Effect of Na2C0 3  Addition and Temperature on Arsenic Emissions 

During Roasting with 22.6 and 45.2% FeS0 4*7 H2 0

The phases formed during roasting with 22.6% FeS0 4 *7H20  were identified using x-ray 

diffraction analysis o f selected samples (Points A through D on Figures 150, 151, 153, 

154,155 and 156). The identified phases for the copper residue after roasting are listed in 

Table 70 while the diffraction patterns and major phases observed are shown in 

Figure 152.
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Table 70 Phases Identified by XRD Analysis of Copper Residue (Feed #2)
Roasted with Na2CQ3 and 22.6% F eS04-7H20

Sample Identified Phases (in order of intensity)
A CuO (Tenorite), Na2S 04, Fe4(0 H)3(As0 4 )3-6H20  (Pharmacosiderite), 

CUSO4 (Chalcocyanite), BaC03  (Witherite), Na2As4 0 n, 
Cu3(As04)2-4H20  (Rollandite), Na5Fe04, Na2Cu(S0 4 )2-2H20  (Kroenhkite)

B Na2S0 4 , CuO (Tenorite), CUSO4 (Chalcocyanite), NiO (Bunsenite), 
Fe203  (Hematite), Cu20 S04  (Dolerophanite), BaS04  (Barite)

C CuO (Tenorite), Na2S0 4 , CuNa2(C0 3 )2-3H20  (Chalconatronite), NasFe04, 
Na2As4Ou , Na3H(S04)2, NiO (Bunsenite), Fe2(S04)2(0H)2-7H20  
(Hohmannite), Cu3(As0 4 )2-4 H20  (Rollandite)

D CuO (Tenorite), Na2S0 4 , Na$C0 3 (S04)2 (Burkeite), Fe203  (Hematite), 
NiO (Bunsenite)

Sodium reacts with the sulphur in the copper residue, forming Na2S04  as the major 

sulphur and sodium phase, but also forming burkeite (Na6C03 (S0 4 )2) and Na3H(S04)2 in 

certain roasted samples. Sodium also reacts with iron and arsenic to form NasFeC^ and 

Na2As4 0 n, respectively, in Samples A and C where Na2C03  additions during roasting 

were lower. Sodium also reacts with copper in these samples to form either kroenhkite 

(Na2Cu(S04)2-2H20 )  or chalconatronite (CuNa2(CC>3)2-3H20); both of these phases 

would be expected to be water soluble in hot water leaching.

The primary phase in all but one sample, and the major copper phase in all the samples, is 

again tenorite (CuO). In addition to the sodium-copper compounds listed earlier, copper 

also forms CUSO4 (Chalcocyanite), Cu20 S 0 4 (Dolerophanite), or 

Cu3(As04)2-4H20  (Rollandite) in the samples roasted at lower temperatures and/or 

Na2C(>3 additions (Samples A, B and C). Bunsenite (NiO) was the only nickel phase 

identified by x-ray diffraction once again.

Arsenic is found as Fe4(0 H)3(As0 4 )3-6H20  (Pharmacosiderite), Na2As4 0 n, or 

Cu3(As04 )2-4H20  (Rollandite) in samples roasted at low temperatures and Na2CC>3 

additions (Samples A and C); no arsenic-bearing phases are detected in Samples B and D, 

which were roasted with higher Na2CC>3 additions. Iron is also found as hematite (Fe203 ) 

in the samples roasted with higher Na2C03  additions (Samples B and D) and as NasFeC^ 

and/or hohmannite (Fe2(S04)2(0H)2-7H20 ) in samples roasted with lower additions 

(Samples A and C).
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Figure 152 XRD Patterns of Inco Copper Residue after Roasting with Na2CC>3 and 

22.6% FeS04-7H20
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6.4.3.2 Hot Water and Acid Leaching of Inco Copper Residue (Feed #2) Roasted 
with Na2CC>3 and FeS0 4 *7 H20

The leaching behaviour of sulphur with both lixiviants is similar at both of the 

FeS04-7H20  additions shown in Figure 153. Most o f the sulphur in the roasted ash can be 

leached in hot water as, in the region where over 94% of the sulphur is retained in the 

solids during roasting, hot water leach extractions o f between 84 and 96% S are observed. 

After leaching with 200 g/L H2SO4 solution, up to an additional 10% of the sulphur can 

be dissolved to give an overall sulphur extraction in this region of between 84 and 100%. 

The model shows that for both FeS0 4 -7H2 0  additions shown in Figure 153, the 

maximum conversion to soluble sulphur occurs at high Na2CC>3 additions as the roasting 

temperature approaches 450°C.

The solubility of arsenic during water leaching is dramatically reduced with the addition 

of FeSC>4-7H2 0  during roasting (Figure 154). From the extrapolation of the response 

surface model shown in Figure 137, arsenic extractions by water leaching would be 

expected to be between 0  and 60% when roasting with Na2CC>3 alone under these 

conditions. However, after roasting with FeS0 4-7H2 0 , maximum arsenic extractions by 

water leaching are only 24% and 15% for roasting with 22.6% and 45.2% FeS04-7H20 , 

respectively. Though the arsenic extractions by water leaching still increase with 

increasing temperature and Na2CC>3 additions, as they did in Figure 137 without the 

addition of FeS0 4 -7H2 0 , arsenic extractions are less than 3% for most o f the roasting 

conditions tested.

Arsenic extractions after leaching with 200 g/L H2SO4, though, cover a much wider range 

of extractions with a minimum extraction of 64% for roasting with 22.6% FeSC>4-7H20  

and 76% for roasting with 45.2% FeS0 4-7H2 0 , compared with a minimum of less than 

10% for roasting without FeS04-7H20 . The arsenic extractions during acid leaching 

increase with decreasing temperature and Na2CC>3, following a similar trend to that 

observed when roasting with Na2C03  alone (Figure 137). As. a result, overall arsenic 

extractions of between 74 and 100% are possible from this material, depending on the 

exact roasting temperature and Na2C0 3 and FeS0 4-7H2 0  additions used.
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Copper water leach extractions (Figure 155) also follow similar trends to those observed 

in Figure 138 for roasting without FeSCVTFbO. Water leach extractions are negligible 

over the regions of the reaction space where sulphur emissions are a minimum, with an 

increase with lower Na2CC>3 additions. Water leach extractions of copper are much higher 

than in Figure 138 (i.e., up to 32% instead of a maximum of 12%). Though it is possible 

that copper sulphation is increased with lower roasting temperatures, it is more likely that 

the increase in water soluble copper is due to sulphation of copper by reacting with the 

sulphate ions available from the FeSCL^FLO added during roasting, as well as by direct 

oxidation o f some copper sulphides to CUSO4. As noted in previous sections, this appears 

to happen more readily under conditions where less than stoichiometric amounts of 

Na2C03  are added to the residue during roasting, indicating that, when available, the 

sulphur in the copper sulphides in this residue will react preferentially with sodium, 

instead of forming CUSO4 directly.

Copper, which is not leached in hot water, is leached with 200 g/L H2 SO4 , such that 

overall copper extractions o f 96 to 100% and 94 to 100% are observed after roasting with 

22.6% and 45.2% FeSCVTFLO, respectively (Figure 155). The overall copper extractions 

increase with increasing temperatures, but are very high over the entire region of Na2C03  

addition and temperature tested in this DOE test. These high extractions, and the high 

corresponding sulphur extractions, indicate that the majority o f the copper sulphide in the 

residue (i.e., 94 to 100%) is oxidized and converted to a water and/or acid soluble form 

during roasting. These extractions are significantly improved from those obtained in 

Section 6.4.1.2 and this increase in copper extractions is likely due, in large part, to the 

decrease in roasting temperature and, hence, the reduction of sintering during roasting 

rather than to the addition of FeSCL^FLO. From these results, copper extractions appear 

to be largely independent of the amount of FeSC^FLO added during roasting.
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Nickel extractions by water leaching, however, are affected much more dramatically by 

the addition of FeSC^FLO  (Figure 156). Nickel water leach extractions of less than 

12% are reported in Figure 139 for Na2CC>3 alone while nickel extractions of up to 35% 

and 50% are possible by water leaching for roasting additions of 22.6 and 45.2% 

FeS0 4 -7H2 0 , respectively. As with copper sulphation, nickel sulphation is more 

prevalent at lower Na2CC>3 additions, but with high additions of FeS0 4 -7H2 0 , nickel 

sulphation is enhanced, particularly at higher roasting temperatures, even where Na2CC>3 

additions are in excess of the stoichiometric requirements to react with, and capture, 

sulphur. Thus, though direct sulphation of nickel sulphides by oxidation still likely 

contributes to the overall nickel water leach extraction, the strong dependence of this 

extraction on the FeSC^FLO addition indicates that most of the observed increase in 

nickel water leach extractions occurs because nickel reacts with the sulphate in the 

ferrous sulphate to form water soluble nickel sulphates during roasting.

Leaching the water leach residue with 200 g/L H2SO4  extracted an additional 50 to 96% 

of the nickel in the copper residue (Figure 156) with the acid leach extraction increasing 

significantly with decreasing temperature and increasing Na2CC>3 additions. Thus, this 

results in overall nickel extractions of 76 to 96% for roasting with 22.6% FeSC ^F^O  

and 64 to 100% for roasting with 45.2% FeSC^FLO (Figure 156). As with the overall 

copper extraction, the overall nickel extraction is dependent primarily on roasting 

temperature, with nickel extractions of over 90% possible below 550°C and below 515°C 

for FeSCL^FLO additions of 22.6 and 45.2%, respectively.

The phases present in the copper residue after leaching with hot water and after leaching 

with 300 g/L H2 SO4 solution are summarized in Tables 71 and 72, respectively while the 

diffraction patterns and major phases observed are shown in Figures 157 and 158.
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22.6% FeS04-7H20 45.2% FeS04-7H20
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Table 71 Phases Identified by XRD Analysis o f Copper Residue Roasted with
Na2CC>3 and 22.6% F eS04*7H20 and Leached with Hot Water

Sample Identified Phases (in order of intensity) Leaching Wt. 
Loss, %

A Cu3S04(0H)4 (Antlerite), Cu4S04(0H)6 (Brochantite), 
CU2S (Chalcocite-Q), Fe7S8 (Pyrrhotite-4M)

59

B Cu3S04(0H)4 (Antlerite), NiFe204 (Trevorite), 
Cu4S04(0H)6 (Brochantite), Fe203 (Hematite)

75

C CuO (Tenorite), Cu3S 04(0H)4 (Antlerite), 
Fe2i(OH)32 (Maghemite), Fe203 (Hematite), 
CuFe2S3 (Cubanite), FeOOH (Goethite)

66

D CuO (Tenorite), NiO (Bunsenite), Q 12S (Chalcocite-M), 
Fe203 (Hematite), CU1.96S (Chalcocite-Q), 
Cu5FeS4 (Bomite)

74

Table 72 Phases Identified by XRD Analysis of Copper Residue Roasted with 
Na2C 03 and 22.6% FeS04*7H20  and Leached with 200 g/L H2S 04 at 95 
to 97°C

Sample Identified Phases (in order of intensity) Leaching Wt. 
Loss, %

A 95
B 92
C NiFe204 (Trevorite), Fe2 0 3 (Hematite), 

(Ba,Pb)S04 (Barite, plumbian)
82

D CU9S5 (Digenite), NiO (Bunsenite), CusFeS4 (Bomite), 
CU31S16 (Djurleite)

61

*Insufficient sample to conduct x-ray diffraction analysis

A wider range of copper minerals is found in the residue after hot water leaching than 

was observed in the previous DOE tests. Tenorite (CuO) is only found in samples 

roasted at 600°C (Samples C and D), with antlerite (Cu3S04(0H)4) as the second most 

prominent phase in Sample C which was roasted with lower Na2C03  additions. In 

Samples A and B which are roasted at 450°C, antlerite is the major copper phase and 

copper is also present as brochantite (C^SO^OH)^). Tetragonal chalcocite (CU2S) is 

found in Sample A and is found along with monoclinic chalcocite in Sample D. 

Bunsenite (NiO) is only detected by XRD in Sample D.
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Figure 157 XRD Patterns of Inco Copper Residue after Roasting with Na2C( > 3  and 
22.6% FeS04-7H20 and Leaching with Hot Water
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Figure 158 XRD Patterns of Inco Copper Residue after Roasting with Na2CC>3 and 
22,6% FeS04-7H20  and Leaching with 200 g/L H2S 04 at 95 to 97°C

The addition of iron, however, results in the formation of a variety o f phases that have not 

been observed in previous XRD studies of this material after roasting. While these phases 

are minor relative to the quantity o f tenorite or antlerite in the roasted residue, iron is 

detected as pyrrhotite (Fe7Sg) in Sample A, as trevorite (NiFe20 4) and hematite (Fe20 3 ) in 

Sample B, as maghemite (Fe2i(OH)32), hematite (Fe2C>3), cubanite (CuFe2S3) and goethite 

(FeOOH) in Sample C and hematite (Fe203 ) and bomite (Cu5FeS4) in Sample D. The 

formation of copper-iron sulphides or nickel ferrites during roasting is o f particular 

concern as it has the potential to detrimentally affect nickel and copper extractions during

293

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



acid leaching through the formation of potentially acid insoluble copper or nickel 

compounds during roasting.

Because of the high extractions, and weight loss, during acid leaching, x-ray diffraction 

analysis could not be performed on the acid leach residues for Samples A and B. At 

600°C and 50% Na2CC>3 (Sample C), trevorite (NiFe2C>4) is the major unleached phase, 

with hematite (Fe2C>3) and insoluble barium-lead sulphates also detected. In Sample D 

which was also roasted at 600°C, but with 150% Na2CC>3, digenite (CU9S5) was the major 

phase present, with lesser amounts o f NiO and minor amounts o f bomite (CusFeS4) and 

djurleite (CU31S16). Since copper and nickel extractions for these samples are quite high 

(i.e., over 97% and 76%, respectively) and iron extractions are only 60 to 70%, the 

quantity of iron minerals detected does not seem to be consistent with that expected from 

the chemical analyses. Thus, it is possible that a portion of the iron in these leach residues 

is poorly crystalline and, thus, is not identified using x-ray diffraction analysis.

SEM/EDX analysis was conducted on Sample Z (450°C, 150% Na2CC>3,

45.2% FeS0 4 -7H2 0 ) (Figure 159). After water leaching, the overall EDX analysis shows 

high concentrations of Cu, Fe, Ni, As and O. The brighter particles (Particles B and C) 

both contain barium, either as a mixture of BaSC>4, CuO and NiO (i.e., high in Ba, S and 

O, with minor Cu and Ni (C)) or as BaS0 4  alone (B). Iron-bearing particles were 

identified to be oxides using EDX, indicating that iron is likely present as hematite 

(Fe203), or possibly Fe2i(OH)32 (Maghemite) or goethite (FeOOH), but is found in 

particles that also either contain minor amounts of Cu and Ni (i.e., likely as a mixture of 

CuO, NiO and Fe203 (C)) or significant Cu and minor amounts o f As (i.e., likely as either 

a copper or iron arsenate (D)). Particles containing only Cu and O (i.e., CuO (E)) are 

identified as well along with particles containing predominantly NiO (F) but with minor 

amounts o f CuO also present.

After leaching of Sample Z in 200 g/L H2SO4, the overall EDX analysis indicates that 

this material contains Fe and O and minor amounts o f Ni and S (Figure 160). Bright 

particles are found to be high in Ba, S and O (i.e., BaS04  (A)). Other particles either 

contain Fe and O (i.e., Fe203 (B)), Ni and S (i.e., likely a partially oxidized nickel
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sulphide such as heazlewoodite (M 3S2) (C)) and Ni, Fe and O (i.e., likely NiFe2 C>4 

(Trevorite) (D)).

The results from this DOE test indicate that, by lowering the roasting temperature very 

high copper extractions of between 94 and 100% and high nickel extractions are possible 

from this material. By examining the response surface models for Cu, Ni and S, it should 

be possible, with proper selection of roasting conditions (e.g., 450°C and 140% Na2C0 3 ) 

to eliminate sulphur emissions while being able to selectively remove up to 96% of the 

sulphur from the solids during hot water leaching and to achieve copper extractions of 

over 99% and nickel extractions of up to 96% with less than 1% copper or nickel 

dissolved during water leaching. All these results are extremely promising and have 

considerable potential for future study and process development.

Arsenic deportment, however, continues to be a concern. Based on these results, 

FeSC>4-7 H2 0  is less effective in capturing arsenic then either Ca(OH)2 or high levels of 

Na2C0 3  and the arsenic compounds produced are not significantly less soluble in 

200 g/L H2SO4 than those formed by reaction with Na2CC>3 or Ca(OH)2. This means that 

arsenic dissolved during acid leaching would still need to be precipitated in a subsequent 

arsenic fixation step, which would also be required for roasting with Na2CC>3 and 

Ca(OH)2, based on the analyses made at the ends of Sections 6.4.1.2.2 and 6.4.2.2. Thus, 

without being able to form stable acid insoluble iron arsenates during roasting, there 

appears to be no advantage to using FeSCVTFLO as a secondary reagent during roasting. 

Future research should focus on improving arsenic capture and the conversion of arsenic 

to a water soluble form during roasting with Na2CC>3; arsenic precipitation from the 

resultant water leach solution could then be dealt with using conventional arsenic 

precipitation technologies to form stable, disposal arsenic residues.
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6.5 Deportment of Minor Elements

Two further batch tests were performed to generate solids and solutions for minor 

element analysis under conditions more typical of the projected optimum roasting 

conditions for this material and allow a preliminary evaluation of the potential o f using an 

oxygen enriched atmosphere during roasting to improve arsenic deportment. These 

samples were roasted for 4 h at 450°C with 170% Na2CC>3 with either an air or oxygen 

flow rate of 2.5 to 3.3 L/min in the second furnace configuration shown in Figure 119B. 

The results of these tests are shown in Table 74.

Table 73 Element Deportment from Roasting and Leaching of Inco Copper 
Residue (Feed #2) with 170% Na2CC> 3  at 450°C in Air and in Oxygen

Atmosphere Air o 2 Atmosphere Air o 2
Sulphur Arsenic

Retained, % 100.0 100.0 Retained, % 100.0 100.0
Water Leach, % 90.9 90.5 Water Leach, % 43.6 61.5
Acid Leach, % 0.0 6.9 Acid Leach, % 55.5 38.4
Total, % 90.9 97.4 Total, % 99.1 99.9

Copper Nickel
Water Leach, % 1.3 0.4 Water Leach, % 0.4 0.1
Acid Leach, % 72.7 . 89.2 Acid Leach, % 85.1 98.0
Total, % 74.0 89.6 Total, % 85.5 98.1

As expected, all the sulphur and arsenic in the copper residue were retained in the solids 

with the increase in Na2C03  addition to 170%. The majority o f the sulphur reports to the 

water leach solution and the sulphur remaining in the acid leach residue would be 

expected to be present as unoxidized, or partially oxidized, sulphides. While the use of 

oxygen does not significantly affect the amount o f sulphur reporting to the water leach 

solution, the conversion of sulphide sulphur to sulphate is about 6.5% higher for the 

sample roasted with oxygen. Roasting in oxygen did improve the amount o f arsenic 

extracted by water leaching by about 19% with overall arsenic extractions of over 99% 

achieved for both roasting in air and in oxygen.

Copper and nickel extractions are lower than predicted by extrapolation of the response 

surface models in Section 6.4.1.2.2, but this is not unexpected as these roasting
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conditions are well outside of the model conditions tested previously for roasting with 

Na2C03  alone. Water leaching extractions for both metals are very low and both nickel 

and copper extractions in acid leaching appear to be improved by roasting with oxygen 

instead of air. Combined with the increase in water soluble arsenic, roasting with an 

oxygen atmosphere appears to be promising, but further testing at lower temperatures and 

higher Na2CC>3 additions, including testing of the roasting atmosphere and the effect of 

pelletizing would be required to optimize roasting conditions for this material.

The deportment of minor elements after roasting with air and oxygen are shown in 

Tables 74 and 75, respectively.

Table 74 Deportment of Minor Element in Inco Copper Residue (Sample #2)
after Roasting with 170% Na2CC>3 at 450°C in Air

Element Distribution, % Composition, % or g/L
Water
Leach

Solution

Acid
Leach

Solution

Residue Feed Leach
Residue

Water
Leach

Solution1

Acid
Leach

Solution2
Solids, g 
Solution, L

1000 138.0
6.8 2.9

Cu 1.3 72.7 26.0 29.7 60.0 0.59 73.7
Ni 0.4 85.1 14.5 3.80 4.00 0.02 11.0

As 43.6 55.5 1.0 3.04 0.23 1.96 5.76
S 90.9 0.0 9.1 28.1 20.7 37.8 0.0

Na 99.6 0.2 0.2 0.25 1.07 108.8 0.62
A1 15.2 63.6 21.2 0.13 0.20 0.029 0.28
Cd 1.2 85.0' 13.8 0.02 0.020 0.0003 0.058
Ca 0.7 97.5 1.8 0.45 0.060 0.0044 1.50
Cl 95.3 1.6 3.1 0.45 0.10 0.64 0.024
Co 1.0 82.9 16.1 0.06 0.070 0.0009 0.17
F3 71.4 11.0 4.1 0.081 0.024 0.10 0.031
Fe 0.2 93.3 6.5 0.31 0.15 0.0009 0.98
Pb3 1.8 40.9 6.5 0.61 0.36 0.016 0.85
Mg 0.1 99.0 0.9 0.39 0.025 0.0008 1.31
Mn 0.3 88.7 11.0 0.025 0.020 0.0001 0.076
K 37.6 9.8 52.6 0.055 0.21 0.031 0.018
Si 2.9 86.0 11.1 0.31 0.25 0.013 0.94
Zn 0.7 83.6 15.7 0.035 0.040 0.0003 0.10

1 Estimated from element distribution and assuming a so ids concentration o f1100 g/L2
Estimated from element distribution and assuming a leach solution of 150 g/L H2SO4 

3 51.8% of the Pb and 13.5% o f the F in the feed were fumed during roasting
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Table 75 Deportment of Minor Elements in Inco Copper Residue (Sample #2)
after Roasting with 170% Na2 CC>3 at 450°C in Oxygen

Element Distribution, % Composition, % or g/L
Water
Leach

Solution

Acid
Leach

Solution

Residue Feed Leach
Residue

Water
Leach

Solution1

Acid
Leach

Solution2
Solids, g 
Solution, L

1000 51.7
6.8 3.6

Cu 0.4 89.2 10.4 29.7 66.0 0.16 73.4
Ni 0.1 98.0 1.9 3.8 1.40 0.005 10.3
As 61.5 38.4 0.1 3.04 0.055 2.77 3.24
S 90.5 6.9 2.6 28.1 15.9 37.7 5.37
Na 98.7 1.2 0.1 0.25 1.50 107.7 2.55
A1 0.0 82.1 17.9 0.13 0.45 0.30
Cd 0.9 94.8 4.3 0.02 0.020 0.0003 0.052
Ca 0.7 98.7 0.6 0.45 0.050 0.0045 1.23
Cl 96.7 2.7 0.6 0.45 0.050 0.65 0.034
Co 1.1 94.6 4.3 0.06 0.050 0.0010 0.16
F 86.4 12.2 1.4 0.081 0.023 0.10 0.028
Fe 0.2 96.8 3.0 0.31 0.15 0.0011 0.83
Pb3 1.8 45.0 7.8 0.61 0.92 0.020 0.76
Mg 0.2 99.5 0.3 0.39 0.022 0.0010 1.074
Mn 0.4 95.5 4.1 0.025 0.020 0.0001 0.066
K 40.1 11.0 48.9 0.055 0.52 0.033 0.017
Si 4.0 90.0 6.0 0.31 0.36 0.018 0.77
Zn 0.8 96.3 3.0 0.035 0.020 0.0004 0.093

Estimated from element distribution and assuming a leach solution of 150 g/L H2SO4 
3 44.6% of the Pb in the feed was fumed during roasting

Overall, extractions in water leaching are low for all elements, except for As, Cl, F, K, Na 

and S while the majority o f the other elements present in the copper residue were 

dissolved to a significant extent during acid leaching.

6.6 Preliminary Evaluation of Potential Processing Options

6.6.1 R o a stin g  a n d  L e a c h in g  U n it O pera tions

A proposed flowsheet outlining the roasting and leaching steps for Na2C03  roasting of 

this material is provided in Figure 161. Roasting and leaching reactions for each unit 

operation are shown in Table 76.
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Solution Bleed to 
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Figure 161 Proposed Roasting and Leaching Flowsheet for Na2CC>3 Roasting of the 
Inco Copper Residue

Table 76 Roasting and Leaching Reactions Expected during Na2 C0 3  Roasting
Unit Operation Chemical Reactions
Na2C 0 3 Roasting Na2C 03 + CuS + 2 0 2 — Na2S 04 + CuO + C 02 

2 Na2C 0 3 + NiS2 + 3.5 0 2 ^  2 Na2S04 + NiO + 2 C 02 
11 Na2C 0 3 + 2 Cu3AsS4 + 17.5 0 2 ^  8 Na2S 04 + 2 Na3A s04 + 
6 CuO +11 C 02

Water Leaching Na2S04(S) ^  Na2S04(aq) 
Na3A s04(S) ^  Na3A s04(aq) 
NiS04(s) ^  N iS04(aq) 
CuSO^s) ^  CuS04(aq)

H2S0 4  Leaching H2S 04 + CuO ^  CuS04 + h 2o  
H2S 04 + NiO ^  NiS04 + H20

In this flowsheet, after roasting with Na2C 03 and leaching in hot water and hot acid 

solutions, the acid leach residue which, from the results presented in 6A.2.2, is largely 

composed of unleached oxides or partially reacted copper sulphides, would be recycled 

back into roasting in order to maximize copper and nickel recoveries in the process.
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Further optimization of the process conditions through ongoing batch testing will, of 

course, be performed in order to maximize extractions on the “first pass” through the 

process flowsheet, but the nature of the process chemistry would allow for the possibility 

of recycling unreacted sulphides or oxides to roasting without any major process 

concerns.

Because of the low acid concentrations expected after acid leaching, copper recoveries 

during solvent extraction are expected to be high (216); ideally, the raffinate would be 

completely barren of copper after solvent extraction, but this may not be practical from 

an operational standpoint. Thus, the solution treatment options outlined in subsequent 

sections would have to consider the possibility of the removal of copper during the 

treatment of the raffinate for nickel recovery.

The raffinate would be recycled to acid leaching, with the sulphuric acid generated in the 

raffinate during loading of the copper in solvent extraction used to leach additional 

copper and nickel from the water leach solids. With this recycle of raffinate solution, the 

solution strength would be adjusted to allow for higher concentrations of nickel and other 

elements in the acid leach solution. To prevent the buildup of these elements in solution, 

a portion of the raffinate would then be bled to recover elements such as nickel and 

sodium and to allow for removal and disposal of arsenic from solution. A high recycle 

rate would minimize the volume of the solution bleed treated, which would, in turn, 

minimize sulphate losses during the treatment of the raffinate bleed.

6.6.2 N ic k e l R ecovery  fro m  th e  R a ffin a te  B leed

There are two main process options that might be used to recover nickel from the 

raffinate bleed: precipitation as Ni(OH)2 or precipitation o f nickel sulphide. These 

process options are outlined in Sections 6.6.2.1 and 6.62.2, respectively.
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6.6.2.1 Precipitation of Nickel Hydroxide from the Raffinate Bleed

A possible flowsheet for the recovery of nickel from the raffinate bleed as Ni(OH) 2  is 

shown in Figure 162. Reactions for the various unit operations in this flowsheet are 

outlined in Table 77.

The high pH of the solution from water leaching should allow it to be used as a 

neutralizing agent in a similar fashion as was proposed during process development for 

the Na2CC>3 roasting of the La Oroya zinc ferrite or the Altasteel EAF dust 

(Sections 4.7.1.1.1 and 5.7.1). Using this solution would reduce the reagents costs (i.e., 

lime or limestone use) in neutralization, would eliminate sulphate losses to gypsum and 

should minimize nickel or cobalt losses due to entrainment in the gypsum or iron solids 

precipitated in this process flowsheet.

Water Leach 
Solution

H2S

Water Leach 
Solution

Oxygen

Water Leach 
Solution

Water Leach 
Solution

Figure 162 Proposed Flowsheet for the Precipitation of Nickel Hydroxide from the 
Raffinate Bleed from Na2C( > 3  Roasting of Inco Copper Residue
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Table 77 Reactions during Nickel Hydroxide Precipitation of the Raffinate Bleed

Unit Operation Chemical Reactions
Acid Neutralization NaOH + H2SO4 — H20  + Na2S04
Iron Reduction Fe2(S04)3 + H2S ^  H2S04 + 2 FeS04 + S°
FeOOH
Precipitation

2 FeS04 + 2 ZnO + 0.5 0 2 + H20  2ZnS04 + 2FeOOH

Basic Zinc Sulphate 
Precipitation

4 ZnS04 + 3 CaC03 + 13 H20  ^  ZnS04-3Zn(0H)24H 20  + 
3 CaS04-2H20  + 3 C 02

Ni/Co Precipitation NiS04 + 2 NaOH ^  Ni(OH)2 + Na2SQ4

Following a similar procedure to that described in Section 4.7.1.1.1, free acid is 

neutralized at about pH 2, followed by reduction of iron to Fe2+ with H2S, then 

precipitation of goethite at pH 2.5 to 4.2 and finally precipitation o f basic zinc sulphate at 

up to pH 6.5. A lower precipitation pH for BZS precipitation would have to be used to 

minimize coprecipitation of nickel and cobalt. Nickel and cobalt hydroxide precipitation 

would then be conducted at pH 7.0 to 7.5 (217).

Even with a high raffinate recycle rate, the volumes of iron and zinc precipitates would 

be expected to be small and, economically, separate removal steps may not be desirable. 

However, both elements should be removed to minimize contamination of the Ni/Co 

hydroxide produced. Precipitation of both zinc and iron in a single step would lead to 

significant soluble zinc in the resulting residue.

Based on the deportment of minor elements, the nickel/cobalt hydroxide produced would 

be expected to have a Ni:Co ratio of about 65:1 and would likely also be contaminated 

with significant amounts of manganese and magnesium (217). The low cobalt content 

would likely make cobalt recovery uneconomic, but cobalt would have to be removed 

from the nickel in order to produce a high purity nickel product.

In this flowsheet, copper from the raffinate would likely precipitate as copper hydroxide 

over the pH range used for goethite precipitation. This goethite residue could be recycled 

to acid leaching to recover copper, but goethite would also likely dissolve or partially
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dissolve. The inability to effectively recover copper from this material could lead to 

unacceptable copper losses from the raffinate bleed.

Aluminum and silicon would also be expected to precipitate along with goethite, as 

indicated previously in Section 4.7.1, but some arsenic may also precipitate with iron in 

goethite or be absorbed on the surface of the iron precipitate. Arsenic contamination of 

the goethite would be undesirable as goethite is unlikely to have the stability required for 

long term arsenic disposal.

Finally, the nickel/cobalt hydroxide would require additional processing steps (i.e., 

releaching and hydrogen reduction and/or solvent extraction/electrowinning) to recover 

nickel from the Inco copper residue on site at the Thompson refinery as this material does 

not integrate well with the existing nickel recovery methods (i.e., converting and matte 

electrorefining) used at Inco’s Thompson refinery. The hydroxide product should be a 

saleable nickel product, and could possibly be treated in Inco’s Sudbury refinery or 

possibly sold to a third party for further treatment for nickel recovery.

6.6.2.2 Sulphide Precipitation of the Raffinate Bleed

A possible flowsheet for the precipitation of copper, arsenic and nickel from the raffinate 

bleed stream is shown in Figure 163. Reactions for the respective unit operations are 

provided in Table 78.

Research performed on refinery bleed streams at the Kennecott Utah smelter indicate that 

copper can be removed from acidic copper solutions while minimizing the sulphidization 

and coprecipitation of arsenic (218). Based on this study, the first stage of sulphide 

precipitation in this process flowsheet would involve the controlled addition of H2S to 

precipitate any residual copper from solution along with a portion of the arsenic in 

solution (218). This copper/arsenic sulphide would then be recycled to Na2CC>3 roasting 

to recover the copper values. (In the current roasting flowsheet, at least a portion of the 

arsenic recycled to roasting would be expected to report to the water leach solution and, 

thus, not all the arsenic recycled to roasting would be expected to report to the raffinate
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bleed.) After filtration to recover this residue, a second stage of sulphide precipitation 

would be performed to remove any remaining arsenic from solution. This precipitate 

would provide an additional bleed of arsenic from the acid leach solution. The arsenic 

sulphide would then be sent to sodium and arsenic precipitation unit operations for 

further processing (Section 6.6.2.3).

H2S

h2s

n h 3

h2s

Solution Bleed 
1

Copper
Removal

Arsenic
Removal

t
Ni/Co S

Precipitation L r

CuS/As2S3 Recycle 
to Roasting

As2S3 to Leaching and 
Arsenic Disposal

to Matte Electrorefining

Barren Solution to 
Na Recovery

Figure 163 Proposed Flowsheet for Sulphide Precipitation of Copper, Arsenic and 
Nickel from the Raffinate Bleed from Na2C03 Roasting of Inco Copper 
Residue

Table 78 Reactions during Sulphide Precipitation of Raffinate Bleed
Unit Operation Chemical Reactions
Copper Removal CuS04 + H2S ^  CuS + H2S 04 

2 HAs02 + 3H 2S - A s2S 3 + 4 H20  
Fe2(S04)3 + H2S ^  H2S04 + 2 FeS04 + S

Arsenic Removal 2 H A s0 2 + 3H 2S - A s2S 3 + 4 H20  
2 H3 A s0 4 + 5H 2S - A s2S 5 + 8 H20

Ni/Co Precipitation N iS04 + H2S +NH3 ^  NiS + (NH4)2S04 
CoS04 + H2S + NH3̂  C oS + (NH4)2S 04

Since acidic conditions are required for both copper and arsenic precipitation (218) and 

the pH of the bleed solution is already low, no neutralization o f the bleed solution would 

be required before performing sulphide precipitation. A number o f other elements, such 

as Cd, Pb and Zn, would also be expected to precipitate with the addition of H2S but,
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without further study, the deportment of these elements (i.e., to the copper or arsenic 

sulphides) cannot be confirmed at this time.

After filtering the arsenic sulphide from the Cu- and As-free raffinate bleed solution, 

ammonia would be added to raise the solution pH and buffer it during sulphide 

precipitation, and a mixed nickel-cobalt sulphide would be precipitated by the addition of 

H2S. As in the Ni/Co hydroxide, the Ni:Co ratio in the sulphide would be expected to be 

around 65:1 and the low cobalt content would likely make cobalt recovery uneconomical. 

However, this nickel sulphide precipitate could then be dried and added to the matte 

produced daily at the Thompson refinery, with the nickel recovered in Inco’s existing 

matte electrorefming operations. This eliminates the need to build and design separate 

nickel recovery equipment (i.e., hydrogen reduction or solvent extraction/electro winning) 

for the treatment of this material.

After precipitation of nickel and cobalt, the resulting impure (NH^SCU solution would 

then be combined with the water leach solution to allow the sodium and NH3 in solution 

to be recovered and the Al, F, Cl, Fe, Mg, Mn and Si from solution to be removed in the 

subsequent Na2CC>3 recovery and arsenic precipitation steps.

• 3 4 .The valent state of arsenic in the acid leach solution is, at present, unknown. While As 

and As5+ should both be precipitated as sulphides, precipitation of As5+ is slower and 

often reduction to As3+ is proposed prior to sulphide precipitation (219). (Some of the 

As5+ is often reduced to As3+ by the H2S during precipitation (219).) Further study will be 

required to determine the valence of arsenic in solution and the efficiency of arsenic 

sulphide precipitation from these process solutions. Most of the accepted methods of 

arsenic precipitation for long term storage require all the arsenic to be present as As5+, 

and, thus, if  complete reduction of the arsenic to As3+ could be avoided, it would be 

helpful in later processing.

Overall, the sulphide precipitation flowsheet has several advantages over the hydroxide 

precipitation flowsheet as it allows for copper to be recovered from the bleed solution and
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recycled into the process, it produces a nickel byproduct that can be integrated easily into 

Inco’s existing operations, it eliminates sulphate losses by neutralization and it produces 

an intermediate arsenic product which can then be processed further and precipitated in a 

more stable form. Thus, the potential sodium recovery and arsenic precipitation steps 

considered in the following section will assume that the raffinate bleed solution has been 

treated by sulphide precipitation.

6.6.2.3 Sodium Recovery and Arsenic Precipitation

A possible process flowsheet for the recovery of sodium and the precipitation of arsenic 

in a stable form is presented in Figure 164. Reactions for the various unit operations are 

provided in Table 79.

Table 79 Reactions during Sodium Recovery and Arsenic Precipitation
Unit Operation Chemical Reactions
As Precipitate 
Leaching

As2S3 + 12 NaOH + 7 0 2 — 2 Na3A s04 + 3 Na2S04 + 6 H20  
As2S5 + 16 NaOH + 10O2 — 2 Na3A s04 + 5 Na2S04 + 8 H20

Al/Fe Precipitation H2S04 + NaOH ^  Na2S04 + H20
A12(S04)3 + 6 NaOH ^  2 Al(OH)3 + 3 Na2S04

2 FeS04 + 0.5 0 2 + 4 NaOH +H20  ^  2 Fe(OH)3 + 2 Na2S 04

Primary Na2C03  
Recovery

Na2S 04 + 2 H20  + 2 NH3 + 2 C 0 2 ^  (NH4)2S0 4 + 2 NaHC03 

NaOH + C 02 — NaHC03 

NaHC03 + NaOH ^  Na2C 0 3 + H20
Gypsum/APHAP 
Precipitation

(NH4)2S0 4 + Ca(OH)2 ^  CaS04-2H20  + 2 NH3 

10 Ca(OH)2 + 5.25 H3P 0 4 + 0.75 Na3A s04 ^  
Caio(As0.i25Po.87504)6(OH)2 + 2.25 NaOH + 15.75 H20

NaHC03  Calcination 2 NaHC03 ^  Na2C 03 + H20  + C 02

Secondary Na2C03  
Recovery

NaOH + HC1 ^  NaCl + H20
Na2C 0 3 + 2 HC1 ^  2 NaCl + C 0 2 + H20
NaCl + H20  + NH3 + C 0 2 ^  NH4C1 + NaHC03

NH4CI Calcination NH4C1 ^  NH3 + HC1

The arsenic sulphide precipitate produced in the arsenic removal step of sulphide 

precipitation should be readily soluble at the high pH o f the water leach solution (220). 

Oxygen would be introduced to aid the oxidation o f these sulphides, and, if necessary,
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more aggressive oxidants, such as chlorine or ozone, would be used to ensure all the 

arsenic is present in solution as As5+ (221).

Water Leach Barren Bleed
Solution Solution

Barren Bleed 
Neutralization

As Precipitate 
Leaching

1 r
AS2S3

Precipitate
Al/Fe Residue 

to Disposal

C02 and H2O

NaHCOs
Calcination

Na2C03
Recovery

NaHCOs

Na2CC>3 to 
Roasting

Gypsum/
APHAP

Precipitation
Gypsum/APHAP 

Residue to Disposal

HC1

C02

NH3

Secondary Na2C03 
Recovery

Condensate to 
Water Leaching

NH4CI
Calcination

NH4CI
Crystallization

Figure 164 Proposed Flowsheet for Sodium Recovery and Arsenic Precipitation 
from the Barren Solutions from Na2 C( > 3  Roasting of the Inco Copper 
Residue

The barren raffinate solution would then be neutralized with water leach solution to 

neutralize free acid and precipitate Al, Fe and possibly Si from the leach solution to 

minimize contamination of the Na2C03  produced in the subsequent Na2C0 3 recovery 

step. After filtration to remove the Al/Fe precipitate, this solution would then be 

combined with the rest of the water leach solution and the solution from leaching of the
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arsenic sulphide precipitate, and the combined solution forwarded to primary Na2CC>3 

recovery.

The high Na2CC>3 addition required to eliminate arsenic emissions during Na2CC>3 

roasting results in a water leach solution slightly different from that obtained from water 

leaching of roasted zinc ferrite or EAF dust. (In the flowsheets outlined in Sections

4.7.1.1.1 and 5.7.1, the water leach solution is first used as a neutralization agent to 

convert all the sodium in solution to Na2S04  and the sodium is then converted to NaCl in 

solvent extraction/ion exchange.) Based on the available analyses, the water leach 

solution from Na2C03  roasting of the Inco copper residue is expected to contain about 

50% of the sodium as Na2S0 4 , 1.5 to 2.5% as Na3AsC>4, 30% as Na2CC>3 and the 

remainder as NaOH. This is not a typical solution used in the Solvay, or other related, 

processes, where NaCl is the predominant sodium mineral in solution, and, thus, few 

details are available in the literature on the behaviour of this solution upon the addition of 

NH3 and CO2. However, based on available thermodynamic data, it should be possible to 

precipitate NaHC03  from both Na2SC>4 and NaOH though, potentially, the NaHCOs 

formed could react with NaOH to produce additional Na2C03  in solution. (Use of the 

water leach solution to neutralize the raffinate bleed solution would reduce the NaOH 

concentration in the water leach solution, but not enough to completely convert NaOH to 

Na2S04  in solution.) However, thermodynamically, aqueous Na2C03  should not react 

with CO2 or H2O in solution to form NaHCOs, but would be expected to remain in 

solution after NaHCOs precipitation from the other sodium species is complete. Thus, it 

may be possible to remove up to 70% of the sodium in solution during this primary 

Na2C03  recovery step, but the remaining sodium would remain in the solution entering 

the subsequent gypsum/APHAP precipitation unit operation. Thermodynamic data for 

(NH4)3As04  were not available and, thus, the behaviour of Na3AsC>4 in this process is 

uncertain at present.

There are several possible methods for precipitating arsenic from process solutions. 

Precipitation of arsenic sulphides and ferric arsenate require low solution pH which, for 

the process solution in this process, would require expensive acidification and, then,
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reneutralization for solution disposal after precipitation (221). In addition, arsenic 

sulphides are not environmentally stable and the high iron additions required for ferric 

arsenate precipitation results in large volumes of arsenic precipitates (221). Calcium 

arsenate precipitation is possible at high pH, but the precipitates produced are not suitable 

for long term disposal (221 ,222).

However, in recent years, the possibility o f precipitating arsenic in a hydroxyapatite 

(Caio(P0 4 )6(OH)2) structure has been investigated at Montana Tech (222,223). In this 

process, phosphoric acid (H3PO4) is added to solution to give a P:As ratio of 7:1 or 

greater and the solution is adjusted to over pH 12 with lime to precipitate 

arsenatephosphatehydroxyapatite (Caio(AsxPy0 4 )6(OH)2) (APHAP)). The precipitation of 

arsenic as APHAP down to less than 15 mg/L in solution has been successful from a 

variety o f process and wastewater solutions and the APHAP precipitate has been shown 

to be very stable with arsenic concentrations in solution of between 3 and 43 mg/L 

observed after 18 months of air sparging and as low as 2 mg/L after eight years in 

anaerobic conditions (223). Thus, based on these reported results, and the high solution 

pH of the solution that is expected, APHAP precipitation appears to be the most 

promising method for precipitation of arsenic from the solution from primary Na2CC>3 

recovery.

With the addition of lime (CaO) or hydrated lime (Ca(OH)2), the ammonium sulphate in 

solution would also react to liberate ammonia (NH3) for recycle to the Na2CC>3 recovery 

step while precipitating the sulphate ions as gypsum (CaS0 4 -2H2 0 ). At the high pH 

conditions of APHAP precipitation, Cl, F, Mg and Mn would also be expected to be 

precipitated out of solution and be bled from the system. In these basic conditions, 

carbonate ions would be expected to precipitate as CaC0 3 , producing a solution 

containing NaOH as its major component.

After gypsum/APHAP precipitation, the resulting solution would then have to be treated 

to recover the remaining Na2C03  from solution. It may be possible to precipitate 

NaHCOs directly from this NaOH solution, but, because of the potential of forming

310

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Na2CC>3 by reaction of NaHCCh and NaOH in the process, this possibility would have to 

be tested experimentally. Alternatively, the solution be treated for Na2C03  recovery by 

neutralizing the solution with HC1 to produce a NaCl solution which could then be treated 

in a secondary Na2C03  recovery step (i.e., modified Solvay process) similar to that 

proposed in Sections 4.7.1.1.1 and 5.7.1. This type of neutralization could not be 

performed before primary Na2CC>3 recovery without losses of sulphate or chloride to the 

solids during gypsum/APHAP precipitation. Both options would likely require 

evaporation/crystallization of the solution, which is not a desirable process option, if 

avoidable, and the process used would be selected based on purity of the product that 

could be produced and the capital and operating costs associated with each process 

option. However, a recent publication indicates that it may be possible to regenerate 

ammonia and HC1 from NH4CI using activated carbon (224). To date, this NH4CI 

regeneration process has only been conducted on a small scale, but if  this process proves 

to be effective on a commercial scale, it would greatly reduce the energy requirements for 

NH4CI crystallization and calcination and could be applied similarly to eliminate the 

NH4CI crystallization step in the flowsheets proposed in Sections 4.7.1.1.1 and 5.7.1.)

6.6.2.4 Optimization of Arsenic Deportment and Flowsheet Implications

Further optimization of the arsenic deportment during roasting, and subsequent leaching 

operations, would be expected to further simplify the process flowsheet described earlier.

If roasting conditions were adjusted so that all the arsenic reports to the water leach 

solution, then the arsenic precipitation step of the raffinate bleed treatment and the 

arsenic sulphide dissolution step in the sodium recovery/arsenic precipitation flowsheet 

could be eliminated. An arsenic free copper precipitate could be produced from the 

raffinate bleed treatment which could be recycled to roasting without adding a 

recirculating load o f arsenic into Na2CC>3 roasting.

Alternatively, if  Ca(OH)2 were added during roasting as a secondary additive to 

selectively capture arsenic, then it is likely that lower Na2CC>3 additions during roasting 

would be required. This would decrease the amount of sodium to be recovered in the two
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Na2CC>3 recovery steps and, depending on the amount of Na2CC>3 and NaOH in solution, 

could possibly eliminate the need for a secondary Na2C03  recovery step. However, the 

addition of calcium could potentially lead to the formation of some anhydrite (CaSO,*) 

during roasting or to increased calcium in the acid leach solution which could lead to 

gypsum formation during acid leaching. If copper and nickel extractions were not 

complete after roasting and leaching, then the leach residue would contain unleached 

oxides and sulphides contaminated with anhydrite and/or gypsum. Modification of 

leaching procedures to ensure complete dissolution of oxide particles and the possibility 

of using flotation to recover unreacted sulphides from the gypsum/anhydrite in the 

residue would have to be investigated if this flowsheet modification were to be used.

The addition of Ca(OH)2 during roasting should convert all the teachable arsenic to an 

acid soluble form. Thus, all the arsenic would report to the acid leach solution where it 

would be precipitated as arsenic sulphides during the treatment of the raffinate bleed. 

This would consolidate all the arsenic in the process into one byproduct, which could 

then be redissolved and treated separately from the other process solutions using any of 

the current technologies available for the precipitation and disposal o f arsenic.

6.6.2.5 Process Evaluation

Since there are currently no existing or competing processes for treating matte 

electrorefining wastes reported in the literature with which to compare the Na2CC>3 

roasting process, it is still important to objectively look at the Na2CC>3 roasting process 

developed and point out potential strengths and shortcomings.

The roasting process itself is an advantage to this process. There should be sufficient heat 

generated by the oxidation of the sulphides in this material to allow roasting to continue 

autogenously and the roasting equipment should not be very capital intensive, particularly 

without the need to have an extensive system for gas handling or the need for an acid 

plant. (Scrubbers would still likely be put in place for safety purposes to trap any fugitive 

emissions due to roaster upset or sudden changes in roaster feed, but would not have to 

be used heavily if  the roasting process is operating properly.) The roaster calcine would
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be quenched for heat recovery and the steam generated could be used to heat other 

process solutions. Heat recovery from roaster off gases is also a possibility.

One disadvantage o f the roasting process is that all the sulphur is converted to sulphate 

and, eventually, to gypsum. While this is better economically than producing H2SO4, 

which is capital intensive and unlikely to be economic for the remote location o f the 

Thompson smelter, the opportunity to convert some o f the sulphur to elemental sulphur, 

instead o f the sulphate, such as would be expected in any pressure leaching flowsheet for 

this material, would be an advantage and would reduce the volume of solid gypsum waste 

produced, and lower costs for lime for neutralization. If roasting in an oxygen 

atmosphere is required, the need to produce oxygen, and potentially build an oxygen 

plant, would also be a disadvantage, though any pressure leaching operation would also 

likely need to operate with oxygen as its primary oxidant.

With the exceptions o f H2S, lime and phosphoric acid (H3PO4), all other reagents are 

regenerated for reuse in roasting or leaching, and, thus, costs for makeup H2SO4, Na2CC>3, 

NH3 or HC1 would be minimal. The primary waste from this process would be the 

gypsum/APHAP residue, with a much volume o f Al/Fe residue also produced.

However, the process for regenerating Na2CC>3 from this solution requires a number o f 

different unit operations and several different process chemistries. If NH4CI could be 

regenerated to NH3 and HC1 using activated carbon, or the second stage o f Na2CC>3 

recovery can be eliminated, the process flowsheet would become much more attractive. 

However, this process would have to be compared based on economic and operational 

factors with other potential alternative processes to determine its feasibility relative to 

other process options. Because o f the relatively simple sulphides present in the Inco 

copper residue, aqueous pressure oxidation o f the copper residue, with copper recovered 

by solvent extraction and electrowinning, arsenic precipitated as a sulphide for further 

processing and nickel precipitated as a sulphide for recycle to matte electrorefining, may 

be a possible alternate technology for the recovery o f copper and nickel from this 

material and may warrant further study.
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6.7 Conclusions

From the application o f  the generalized transformational roasting procedure to the 

treatment o f the Inco copper residue, it was shown that roasting with Na2CC>3 could be 

used to eliminate sulphur and arsenic emissions during roasting of this material, while 

achieving high nickel and copper extractions during subsequent sulphuric acid leaching. 

Sulphur converted to sulphate sulphur could be readily and selectively removed from 

copper and nickel by water leaching. The deportment o f arsenic was mixed, with some 

reporting to the water leach solution and some to the acid leach solutions. Further 

optimization o f the operating conditions, including to roasting temperature, roasting 

times, oxygen content in gas stream during roasting, and leaching reagents and 

temperatures, would be required to further improve on the results reported here.

Roasting with Ca(OH)2 was also effective in eliminating sulphur and arsenic emissions 

and high copper extractions were also possible from acid leaching the residue. Nickel 

extractions were slightly lower (<90%). However, based on these results, higher roasting 

temperatures would be required to achieve higher nickel and copper extractions from this 

material than are necessary for roasting with Na2C03. The possibility o f using small 

Ca(OH)2 additions to control arsenic emissions, along with Na2CC>3 to control sulphur 

emissions, was proposed and would be studied in future testing.

Several calcium and iron compounds were added to try to form acid insoluble arsenate 

compounds during roasting, but, while Ca-As and Fe-As compounds were formed, as 

shown by the stark change in arsenic deportment, these materials readily dissolved in 

sulphuric acid. Thus, without further improvements, most future work would have to 

focus on precipitation and disposal from the leach solutions produced.

The deportment o f minor elements and preliminary process flowsheet development for 

Na2CC>3 roasting were also conducted, with several potential flowsheet options identified 

and areas for future research identified.
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7.0 Evaluation of Transformational Roasting Techniques

7.1 Is the Procedure Proposed for the Application of Transformational Roasting 
Techniques to New Materials Effective?

The procedure used proved to be quite effective to be able to obtain the desired types of

mineralogical transformations and the desired deportment o f many major and minor

elements. However, after applying these techniques to several different materials, several

observations can be made.

First, limited thermodynamic data, particularly for less common elements or less studied 

chemical systems, can limit the ability to predict accurately the chemical reactions that 

are observed during roasting. This was observed in this research when studying reactions 

with arsenic compounds; thermodynamic data were not readily available for common 

arsenate or arseno-sulphate compounds, even those that are commonly used for arsenic 

disposal, such as Ca3(As0 4 ) 2  or FeAsC>4 , let alone for arsenite compounds, scorodite 

(FeAs(V 2 H2 0 ), enargite (CU3ASS4), ammonium arsenate or 

arsenatephosphatehydroxyapatite. Without this data, selection o f roasting reagents and 

conditions, and selection o f subsequent solution treatment options, must be done on an 

entirely empirical basis which, with the number o f variables potentially involved in 

transformational roasting processes, would be extremely time consuming and difficult.

Second, some o f the tests conducted may call into question the accuracy o f high 

temperature thermodynamic data. In Section 4.4.2.1, though the thermodynamics for the 

formation o f non-zinc ferrites, such as CaFe2 0 4 , are extremely favorable, roasting times 

o f up to 24 h at 1100°C were unable to cause any significant observable conversion of 

ZnFe2C>4 to CaFe2C>4 . In fact, in later testing, the formation o f Ca2Fe2 0 s, which is much 

less thermodynamically favorable, was more readily formed and CaFe2C>4 was seldom 

observed using XRD on the roasted ferrite or EAF residues. Though it is possible that 

this is an issue o f  kinetics or caused by potential reverse reactions during cooling, this 

research would tend to indicate that the franklinite mineral (ZnFe2 0 4 ) is much more 

stable, and the formation o f other metal ferrites much less favorable, than the available
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thermodynamic data would indicate. This difficulty also makes it hard to accurately 

predict the phases formed during transformational roasting.

Third, though thermodynamic data for some compounds are available, often solubility 

data for these compounds are not. For example, no solubility data for NaFeC>2 and 

srebrodolskite (Ca2Fe2C>5), which are minerals that were commonly formed during 

transformational roasting o f the La Oroya zinc ferrite and Altasteel EAF dust, were 

available in the literature. Empirically, it was quickly discovered, based on the iron 

extractions observed during leaching o f the roasted zinc ferrite or EAF dust, that these 

compounds were either highly soluble or that their solubility appeared to vary depending 

on the temperature o f formation o f  these compounds. The lack o f accurate solubility data 

makes it difficult to target desirable transformational roasting reactions (i.e., reactions 

that produce acid insoluble, stable residues). Determining these solubilities empirically 

requires extensive characterization o f the roasted and leached materials using SEM and 

XRD techniques and, because o f the complex mineral assemblages present in the 

materials tested, often these solubilities must be inferred from calculated metals 

extractions rather than measured directly.

Fourth, the scoping tests were very effective in screening roasting reagents and selecting 

roasting conditions. However, because o f the amount and accuracy o f the information 

possible through DOE testing, and time constraints during testing, sometimes the testing 

was pushed towards DOE tests before enough experience with the process chemistry had 

been gained and before a sufficient understanding o f more optimum roasting or leaching 

conditions could be obtained. This problem would be expected to decrease as further 

materials are tested and more experience is gained in the treatment o f various types o f 

materials and the effectiveness o f various reagents. However, particularly when testing 

an unfamiliar material, the process o f  running scoping tests should not be rushed; more 

time testing the roasting conditions before performing DOE tests produce results from the 

DOE tests that are more useful in optimizing the roasting and leaching conditions, and in 

understanding the roasting reactions taking place at the temperatures tested.

316

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Fifth, using design o f experiments (DOE) techniques worked very well with the testing o f 

transformational roasting processes. Although the DOE tests require conducting a 

significant amount o f experiments, DOE testing is much more effective and efficient than 

testing each variable iteratively, particularly in new systems with several potentially 

important process variables and, with proper design of the tests, a vast amount o f 

information on various measurable output variables can be obtained from each DOE test. 

Integration o f DOE testing with mineralogical analysis also produced a very good 

understanding, in most cases, o f the stability o f various compounds and the effectiveness 

o f various roasting conditions to produce the desired mineralogical transformations.

Sixth, the integration o f SEM, XRD and DOE tests to perform mineralogical studies of 

the roasting and leaching reactions was very effective, but also very analytically 

intensive. For some companies the amount o f XRD and SEM time, and the associated 

cost with these two methods, may make some companies reluctant to use this integrated 

approach to process mineralogy. However, the use o f both techniques in tandem along 

with the DOE test results proved to be very powerful and it would have been very 

difficult to get an accurate picture o f the process chemistry and roasting reactions that 

occurred during transformational roasting without their use.

Seventh, in order to be most effective, the feedback provided by x-ray diffraction 

analyses needs to be available consistently throughout the scoping and DOE testing steps 

o f this procedure. Equipment failure and low availability o f x-ray diffraction equipment 

at times during this research made it difficult to be able to accurately gauge the 

effectiveness o f the transformational roasting processes tested. (Fewer tests would need 

to have been conducted, and better results obtained in places, if  more consistent feedback 

o f  the phases formed during roasting had been available.) Thus, the study o f 

transformational roasting processes using this procedure is not very effective without 

ready availability o f XRD analysis.

Eighth, because o f the number o f variables that needed to be investigated or set in order 

to make the process chemistry work in these processes, it often made it difficult to be
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able to effectively optimize roasting or leaching times over the course o f this research.

(In most cases, these variables were altered more by necessity (e.g., increasing the 

leaching temperature for the roasted Inco copper residue), where clear XRD results 

indicated that changes needed to be made, or by conjecture (e.g. lengthening roasting 

times for some o f the Inco copper residue tests).) Kinetic studies for promising systems 

would need to be performed in future research to determine the effectiveness and 

efficiency o f the roasting processes used.

Finally, the study o f  the deportment o f minor elements in all these materials was 

extremely valuable; significant changes in the process flowsheets proposed for the 

treatment o f these materials were required in order to minimize the potential effects o f 

various deleterious minor elements on downstream processing or metals recovery.

7.2 Is Transformational Roasting a Realistic Option for Processing of 
Metallurgical Wastes?

As expected, for some materials, transformational roasting does appear to be a potential 

alternative to other available metals recovery processes. Transformational roasting 

processes would be expected to be more energy intensive than most leaching processes, 

but less energy intensive than most smelting processes. In general, transformational 

roasting also appears to have a greater potential to form more disposable solid wastes 

than most hydrometallurgical processes and some pyrometallurgical processes though, in 

general, the solid wastes produced at high temperatures in smelting tend to be highly 

stable. From these studies, transformational roasting should also have the potential to 

develop low waste processes, as most o f  the reagents used in processes should be able to 

be recycled and reused in the roasting process. The synergistic use o f hydrometallurgy 

and pyrometallurgical processing also provides more potential opportunities to 

effectively recycle or treat process byproducts, which might not be available in a stand 

alone hydro- or pyrometallurgical plant. For the materials tested to date, with proper 

process selection, integration o f transformational roasting processes with existing pyro- 

or hydrometallurgical operations seems relatively easy as, in most cases, these processes 

can be designed to recover metal in a readily recyclable form and can be designed to 

make use o f synergies with existing operations. To date, some o f the residues from these
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processes are produced hydrometallurgically and some pyrometallurgically, giving an 

overall waste stability between that o f pyro- and hydrometallurgical processes.

There are several disadvantages to transformational roasting processes, though, that are 

observed from this study. First, many o f the reactions involve high-temperature equilibria 

and, in many cases, limits to the effectiveness o f these reactions, or the ability to push 

these reactions to completion, were observed. It is possible that a better understanding o f 

the process chemistry or solid solutions involved in the mineralogical transformations 

taking place during roasting may lead to improvements in the roasting and leaching 

results; in some cases, these kinetic or equilibrium constraints may make it difficult to 

make further improvements for some process options. Second, the lack o f available 

solubility data often made it difficult to consistently form insoluble solid minerals during 

roasting. It is possible that using a wider range o f lixiviants and leaching conditions could 

minimize this dissolution, but this would potentially increase the complexity and cost o f 

the processes developed. Third, if  the reagent added does not form an insoluble solid 

during roasting, which can then be disposed o f safely, a more complex flowsheet is then 

required, where possible, to try to recover these additives. This recovery is a necessity 

both economically (i.e., to minimize overall reagent consumption and costs) and 

environmentally (i.e., to minimize the impact o f a potentially large volume o f liquid 

effluent). The ability to effectively recover these reagents from process water prior to 

disposal and recycle them into roasting would likely make or break the technical and 

economic feasibility o f any potential transformational roasting process.

From this study, the development o f viable transformational roasting processes is, at 

present, hampered by the limited amount o f research available in the literature on these 

types o f  processes. Although, in some cases, the high temperature reactions observed 

during roasting, and perhaps even the response o f the various minerals formed during 

roasting to subsequent leaching operations, may be documented in the literature, the 

literature is largely void o f references on the purification or treatment o f  the process 

solutions produced during transformational roasting. This became quite apparent during 

the development o f potential process flowsheets for these processes; process conditions 

and the effects o f  various impurity elements in solution treatment had to be drawn from a

319

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



wide range of sources, including references to the Solvay process and the treatment of 

waste solutions from tanning operations, because the assemblages o f dissolved elements 

were generally fairly unique, and are virtually unreported in the literature. From the study 

o f the available literature, good potential process options were proposed in all the 

flowsheets presented in this document, but a lot o f additional research would be needed 

to be confident o f the behaviour o f the various elements in solution through the various 

solution treatment processes proposed after the roasting and leaching operations. This 

should not be unexpected, as, if  the development o f these transformational roasting 

processes is novel, then the development o f solution treatment options for these same 

processes would be expected to be relatively novel as well. However, at present, this lack 

o f information in the available literature does severely limit the ability to properly 

evaluate the overall viability o f the process options discussed in this study.

As with any metallurgical process, some materials are more amenable than others to 

treatment using a particular method. The best example from this research is the treatment 

o f the Inco copper residue. Though the leaching and roasting flowsheet is relatively 

straightforward, the solution purification and Na2C0 3  recovery flowsheets for Na2CC>3 

roasting are much more involved. Although pressure leaching can be capital cost 

intensive, hydrometallurgical processing could also be effective in recovering copper and 

nickel while being able to use a relatively simple, and fairly conventional, process 

flowsheet. Aqueous pressure oxidation testing o f this material would be required to 

confirm this possibility. (Process selection and the advantages and disadvantages o f each 

process could then be made using a combination o f economic and operational factors.)

In future transformational roasting research, it would likely be preferable to primarily 

target materials for testing which do not already have an economically and 

environmentally viable pyro- or hydrometallurgical process option, or materials where a 

more limited amount o f research has been performed on those types o f materials. This 

would likely mean targeting materials such as complex oxides or silicates, precipitates 

from leaching processes, or other less studied materials, such as arsenides, tellurides or 

selenides, for future testing.
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8.0 Future Work

The objective o f this testwork was to evaluate the effectiveness o f transformational 

roasting processes on the treatment o f several different materials and to identify 

promising systems for further study. From this research, a number o f systems were 

identified which have the potential for development into processes for the recovery o f 

metals from these materials and improve the disposability o f  the residues produced. 

These systems include:

La Oroya Zinc Ferrite: Roasting with Na2C0 3 , Na2C0 3 /MnC0 3  or coal/MnC0 3

Altasteel EAF Dust: Roasting with Na2C0 3  or with coal at lower roasting

temperatures

Inco Copper Residue: Roasting with Na2C0 3 , Ca(OH)2  or Na2C0 3 /Ca(0 H )2

Additional testing would be required for each o f these systems before the processes 

developed for the three main materials examined in this study could be considered for 

pilot plant testing or commercial application. Kinetic studies and rate tests should be 

conducted at the optimum conditions for each o f the roasting systems identified to allow 

for the optimization o f the roasting and leaching times required for each system. The 

effect o f pelletizing the feed materials and additives, which would likely be used in any 

commercial operation, and evaluation o f potential refractories for use in processing 

should also be investigated in any future work.

Though the roasting and leaching portion o f the proposed process flowsheets have been 

studied quite extensively in this study, the portions o f  the flowsheet involving 

purification or treatment o f  the process solutions would need to be tested to determine 

their effectiveness, and evaluate the technical and economic viability o f  the processes 

proposed in this study and the deportment o f  minor elements in each process step. After 

these studies are complete, an economic analysis o f  each process option could then be 

constructed and the process economics compared with other competing process options.

321

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A number o f specific areas for further research were also identified over the course o f 

this research. These items include:

• Feasibility o f silver recovery from the La Oroya zinc ferrite by flotation

• Potential advantages/feasibility o f magnetic separation to upgrade EAF 

dust prior to Waelz kiln processing or Na2C0 3  roasting

• Optimization o f roasting conditions for Inco copper residue, particularly at 

lower roasting temperatures

•  Testing o f the addition o f  Ca(OH )2  as a secondary additive for the control 

o f arsenic emissions during the Na2C0 3  roasting o f the Inco copper 

residue

•  Testing o f the feasibility o f aqueous pressure oxidation o f the Inco copper 

residue, and the possibility o f using solvent extraction and sulphide 

precipitation to recover copper and nickel, respectively, from the leach 

solutions

•  Determination o f the valence and mineralogical association o f unleached 

vanadium in oil sands fly ash after transformational roasting

• Development o f  a Na2CC>3 roasting flowsheet for the recovery of 

vanadium and molybdenum from oil sands fly ash

• Investigate the potential o f adding fluxes or controlling the partial pressure 

o f  CO2 during roasting to improve the reaction kinetics for roasting with 

calcium reagents

• Investigate the possibility o f using microwave processing for 

transformational roasting applications

Finally, the techniques and procedures for applying transformational roasting to the 

treatment o f  these four metallurgical wastes have the potential for much wider 

application. As with any type o f  metallurgical process, not all materials will be amenable 

to transformational roasting, but additional research to apply these techniques to a wider 

range o f metallurgical wastes would develop an increased understanding o f the limits, 

and potential benefits, o f  these techniques to the recovery o f metals from or the
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disposability o f these types o f materials. Similar techniques may also be applicable to 

other non-metallurgical systems, such as the control o f heavy metals or volatile elements 

during coal or coke combustion.
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9.0 Conclusions

Over the course o f this research, transformational roasting was able to induce changes in 

the minerals in the four metallurgical wastes tested to produce at least one o f the 

following desirable process results:

a) an increase in the solubility o f valuable elements during leaching (e.g., V in the 

oil sands fly ash, Ga, In and Zn from the La Oroya zinc ferrite, Zn from the 

Altasteel EAF dust and Cu and Ni from the Inco copper residue)

b) a decreased solubility o f  a major impurity (e.g., Fe in the La Oroya zinc ferrite 

and Altasteel EAF dust)

c) a differential solubility between valuable and harmful elements (e.g., Zn and Cr in 

the Altasteel EAF dust), and

d) control o f the emission o f  volatile elements during roasting (e.g., As and S in the 

Inco copper residue)

The range o f materials tested and the range o f different process results that were possible 

using transformational roasting techniques show the immense potential for using 

transformational roasting processes to solve problems encountered in the metallurgical 

industry.

In this research, transformational roasting was applied to a number o f  complex materials 

that have not traditionally been considered candidates for this type o f roasting process. As 

a result, a number o f  promising transformational roasting systems were identified for 

each waste material tested. Process flowsheets were then developed, based on the 

roasting, leaching and mineralogical testing completed in the research, for each 

promising system. Through the application o f transformational roasting to these 

materials, these process flowsheets showed the potential o f  producing either saleable 

products from these waste materials, or byproducts which could be readily integrated 

with the existing hydro- or pyrometallurgical operations where these wastes are 

produced. The composition o f the process solutions produced showed the potential for
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the recovery o f most the reagents used during roasting or solution treatment for recycle 

back into the process. In addition, through the application o f transformational roasting, 

solid wastes were produced from some materials that would be expected to be highly 

amenable to long term storage or disposal.

The generalized procedure proposed for applying transformational roasting to new 

materials proved to be effective. This procedure not only helped streamline the process o f 

identifying and screening potential reagents or narrowing down process conditions, but 

allowed for a very good understanding o f the mineralogical transformations that occur 

during the roasting process and the behaviour and solubility o f these minerals in 

subsequent leaching operations.* The study o f  actual metallurgical process wastes also 

allowed a good understanding o f the deportment o f minor elements through the 

transformational roasting processes and provided the basis for the construction o f process 

flowsheets for the roasting systems identified. With minor refinements and 

improvements, this procedure could continue to be used to apply transformational 

roasting to the recovery o f metals or stabilization o f wastes for an even wider range o f 

materials.
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Appendix

Exraction Calculations

Generally, extractions were calculated by two different methods, using the chemical 

analyses from the solid and solution samples obtained from this testwork. Sample 

extraction calculations are given below.

% Retained in Solids W * ™ * *  ^aste W e ig h ty  ^
(Feed Analysis, %){Feed Weight, g )

Ex,roe,ion {Solids Basis) = 1 0 0 - (***!<** Anafysis, y ^ s i d u e W e ight̂ j )  ^
(Feed Analysis, %)(Feed Weight, g)

, . „ . . (Solution Analysis, mg / L)( Solution Volume, mL)
Extraction (Solution Basis)= ------------------ -— -— - —  ----------------------------   xlOO

( Feed Analysis, %)(Feed Weight, g )

In general, solution analyses were used to calculate extractions where the extractions 

were less than 50% and solids analyses were used to calculate extractions o f greater than 

50%. Weights o f samples taken for analysis were recorded and the feed weight was 

corrected to compensate for the removal o f  these samples.

For the Inco copper residue, element deportments were calculated using solution analyses 

for the extraction during water leaching and with solids analyses for the overall extraction 

after water and acid leaching.
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