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ABSTRACT
A comparative study on bioleaching of a pyrite concentrate using ten different 

industrial oxidic by-products as neutralising agent has been performed with a 

commercial grade slaked lime chemical serving as reference material. The acid 

produced during oxidation of pyrite was neutralised by regular additions of 

neutralising agent whenever needed to maintain a pH of 1.5. Bioleaching was 

conducted as batch experiments in 1-L scale reactors, with a mixed mesophilic 

culture at a temperature of 35º C. The different industrial oxidic by-products used 

were steel slag, ashes, dust and lime sludge. The aim of the study was to investigate 

the possibility to replace normally used lime or limestone with oxidic by-products, 

considering their neutralising capacities and possible negative impact on the bacterial 

activity. The bioleaching efficiency was found to be equally good or better, when by-

products were used for neutralisation instead of slaked lime, and the bioleaching 

yields of pyrite were in the range 69-80%, except the Waste ash, which had a 

leaching yield of 59%. Some of the by-products used contained potentially toxic 

elements for the bacteria, like fluoride, chromium and vanadium, but no negative 

effect of these elements could be observed on the bacterial activity. The Waste ash 

contained a large number potentially toxic elements and a high chloride concentration 

of 11%, which had a negative effect as observed on the lower redox potential and 

leaching yield. Slags originating from stainless steel production should be avoided for 

environmental reasons, due to the presence of chromium. The electric arc furnace 

(EAF) dust has a good potential to be used as neutralising agent in bioleaching 

processes for zinc recovery from zinc sulphides, due to the high content of zinc, 

however the chlorides present should be removed prior to its use. The neutralising 

capacity, as determined by the amount needed for neutralisation during bioleaching, 

were rather high for all the steel slags, EAF dust, Bioash and Mesalime with a range 

of 16-37 g as compared with 22 g needed for slaked lime. However, Waste ash and 

Coal & Tyres ash had lower neutralising capacities with 81 g and 57 g needed, 
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respectively. Hence, it is concluded that considerable savings in operational costs can 

be obtained by replacement of lime or limestone with steel slags, ashes, dust or 

sludge without negative impact on bioleaching efficiency. Use of industrial oxidic 

by-products would provide opportunities to recycle elements present in them as for 

example zinc rendering an eco-friendly process and a means for sustainable use of 

natural resources. 

 

Key words: Bacteria, Steel slag, Ash, Dust, Sludge, Pyrite, Neutralisation, 

Bioleaching. 
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1. INTRODUCTION 

1.1. Background 

Biomining processes for the extraction of metal values from sulphidic ores and 

concentrates are mostly carried out either by continuous stirred tank reactors or heap 

reactors. Continuous stirred tank reactors posses three major advantages as follows 

(Rawlings and Johnson, 2007): 

 

The continuous flow mode of operation facilitates continual selection of those 

microorganisms that can grow more efficiently in the tanks, where the more 

efficient microorganisms will be subjected to less wash out leading to a 

dominating microbial population in the tank reactor. 

Rapid dissolution of the minerals due to the dominance of most efficient 

mineral degrading microorganisms utilising the iron and sulphur present in the 

mineral as the energy source. Therefore there will be continuous selection of 

microorganisms which will either catalyse the mineral dissolution or create the 

conditions favourable for rapid dissolution of the minerals. 

Process sterility is not required, as the objective of this process is to degrade 

the minerals stating less importance on type of microorganisms involved in it. 

Therefore, more thrust lies on an efficient dissolution process and the 

microorganisms that carry out the dissolution process efficiently are typically 

the most desirable ones.   

 

Continuous stirred tank reactors are used for both bioleaching and bio-oxidation 

processes collectively termed as biomining. Stirred tank biooxidation processes are 

mostly applied on high grade concentrates for recovery of precious metals like gold 

and silver, whereas stirred tank bioleaching process are carried out for the recovery of 

base metals like cobalt in full scale and zinc, copper, nickel in pilot scale operation 

from their respective sulphides, and uranium from its oxides. Approximately ten 
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operational units have successfully established stirred tank reactor bio-oxidation 

using Gold Field’s proprietary BIOX@ process for commercial application with three 

more plants upcoming in the near future (van Aswegen et al., 2007). Another 

technology for the treatment of refractory gold ores in stirred tanks is the BACOX 

process, owned by the Canadian-based BacTech Mining Company. Currently three 

plants using the BACOX process are in operation, with the most recent plant in China 

at Shandong Tarzan Gold Co. Ltd (China Metals, Reports Weekly, Interfax China 

Ltd., 2004). BHP Billiton Ltd has developed agitated tank bioleaching processes for 

the recovery of different base metals like nickel, copper and zinc from its respective 

sulphides, these processes have been scaled up to pilot and demonstration scale but 

are currently not in full-scale operation (Dresher, 2004).  

 

Bioleaching of zinc sulphides has been widely investigated at laboratories by various 

researchers (Shi et al., 2005; Deveci et al., 2004; Pani et al., 2003; Rodriguez et al., 

2003; Sandström and Petersson 1997; Garcia et al., 1995; Bang et al., 1995; 

Chaudhury and Das 1987). The possibilities to process low-grade complex zinc 

sulphide ores through bioleaching have received much attention and has been tested 

in pilot scale (Sandström and Petersson 1997; Sandström et al., 1997). MIM Holdings 

Pty, Ltd. holds a patent for a fully integrated process that combines bioleaching of 

zinc sulphides with solvent extraction and electro-winning of zinc metal (Steemson et 

al., 1994; Filippou, 2004). 

  

Heap bioleaching is mostly practised on low grade copper ores with 1-3% copper and 

mainly on secondary copper sulphide minerals such as covelite (CuS) and chalcocite 

(Cu2S). In heap leaching, the crushed secondary sulphidic ores are agglomerated with 

sulphuric acid followed by stacking onto leach pads which are aerated from the base 

of the heap. Then the ore is allowed to cure for 1-6 weeks and further leached with 

acidic leach liquor for 400-600 days. A copper recovery of 75-95% is obtained within 
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this period of time. As the construction of heap reactors are cheap and easy to operate 

it is the preferred treatment of low grade ores (Readett, 2001). 

 

1.2. Microorganisms widely used in biomining 

The mineral sulphide oxidising microorganisms are acidophilic prokaryotes as their 

optimal growth varies between pH 2-4. They are autotrophic in nature as they use 

inorganic carbon (CO2) as carbon source. They are strictly chemolithotrophic, i.e., 

derive energy for growth from oxidation of reduced sulphur compounds, metal 

sulphides and  some species also derive energy through oxidation of ferrous iron 

while some species also can  derive energy by oxidation of hydrogen. They are 

classified into three groups such as mesophiles (20-40º C), moderate thermophiles 

(40-60º C), and thermophiles (60-80º C), based on the temperature requirements for 

optimal growth. The mesophiles actively involved in biooxidation and bioleaching 

are Acidithiobacillus ferrooxidans, Acidithiobacillus thiooxidans and

Acidithiobacillus caldus, Leptospirillum ferrooxidans, Leptospirillum 

ferrodiazotrophum, Leptospirillum thermoferrooxidans and Leptospirillum 

ferriphilum, the moderately thermophiles are Acidimicrobium ferroxidans, 

Acidithiobacillus caldus and Sulphobacillus thermosulphooxidans, while the 

thermophiles are Sulfolobus metallicus, Sulphobacillus sp. and Metallosphaera 

sedula. Characteristics features of some of the important microorganisms are given 

below. 

1.2.1. Genus Acidithiobacillus

This genera is representative of the -subdivision of proteobacteria and the type 

species is Acidithiobacillus thiooxidans (formerly Thiobacillus thiooxidans). They are 

gram negative, rod shaped bacteria with a size of approximately 0.4 x 2 μm. They are 

motile having one or more flagella as the locomotory organelle. Some of the species 

are mesophilic having optimum growth at a temperature 30-35º C, while some are 

moderately thermophilic having optimum growth at a temperature of 45º C. The G+C 
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content of the DNA is 52-64 mol%. The most important species of the genus

Acidithiobacillus involved in bioleaching and biooxidation processes are

Acidithiobacillus ferrooxidans, Acidithiobacillus thiooxidans and Acidithiobacillus 

caldus (Kelly and Wood, 2000). 

1.2.1.1. Acidithiobacillus ferrooxidans  

Acidithiobacillus ferrooxidans is a gram negative rod shaped bacteria, acidophilic by 

nature and obligately chemolithotrophic for nutrition. They grow with ferrous iron as 

the sole energy substrate by oxidation of the ferrous iron. The optimum pH for 

growth is 2.5 and temperature ranges from 30-35º C. The G+C content of the DNA is 

58-59 mol% (Temple and Colmer, 1951). 

 

1.2.1.2. Acidithiobacillus thiooxidans

Acidithiobacillus thiooxidans is motile and have a polar flagellum as the locomotory 

organelle. They derive energy solely through oxidation of reduced sulphur 

compounds, can not oxidise iron or pyrite but has been able to grow on sulphur from 

pyrite in co-culture with Leptospirillum ferrooxidans, which is an iron oxidising 

bacteria. They are gram negative rod shaped bacteria acidophilic by nature and 

obligately chemolithotrophic for nutrition. The optimal pH for growth is 2-3 and the 

temperature range for optimal growth is between 28-30º C. The G+C content of the 

DNA is 52 mol% (Waksman and Joffe, 1922). 

1.2.1.3. Acidithiobacillus caldus 

Acidithiobacillus caldus is a gram negative, motile bacteria having a pH optimum for 

growth of 2-2.5 and an optimum growth temperature of 45º C and classified as 

moderate thermophile. They are chemolithrotrophic in nature and grow on reduced 

sulphur substrates. They derive the energy for growth by sulphur oxidation. They can 

also use molecular hydrogen as electron donor. The G+C content of this species is 

63.1-63.9 mol% (Hallberg and Lindström, 1994).
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1.2.2. Genus Leptospirillum

They are gram negative, aerobic and motile by means of a single polar flagellum. 

Cells are vibrioid to spirilla shaped and sometimes they can form into cocci or 

pseudococci shapes too. These bacterial cells measure 0.2-0.6 by 0.9-3.5 μm. 

Acidophilic and have optimum growth at a pH of 1.3-4.0. Some of the species of 

Leptospirillum are either mesophilic or moderately thermophilic and the maximum 

temperature ranges up to 55ºC. They are chemoautotrophic and grow on iron 

substrate by iron oxidation, but cannot oxidise sulphur or thiosulphate. The G+C 

content of the DNA is 50-57 mol% (Hippe, 2000). The different types of species of 

Leptospirillum involved in metal sulphide oxidation are Leptospirillum ferrooxidans, 

Leptospirillum ferrodiazotrophum, Leptospirillum thermoferrooxidans and 

Leptospirillum ferriphilum (Markosyan, 1972). 

1.2.2.1. Leptospirillum ferrooxidans  

Leptospirillum ferrooxidans is a gram negative, acidophilic, aerobic, small curved rod 

shaped bacteria of size 0.3-0.6 by 1.0-3.3 μm. They are motile by means of a single 

polar flagellum. The pH range for their ambient growth ranges from 2.5-3.0. They 

can only oxidise ferrous iron to derive energy for their growth. The G + C content of 

the DNA is 51.7 mol% (Markosyan, 1972). 

1.2.2.2. Leptospirillum thermoferrooxidans  

Leptospirillum thermoferrooxidans is a moderately thermophilic species with an 

optimum growth temperature of 45 to 50°C (maximum, 55 to 60°C). The G+C 

content of the DNA is 56% and have 27% similarity with the DNA of the mesophiles 

(Golovacheva et al., 1992) 
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1.3. Bioleaching mechanisms

Microbial processes facilitating mineral bio-oxidation and bioleaching are defined in 

terms of the contact mechanism, the non-contact mechanism and the cooperative 

mechanism. In the contact mechanism (Fig. 1a) the bacterial cells attach with the aid 

of extracellular polymeric substances (EPS) layer to the mineral surfaces, resulting in 

dissolution of the sulphide minerals at the interface by an electrochemical process In 

the non-contact mechanism (Fig. 1b) the ferric iron, produced through bio-oxidation 

of ferrous iron comes in contact with the mineral surfaces, oxidises the sulphide 

mineral and releases ferrous iron back into the cycle. While, in the cooperative 

mechanism (Fig. 1c)  planktonic iron and sulphur oxidisers oxidises colloidal sulphur, 

other sulphur intermediates and ferrous iron in the leaching solution, releasing 

protons and ferric iron which is further used in non-contact leaching (Rohwerder et 

al., 2003). 

 

 
Figure 1: Patterns of direct and indirect interaction of the bacteria with pyrite (a) 

contact leaching; (b) non-contact leaching; (c) cooperative leaching. 

(Figure reprinted from Rawlings et al., 1999). 

 

Dissolution of the metal sulphides is controlled by two different reaction pathways 

i.e., the thiosulphate pathway and the polysulphide pathway.  
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1.3.1. Thiosulphate pathway 

The thiosulphate pathway is only applicable to the acid insoluble metal sulphides 

such as pyrite (FeS2), molybdenite (MoS2) and tungstenite (WS2). The thiosulphate 

pathway (Fig. 2A) reaction mechanism followed in the bioleaching of pyrite is given 

below: 

 

FeS2 + 6Fe3+ + 3H2O  S2O3
2- + 7Fe2+ + 6H+    (1) 

 

S2O3
2- + 8Fe3+ + 5H2O  2SO4

2- + 8Fe2+ + 10H+   (2) 

 

The above two equations sum up to give the following overall equation 

 

FeS2 + 14Fe3+ + 8H2O  2SO4
2- + 15Fe2+ + 16H+   (3) 

 

The main role of the microorganisms in this mechanism is to catalyse the 

regeneration of the consumed ferric irons by means of aeration as given below in the 

equation (4). 

 

14Fe2+ + 3.5O2 + 14H+  14Fe3+ + 7H2O    (4) 

 

The overall reaction based on the primary oxidant is given below 

 

FeS2 + 3.5O2 + H2O  Fe2+ + 2SO4
2- + 2H+    (5) 

1.3.2. Polysulphide pathway 

The polysulphide pathway is applicable for acid soluble metal sulphides like galena 

(PbS), sphalerite (ZnS), arsenopyrite (FeAsS) and chalcopyrite (CuFeS2). The 

polysulphide pathway (Fig. 2B) reaction mechanism of zinc sulphide bioleaching is 

stated below: 
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8ZnS + 14Fe3+ + 2H+  8Zn2+ + 14 Fe2++ H2S8   (6) 

 

H2S8 + 2Fe3+  S8 + 2Fe2+ + 2H+     (7) 

 

The microorganism’s role in this mechanism is twofold: 

 

To catalyse the regeneration of the ferric ions consumed for the chemical 

oxidation of the intermediary hydrogen sulphide into elemental sulphur via 

formation of polysulphides. 

To catalyse the generation of sulphuric acid in order to maintain the supply of 

protons required in the first reaction step for the dissolution of the mineral. 

 

The later role is given in the following reaction below: 

 

S8 + 12O2 + 8H2O  8SO4
2-

 + 16H+    (8) 

 

16 Fe2+ + 4O2 + 16H+  16 Fe3+ + 8H2O     (9) 

 

However, the overall reaction based on the primary oxidant is pH neutral as shown 

below: 

 

ZnS + 2O2  Zn2+ + SO4
2-     (10) 

 

It is evident from the above mechanism that a high microbial oxidation rate of ferrous 

to ferric iron is important for an efficient bioleaching process of sulphide minerals. 
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Figure 2: Schematic comparison of thiosulphate (A) and polysulphide (B) 

mechanisms in bioleaching of metal sulphides (Schippers and Sand, 1999) 

(Figure reprinted from Rohwerder et al., 2003). 

1.4. General bioleaching process 

Continuously stirred tank reactors are highly aerated reactors where pulp 

continuously flows through a series of reactors with good control of pH, temperature 

and agitation creates a homogenous environment for mineral bio-oxidation. The ores 

and concentrates used for the stirred tank reactors are finely ground before they are 

used in the bio-oxidation process. The pulp density in the continuous stirred tank 

reactors is limited to ~20% solids. A pulp density higher than 20% solids cause 

inefficient gas transfer along with microbial cell damage by the high shear force 

caused by the impellers. The limitation in a pulp density of 20% solids and the 

relatively high cost for stirred tank reactors, have confined the process to be used 
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only for high grade minerals (van Aswegen et al., 1991; Rawlings et al., 2003). 

Normally the pH in continuously stirred tank reactors is maintained at a level of 1.0-

2.0 by addition of limestone, or if the concentrate contains acid consuming gangue, 

sulphuric acid is used (Arrascue and van Niekerk, 2006). A pH above 2.0 leads to 

precipitation of ferric iron as jarosites, while a pH below 1.0 leads to foam formation 

in the reactor (Dew, 1995; Chetty et al., 2000). After completion of bioleaching, the 

gold containing residue is treated for gold recovery through cyanidation, leaving 

behind leach liquor with high levels of ferric iron (Fe3+) and arsenate (AsO4
3-). 

Neutralisation of the leachate at a pH of 3-4 with slaked lime precipitates arsenic as a 

ferric arsenate (FeAsO4) (Stephenson and Kelson, 1997). The ferric arsenate obtained 

is stable and environmentally acceptable according to the US EPA  (Environment 

Protection Agency) TCLP testing procedure (Cadena and Kirk, 1995; Broadhurst, 

1994). Studies on the possibilities to use oxidic by-products, like steel slags, for 

precipitation of Fe/As at pH 3 in comparison to slaked lime proved promising, due to 

the presence of high concentrations of oxides and silicates in those materials (Cunha 

et al., 2008). 

1.5. Cost of neutralising agents in bioleaching process 

The cost for neutralisation is normally the second largest operation cost in BIOX® 

plants and the limestone cost is directly proportional to the distance between the 

deposit and the operation plant (van Aswegen and Marais, 1999). Therefore, it is 

important to look for substitutes like, dolomite, ankerite or calcrete (a low-grade 

limestone) deposits located close to the plant, in order to save operation costs. The 

Wiluna mine in Western Australia avails locally mined cheap calcrete as a 

neutralising agent, which contributes to the economic viability of the BIOX® process. 

The total cost involved in calcrete mining and transporting is 5 Australian dollars per 

tonne. Savings due to the use of calcrete helps in adjusting for Wiluna’s high power 

cost (van Aswegen and Marais, 1999; Marais, The geologist guide to the BIOX® 

process).   
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1.5.1. Alternative uses of steel slags  

European steel industries produce large amounts of steel slag every year. The total 

amount of steel slag generated in 2004 was about 15 million tonnes, in which 62% 

was Basic Oxygen Furnace (BOF) slag, 29% Electric Arc Furnace (EAF) slag and 

9% secondary metallurgical slag. Concerning the use of these slags, 45% is used for 

road construction, 17% for interim storage, 14% for internal recycling, 11% for final 

deposit, 6% for others, 3% for fertilizer, 3% for hydraulic engineering and 1% for 

cement production (Fig. 3) (EUROSLAG, 2006).  

 

Road construction (45%)

Interim storage (17%)

Internal recycling (14%)

Final deposit (11%)

Others (6%)

Hydraulic engineering (3%)

Fertilizer (3%)

Cement production (1%)

 
Figure 3:  Amount of steel slag produced in Europe (EUROSLAG, 2006). 

 

The utilisation of steel slag in Sweden is different than what is practised in Europe. 

Main part of the steel slag produced in Sweden goes to final deposit, while some part 

goes for internal recycling, road construction and small amounts goes for interim 

storage and cement production (Fig. 4).  
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Final deposit (49%)

Internal recycling (30%)

Road construction (12%)

Interim storage (8%)

Cement production (1%)

 
Figure 4:  Amount of steel slag produced in Sweden (Figure redrawn from Engström 

2007).  

 

Trials have been conducted for alternative applications on 11% of the steel slag, 

currently deposited to save the cost of landfill. The use of steel slag as a neutralising 

agent is expected to be viable due to its high alkalinity, ready availability and cost-

effectivity in comparison to limestone. Comparative cost studies conducted on 

limestone with different neutralising agents (Hedin and Watzlaf, 1994) states that 

limestone was one-third the cost of slaked lime. As steel slag is much cheaper than 

limestone, its use as a neutralising agent could therefore be a benefit for the process 

cost-efficiency. Replacement of lime for steel slag in acid mine drainage (AMD) 

treatment was an innovative approach where its high alkalinity and neutralising 

capacity was utilised (Ziemkiewicz, 1998). The calcium-alumina-silicate complexes 

present in steel slag causes the pH to rise to high levels, thus precipitating metal ions 

and hindering the bacterial growth.  

1.5.2. Alternative uses of combustion ashes

Sweden produces a large quantity of non-coal ashes every year. The amount of ashes 

produced from different sources were 15-25% from municipal waste, ~5% from peat, 

10-50% from sludge of paper industry, 2-4% from bark and 0.3-0.5% from pure 

wood (Ribbing, 2007). In 2003, the estimated total amount of ash produced was 
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1 125 000 tonnes per annum, of which 715 000 tonnes was bottom ash and 410 000 

tonnes fly ash. The fly ash and bottom ash produced in Sweden varied from each 

other depending on their fuel source and type of boilers used. The majority of the fly 

ash and bottom ash produced from different boilers came from the combustion of 

wastes of household and industries, paper industry and wood chips/peat (Fig. 6) 

(Ribbing, 2007). All the non-coal ashes in Sweden have a high pH due to their high 

lime content. Use of ashes as a liner construction material in landfill is an option for 

the utilisation of the ashes, but in Sweden, many landfills will be closed in the next 

10-15 years (Tham and Ifwer, 2006; Ribbing, 2007). Therefore, alternative uses of 

ashes should be looked for. Studies conducted on the use of three types of coal 

combustion ashes generated in a power plant in Illinois, USA suggested that they 

could be used as a neutralising agent in agriculture, waste treatment, fertilisers, 

wallboards, concrete and cement production, ceramics, zeolites, road construction 

and manufacture of amber glass (Demir et al., 2001). AMD mitigation can be another 

alternative use of fly ash. Studies conducted by Hallberg et al stated that the acid 

mine drainage generated in Falun, Sweden could be prevented by covering the 

sulphide mine tailings with a mixture of fly ash and biosludge (Hallberg et al., 2005). 

Wastes household & Industries (46.2%)

Paper Industry (23.1%)

Wood chips/peat (14.2%)

Coal (7.1%)

Waste from buildings (4.4%)

Sawmill industry (2.7%)

Coal & Rubber (2.2%)

 
Figure 6: Estimation of ash production in Sweden 2003 per annum, estimation by C. 

Ribbing 2007.
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Most of the non coal ashes produced in Sweden as estimated in 2005 is utilised as 

construction material in landfill and construction of parking places and other 

surfaces, while the rest is used for various other purposes as described in Figure 7.  

Construction material for Land filling (50%)

Parking place & other surfaces (21.6%)

Surfaces for drying slimes (6.6%)

Others (5.3%)

Stabilisation of hazardous fly ashes (5.1%)

Filling of former oil storag-cavern (3.3%)

Road building (3.3%)

Forestry (2.4%)

Covering of mine tailings (2.4%)

 
Figure 7: Estimation of use of ashes in Sweden 2005 per annum, estimation by C. 

 Ribbing 2006.

1.5.3. Alternative uses of Electric Arc Furnace dust 

Electric arc furnace (EAF) dust recovered from the gas cleaning system of scrap 

based steel production is an industrial oxidic by-product with high zinc content. It is 

only about 1.5% of the total output from a typical steel industry, but can create major 

environmental problems, which therefore needs to be handled carefully. The material 

contains zinc, calcium, iron, and silicate with contaminants of heavy metals such as 

lead, cadmium, chromium and others. Since 1984, due to the presence of small 

quantities of heavy metals (mainly lead) in the EAF dust, it has been regulated as a 

hazardous waste under the U.S. EPA's solid waste Resource Conservation and 

Recovery Act (RCRA, 1986). Parts of the EAF dust produced is shipped to hazardous 

waste landfills, while parts are sent to industries for recycling. All steel industry and 

electric arc furnace user pays millions of dollars for removal, treatment and disposal 
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of the EAF dust. In addition to posing a potential liability to the steel industries, the 

landfilled dust also contains significant and valuable quantities of recoverable zinc. 

Studies on hydrometallurgical processing for recovery of zinc from EAF dust have 

been widely carried out by various researchers (Havlík et al., 2006; Bruckard et al., 

2005; Leclerc et al., 2002; Cruells et al., 1992).  

1.5.4. By-products from paper industry and its alternative uses 

Lime sludge, a by-product generated from paper and pulp industry, is reused for 

production of lime (calcium oxide) by calcinations at temperature ranging from 

1000°C to 1300°C and marketed as quicklime and hydrated lime (Sweet, 1986). 

Some part of the lime sludge has to be bled out, due to formation of metakaolin on 

calcination (Pera and Amrouz, 1998). Therefore, alternative use of lime sludge 

generated from the paper industry can save the cost incurred for landfill. 
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1.6. Aim of the present work 

The aim of the present investigation is to study the possibilities to use steel slags, 

ashes, dust and sludge generated from Swedish industries as neutralising agent in 

bioleaching operations (Fig. 8). Batch bioleaching experiments on a highly acid 

producing pyrite concentrate has been conducted to determine the neutralising 

capacity of these materials in comparison to slaked lime and to observe eventual toxic 

effects on the microorganisms.  

 

 
Figure 8: Schematic representation of the neutralising agents used in the bioleaching 

experiments. 
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2. EXPERIMENTAL 

2.1. Pyrite concentrate 

The pyrite concentrate used for the experiment was tailings from chalcopyrite 

flotation at the Boliden plant in Aitik, Sweden. The major constituents were 23.9% of 

sulphur, 25.7% iron 12.9% silicon and 4.5% aluminium. Pyrite and kyanite were the 

two prominent mineralogical phases identified (For details see Paper I and II). 

2.2. Analytical and instrumentation techniques 

The analytical and instrumental techniques used in the experiments were as follows:  

Atomic Absorption Spectroscopy (AAS) for total iron estimation 

Platinum electrode measured against the Ag, AgCl reference electrode for 

redox potential 

Lange LDOTM/sc100 for dissolved oxygen 

Inductively Coupled Plasma (ICP) for elemental analysis 

X-ray powder diffraction (XRD) for identification of mineralogical phases. 

(For details see Paper I and II). 

 

2.3. Microorganisms 

The microbial culture used in the bioleaching experiments was a mixed culture of 

iron and sulphurs oxidisers with a few archael species (For details see Paper I and II). 

2.4. Neutralising agents 

Industrial oxidic by-products, like steel slags, ashes, dust and lime sludge, generated 

from different Swedish industries was used as neutralising agents in the bioleaching 

experiments. The slags used in the experiment were five different types of steel 

making slags from several steel plants in Sweden. The AOD (Argon Oxygen 

Decarbonisation) slag is a converter slag originating from stainless steel production. 

The BOF (Basic Oxygen Furnace) slag is a converter slag from ore based steel 
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production. The CAS-OB (Composition Adjustment by Sealed Argon Bubbling-

Oxygen Blowing) is a ladle slag from an integrated steel plant. The EAF (Electric 

Arc Furnace) slag and the Ladle slag (from ladle refining of steel) are both from scrap 

based steel production.  

 

Three different types of ashes from combustion for power generation were used. 

Bioash is a mixture of fly and bottom ash generated during combustion of biomass. 

Coal & Tyres ash is a fly ash from combustion of a mixture with 67% coal and 33% 

tyres. Waste ash is a mixed fly ash from combustion of wood chips and municipal 

waste. The EAF dust used is a dust collected in the gas cleaning system of an electric 

arc furnace in scrap based steel production. The Mesalime is generated in a paper and 

pulp industry. Slaked lime, Ca(OH)2, a commercial chemical, was used as reference 

material (For details see Paper I and II). 

2.5. Bioleaching 

A total number of eleven pH controlled batch experiments were conducted for 

bioleaching of a pyrite concentrate using a mixed microbial culture. Ten different 

oxidic by-products and slaked lime as reference material were used to control the pH 

in the bioreactor during the experiment. The neutralising agents were added into the 

pulp when pH decreased below the desired level of 1.5. The bioleaching experiments 

continued until no further changes in pH and redox potential were observed. After 

completion of each experiment, the pulp was harvested by filtration. The bioleach 

residues and bioleach liquor were analysed and the percentage of pyrite oxidation 

was calculated (For details see Paper I and II). 



 

29

3. RESULTS AND DISCUSSION 

All experiments started with a lag phase of approximately 4-7 days except the 

experiments with EAF dust and Ca(OH)2, which both had a lag phase of 

approximately 11 days (Figs. 9 and 10). The neutralising agents were added directly 

into the pulp when the pH in the bioreactor decreased below the desired level of 1.5. 

It was observed that the different neutralising agents used in the batch experiments 

behaved differently due to differences in their chemical composition (Table 2 Paper I 

and II).  

 

400

450

500

550

600

650

700

750

0 5 10 15 20 25 30 35 40 45 50 55

Time, days

Re
do

x 
po

te
nt

ia
l, 

m
V

Ca(OH)2
AOD slag
BOF slag
CAS-OB slag
EAF slag
Ladle slag

 
Figure 9: A plot of redox potential vs. time in the experiment with steel slag. 

 

The neutralising agents were added carefully to avoid excessive addition, as this 

could lead to too high pH creating unfavourable condition for the bacterial activity. In 

certain experiments due to the slow dissolution kinetics of the neutralising agent the 

pH slowly increased to slightly higher values than the desired level of 1.5, which in 

turn temporarily affected the microbial activity, as is seen with the prolonged lag 

phase in the experiments with Ca(OH)2 and EAF dust (Figs. 9 and 10).  
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Figure 10: A plot of redox potential vs. time in the experiment with ashes, dust and 

sludge. 

 

The total iron concentration in the final leachates in the experiments varied in the 

range 8.7-11.9 g/L, except the leachates from the experiments with Bioash and Waste 

ash, where the total iron concentration was 3.1 g/L and 1.0 g/L, respectively (Figs. 11 

and 12).  
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Figure 11: A plot of total iron concentration vs time in the experiment with steel slag. 
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During the log phase the total iron concentration in solution increased for a period of 

7-10 days, thereafter the concentration gradually decreased due to the precipitation of 

jarosite and possibly also other basic iron sulphates (Figs. 11 and 12). The kinetics 

for jarosite precipitation are known to be relatively slow at 35  C but the long 

duration of batch bioleaching experiments promotes the precipitation of jarosite 

(Deveci et al., 2004). Different forms of jarosite were identified by XRD in all 

bioleaching residues except in the experiment with CAS-OB slag (Table 7 paper I 

and II). Potassium jarosite is one of the least soluble jarosites and the presence of 

high amounts of soluble potassium in Bioash and Waste ash is probably the reason 

for their low total iron concentration in solution. When ferric iron is precipitated as 

jarosite both the redox potential and the pH in solution is lowered, in accordance with 

equation (11) given below: 

 

K+ + 3Fe3+ + 2SO4
2- + 6H2O  KFe3(SO4)2(OH)6 + 6H+    (11) 
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Figure 12: A plot of total iron concentration vs time in the experiment with ashes, 

dust and sludge. 
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The lowering in redox potential, as seen in the later parts in most of the experiments, 

is therefore also the consequence of jarosite precipitation (Figs. 9 and 10). 

 

The total amount of neutralising agent consumed in the experiments is a measure of 

neutralising capacity of the by-products used. The slaked lime reference material 

needed 22 g while the amount needed for the different by-products varied from 16 to 

82 g (Figs. 13 and 14; Table 1). 
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Figure 13: A plot of additions vs. time in the experiment with steel slag. 

 

The materials with highest neutralising capacities were in general the slags, where the 

amounts required of Ladle slag and CAS-OB slag were 16 g and 19 g, respectively, 

which was even better than the neutralising capacity of slaked lime. The lowest 

neutralising capacities were obtained in the experiments with Coal & Tyres ash and 

Waste ash, which needed 57 g and 82 g, respectively.  
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Figure 14: A plot of additions vs. time in the experiment with ashes, dust and sludge. 

 

The pyrite oxidation in all experiments ranged from 59% to 80%, with the lowest 

value of 59% obtained in the experiment with Waste ash, while the highest pyrite 

oxidation of 80% was obtained with BOF slag (Table 1). The pyrite oxidation in the 

experiments conducted with AOD slag and Coal & Tyres ash were 75%, which was 

similar to the experiment with reference slaked lime, while the experiments with 

CAS-OB slag, EAF slag and ladle slag all had recoveries of 77%. The other 

materials, i.e. Mesalime, Bioash and EAF dust had pyrite oxidation at around 70%. 

 

From the results obtained regarding pyrite oxidation, it is clear that the introduction 

of by-products, except in the case of Waste ash, had no negative effect on the 

bioleaching efficiency. Apart from the result obtained with Waste ash, the differences 

observed in pyrite oxidation in the experiments with different neutralising agents 

were relatively small and with the limited experimental data available all other 

neutralising agents must be considered equally effective neutralising agents for use in 

bioleaching processes.  
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Table 1: Experimental results  

 Ca(OH)2 
AOD 

slag 

Ladle 

slag 

EAF 

slag 

BOF 

slag 

CAS-

OB 

slag 

Bio- 

-ash 

Waste 

ash 

Coal  

&  

Tyres  

ash 

EAF 

dust 

Mesa 

lime 

Neutralising agents, (g) 22.1 25.5 16.1 27.2 24.6 18.8 32.7 81.5 57.0 37.5 28.7 

Concentrate, (g) 100 100 100 100 100 100 100 100 100 100 100 

Bioleach residue, (g) 127.8 128.3 101.2 130.9 119.7 94.8 147.4 180.0 151.1 123.3 121 

Wash water , (L) 0.25 0.28 0.28 0.35 0.21 0.32 0.35 0.35 0.35 0.25 0.22 

Bioleach liquor, (L) 1.19 1.04 1.24 1.16 0.98 1.28 1.23 0.90 1.24 1.15 1.14 

Pyrite oxidation, (%) 74.9 74.6 77.6 77.1 80.2 77.5 68.7 59.1 75.3 69.8 72.6 

 

 

The calcium content in the different neutralising agents was comparatively high and 

was in a range of 23-38%, except the CAS-OB slag, the EAF dust and the Waste ash, 

which contained 17%, 14% and 12% respectively. The dissolution of calcium into 

solution in all experiments was observed to be low with concentrations in the range 

0.5 g/L to 0.6 g/L in the bioleachate, due to the limited solubility of calcium in 

sulphate medium. The calcium precipitated as gypsum, which was the major 

mineralogical phase identified in all the bioleach residues.   

 

The concentration of sulphate in the bioleachates were in a range of 26-50 g/L (Table 

5 paper I and II). The lowest sulphate concentrations of 26 g/L and 28 g/L were 

obtained in the experiments with Ca(OH)2 and Bioash, respectively. The highest 

sulphate concentrations were seen in the experiments with CAS-OB slag and Ladle 

slag with concentrations of 50 g/L and 48 g/L, respectively. The variation in sulphate 

concentrations was dependent on the total amount of soluble metal sulphates in the 

solution. 
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The aluminium concentration in main part of the oxidic by-products varied from 

0.1% to 4%, exceptions where the CAS-OB slag and Ladle slag which had a 

concentration of 18.7% and 13.4%, respectively. The aluminium present in the by-

products was relatively soluble and aluminium concentrations of 2.7 g/L and 2.5 g/L 

were obtained in the experiments with CAS-OB slag and Ladle slag, respectively. 

Aluminium oxides present in the by-products contributes to the neutralising 

capacities at the relatively low pH utilised in bioleaching operations. However, the 

high aluminium concentrations obtained in the leachates, although that it does not 

have any negative impact on bioleaching efficiency, it will be a disadvantage in the 

down stream processing of the leach liquor. In the case high aluminium containing 

by-products are used in a leaching process of a refractory gold concentrate, the 

aluminium has to be precipitated with lime as the effluent is leaving the process, thus 

the benefits of aluminium oxide neutralisation capacity is lost. 

 

Several toxic elements like chromium, fluorine, chlorine, vanadium were found to be 

present at high concentrations in some of the by-products used for the present study, 

which could pose a threat to both the microbial activity as well as the environment. 

 

The AOD slag had a chromium concentration of 1.3% which could be toxic for the 

bacteria used in bioleaching operations. Approximately 17% of the chromium content 

in the AOD slag dissolved during the bioleaching process resulting in concentration 

of 55 mg/L in the bioleachate (Table 5 Paper I). This concentration did however not 

influence the microbial activity negatively as judged from the pyrite oxidation and 

redox potential in solution, but for environmental reasons chromium containing 

materials should be avoided as chromium is known to be a toxic element, especially 

in its hexavalent state (Dayan and Paine, 2001; Russo et al., 2005). Fluoride was 

another toxic element present in the AOD slag with a relatively high concentration of 

2.4% (Dayan and Paine, 2001; Russo et al., 2005), which dissolved completely giving 

a concentration of 0.6 g/L. Fluoride is toxic in its protonated form (HF) but fluoride 
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ions form strong complexes with aluminium ions, which under suitable conditions in 

the leaching solution regarding pH and redox potential, might lower the free HF 

concentration to non-toxic levels (Sundkvist et al., 2005). In the experiment with 

AOD slag the presence of 1.6 g/L aluminium (Table 5 Paper I) in the bioleachate was 

sufficient to complex the fluoride present in solution to non-toxic levels for the 

bacteria. Fluoride is also an unwanted ion in zinc electrowinning since fluoride ions 

react with the aluminium cathode making the deposited zinc difficult to strip from the 

cathode (Han and O´keefe, 1992). The combinations of the above makes AOD slag 

unsuitable for use in bioleaching processes. 

 

Chloride is an element known to be toxic for bioleaching microorganisms and 

generally concentrations of around 4-5 g negatively influences their activity (Shiers et 

al., 2005). The chlorine concentrations in the Waste ash and the EAF dust was 11% 

and 1.5%, respectively. The chlorine was present in the form of highly soluble halite 

in both materials and dissolved into solution giving rise to concentration of 8.9 g/L 

and 0.5 g/L, respectively (Table 5 Paper II). The concentration obtained in the 

experiment with Waste ash was clearly above the toxic level stated in the literature 

and is probably the reasons for the low pyrite leaching yield and low redox potential 

in that experiment, whereas no such toxic effects were observed in the experiment 

with EAF dust. The Waste ash obtained from combustion of municipal waste 

contains many different metal oxides, some of which were toxic like lead, cadmium 

and mercury along with high content of chlorides and fluorides. All of this taken 

together makes the Waste ash the most unsuitable by-product of all materials tested in 

this investigation.   

 

The zinc content of 24% in the EAF dust might be an asset in a bioleaching operation 

for zinc recovery from zinc sulphides. The majority of the zinc present in the EAF 

dust was in the form of zinc oxide, which dissolved to an extent of 74% during 

leaching, resulting in a concentration of 5.8 g/L in solution (Table 5  Paper II), which 
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would greatly increase the process economics. Thus, EAF dust appears to be a very 

suitable neutralising agent provided that chlorides present in the dust are removed for 

example by water washing prior to its use (Bruckard et al., 2005). 

 

Vanadium is another potentially toxic element present in both the BOF slag and the 

CAS-OB slag at concentrations of 2.5% and 0.5%, respectively. Vanadium is mainly 

toxic in its pentavalent state, which is the most probable speciation in a bioleaching 

process which usually operates at high redox potentials (Frank et al., 1996). The 

vanadium in the BOF slag dissolved to an extent of 75%, resulting in a concentration 

of 481 mg/L, while 53% of the vanadium dissolved in the CAS-OB slag giving a 

concentration of 42 mg/L. In the present investigation no toxic effects due to 

vanadium were observed in the experiments with BOF slag and CAS-OB slag. The 

use of BOF slag (which contains higher content vanadium than CAS-OB slag) as a 

neutralising agent in a large scale bioleaching processes can cause environmental 

problems unless vanadium is removed before disposal of the leach liquor. On the 

other hand, the recovery of vanadium from a 0.5 g/L solution might be worthy due to 

vanadium’s high market value.  

 

The presence of un-burnt carbon in Bioash and Coal & Tyres ash were identified by 

XRD. The high content of unburnt carbon in Coal & Tyres ash gave a blackish colour 

to the neutralising agent and when added to the pulp in the bioleaching process it 

became oily and stuck to the reactor walls. It is therefore believed that the use of Coal 

& Tyres ash as a neutralising agent in a bioleaching operation may cause handling 

problems due to its sticky nature making it unsuitable for use. Apart from that, it was 

also observed that the redox potential in the experiment conducted with Coal & Tyres 

ash decreased immediately after each addition indicating a reducing property in the 

Coal & Tyres ash. The reason for this is may be due to the presence of some organic 

compound in the ash.  
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In summary, all the by-products investigated, except Waste ash, has proven to be 

good alternatives to lime or limestone as neutralising agents in bioleaching 

operations, without negative impact on the bioleaching efficiency. The Waste ash 

should be avoided due to the high amounts of toxic elements and the low neutralising 

capacity. The AOD slag is less suitable due to the presence of environmentally 

hazardous elements. The CAS-OB and BOF slags have the disadvantages of not 

being disintegrating and will thus require crushing and grinding before use and might 

be less eco-friendly due to the vanadium content. The Coal & Tyres ash should also 

be avoided due to its carbon content which made it sticky, causing material handling 

problems. The EAF dust could be an excellent substitute for limestone, particularly in 

a zinc bioleaching process due to its high content of soluble zinc, provided that the 

chlorides are removed before use. Bioash was found to be a favourable neutralising 

agent as it had a high neutralising capacity and no significant toxic effects on the 

microorganisms. Both EAF slag and Ladle slag would be convenient to use as 

neutralising agents due to their disintegrating nature, high neutralisation capacity and 

absence of environmentally hazardous elements. Mesalime is a relatively pure calcite 

product and is the best alternative neutralising agent of the oxidic by-products 

investigated in this study. 
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4. CONCLUSION 

The aim of the present investigation has been to investigate the possibilities to replace 

the generally used lime or limestone with industrial oxidic by-products as neutralising 

agent in bioleaching. All industrial oxidic by-products studied, except Waste ash, 

proved to be suitable as no negative impact on the bioleaching efficiency was 

observed. Toxic effects on microorganisms, neutralisation capacity, cost and 

environmental concerns of the oxidic by-products have been evaluated regarding 

their suitability as neutralising agents in bioleaching processes. Ladle slag, EAF slag, 

Mesalime and EAF dust proved to be the most suitable as they satisfied all these 

conditions. The high zinc content in EAF dust makes it an excellent neutralisation 

agent if it is used in a process for zinc sulphide bioleaching. 

 

This innovative approach to use industrial oxidic by-products can save the cost for 

the generally used limestone in the bioleaching process. Use of oxidic by-products as 

neutralising agent also creates an alternative approach for their recycling and at the 

same time the cost for landfilling of these by-products would be saved. The only cost 

associated with the use of by-products is the transportation, which depending on 

distance between the by-product producing industry and the bioleaching plant might 

be lower than the cost of landfilling. The use of by-products as neutralising agent will 

also preserve the virgin natural resources of limestone for the future generations to 

come. 
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FUTURE WORK  

The future work is planned to investigate the possibilities to use few selected best 

oxidic by-products as a neutralising agent from the present study in a continuous bio-

oxidation of arsenopyritic refractory gold concentrates in a 5L continuous stirred tank 

reactor. The biooxidation of the refractory gold concentrates will be followed by 

cyanide leaching of gold from bioleached residue and precipitation of iron and 

arsenic from the bioleach liquor along with recovery calculations and predictions on 

the feasibility to use industrial oxidic by-products as a neutralising agent in a 

continuous biooxidation process.    
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Abstract 

A comparative study on bioleaching of a pyrite concentrate using five different steel slags as 

neutralising agent has been performed with a commercial grade slaked lime chemical serving 

as reference material. The acid produced during oxidation of pyrite was neutralised by regular 

additions of neutralising agent whenever needed to maintain a pH of 1.5. Bioleaching was 

conducted as batch experiments in 1-L scale reactors, with a mixed mesophilic culture at a 

temperature of 35  C. The different steel slags used were AOD, BOF, EAF, CAS-OB and 

Ladle slags, representing slags produced in both integrated steel plants and scrap based steel 

plants. The aim of the study was to investigate the possibility to replace normally used lime or 

limestone with steel slags, considering their neutralising capacities and eventual negative 

impact on the bacterial activity. 

The bioleaching efficiency was found to be equally good or better, when steel slags were used 

for neutralisation instead of slaked lime, and the bioleaching yields of pyrite were in the range 

75-80%. Some of the slags used contained potentially toxic elements for the bacteria, like 

fluoride, chromium and vanadium, but no negative effect of these elements could be observed 

on the bacterial activity. However, slags originating from stainless steel production are better 

to avoid for environmental reasons, due to the presence of chromium. The neutralising 

potential of the slags were high, as determined by the amount needed for neutralisation during 

bioleaching. The range of additions required for complete neutralisation was 16-27 g, while 

22 g was needed in the experiment with slaked lime. 

Hence, it is concluded that considerable savings in operational costs can be obtained by 

replacement of lime or limestone with steel slag, without negative impact on bioleaching 

efficiency. Recycling of steel slag would render an eco-friendly process and provide a means 

for sustainable use of natural resources. 

Key words: Bacteria, Steel slag, Pyrite, Neutralisation, Bioleaching. 
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Introduction 

Stirred tank biooxidation of refractory gold concentrates utilising mesophilic microorganism 

is one of the processes successfully commercialised today. Mineral decomposition in 

temperature and oxygen controlled stirred tank reactors normally takes 5 days in contrast to 

heap bioleaching of secondary copper sulphides, which takes months or even years. Stirred 

tank bioleaching have always been more effective among all the bioleaching processes and 

restricted to high value minerals due to its limitations on solid concentration and higher 

process costs (Rawlings et al., 2003). Approximately ten operational units have successfully 

established stirred tank reactor bio-oxidation using Gold field’s proprietary BIOX@ process 

for commercial application with three more plants upcoming in the near future (van Aswegen 

et al., 2007). Another technology for the treatment of refractory gold ores in stirred tanks is 

the BACOX process, owned by the Canadian-based BacTech Mining Company. Currently 

three plants using the BACOX process are in operation, with the most recent plant in China at 

Shandong Tarzan Gold Co. Ltd (China Metals, Reports Weekly, Interfax China Ltd., 2004). 

BHP Billiton Ltd has developed agitated tank bioleaching processes for the recovery of 

different base metals like nickel, copper and zinc from its respective sulphides, these 

processes have been scaled up to pilot and demonstration scale but are currently not in full-

scale operation (Dresher, 2004).  

The mineral dissolution process in bioleaching follows either of the two different pathways, 

i.e. the polysulphide or the thiosulphate pathway (Schippers and Sand, 1999; Tributsch, 2001; 

Sand et al., 2001; Rohwerder et al., 2003; Rawlings et. al., 2003). The thiosulphate 

mechanism applies to acid insoluble disulphides like FeS2 and MoS2, while the polysulphide 

mechanism applies to acid soluble sulphides like ZnS, CuFeS2, NiS etc. The present study 

deals with bioleaching of pyrite following the thiosulphate pathway in which, Fe3+ ions 

attacks the FeS2, producing thiosulphate and ferrous iron as intermediary products (Eq. 1). 
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The ferrous iron is then oxidised to ferric iron by the iron oxidising microorganisms (Eq. 2), 

while thiosulphate is oxidised by Fe3+ ions to produce sulphate (Eq. 3). The thiosulphate can 

alternatively also be oxidised into sulphate by sulphur oxidising microorganisms. The overall 

reaction based on the primary oxidant is given in equation 4. 

FeS2 + 6 Fe3+ + 3 H2O  7Fe2+ + S2O3
2- + 6 H+     (Eq. 1) 

Fe2+ + ¼ O2 + H+  Fe3+ + ½ H2O                               (Eq. 2) 

S2O3
2- + 8 Fe3+ + 5 H2O  2 SO4

2- + 8 Fe2++ 10 H+      (Eq. 3) 

FeS2 + 7/2 O2 + H2O  Fe2+ + 2 SO4
2- + 2 H+      (Eq. 4) 

From the equations given above it is seen that bioleaching of pyrite is an acid producing 

process and even more acid is produced due to the hydrolysis of ferric iron. The 

microorganisms used in bio-leaching processes are chemo-lithotrophic and acidophilic having 

optimum activity at a pH around 1.5, therefore addition of neutralising agents is required to 

maintain the desired pH.  

Neutralisation of the acid produced during bioleaching of sulphide minerals, is generally 

practised using slaked lime or limestone. Controlling pH at a proper level is important to the 

operation efficiency in bioleaching processes and generally, a pH range of 1.0-2.0 is 

maintained. Operating a bioleaching process at a pH above 1.85 may cause excessive iron 

precipitation as jarosite, while operation at a pH below 1.0 may result in foam formation, as 

observed at BIOX® processes in Fairview and Wiluna (Dew, 1995; Chetty et al., 2000). The 

Tamboraque BIOX® plant in Peru, for the bio-oxidation of arsenopyrite, operates at a pH 

range of 1.2-1.6 by addition of either limestone or sulphuric acid (Arrascue and van Niekerk, 

2006). After completion of bioleaching, the gold containing residue is treated for gold 

recovery through cyanidation, leaving behind the leach liquor with high levels of ferric iron 

(Fe3+) and arsenate (AsO4
3-). Neutralisation of the leachate at a pH of 3-4 with slaked lime 

precipitates arsenic as a ferric arsenate (FeAsO4) (Stephenson and Kelson, 1997). The ferric 
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arsenate obtained is stable and environmentally acceptable according to the US EPA  

(Environment Protection Agency) TCLP testing procedure (Cadena and Kirk, 1995; 

Broadhurst, 1994). Studies on the possibilities to use oxidic by-products, like steel slags, for 

precipitation of Fe/As at pH 3 in comparison to slaked lime proved successful, due to the 

presence of high concentrations of oxides and silicates in those materials (Cunha et al., 2008). 

The cost for neutralisation is normally the second largest operation costs in BIOX® plants and 

the limestone cost is directly proportional to the distance between the deposit and the 

operation plant (van Aswegen and Marais, 1999). Therefore, it is important to look for 

substitutes like, dolomite, ankerite or calcrete (a low-grade limestone) deposits located close 

to the plant, in order to save operation costs. The Wiluna mine in Western Australia avails 

cheap calcrete as a neutralising agent, mined from there itself, which contributes to the 

economic viability of the BIOX® process. The total cost involved in calcrete mining and 

transporting is A$ 5 per tonne. Savings due to the use of calcrete helps in adjusting for 

Wiluna’s high power cost (van Aswegen and Marais, 1999; Marais, The geologist guide to the 

BIOX® process).  

European steel making industries are producing large amounts of steel slag every year. The 

total amount of steel slag generated in 2004 was about 15 million tonnes, in which 62% was 

Basic Oxygen Furnace slag, 29% Electric Arc Furnace slag and 9% secondary metallurgical 

slag. Concerning the use of these slags, 45% goes for road construction, 17% for interim 

storage, 14% for internal recycling, 11% for final deposit, 6% for others, 3% for fertilizer, 3% 

for hydraulic engineering and 1% for cement production (EUROSLAG, 2006). Trials have 

been conducted for alternative applications on the 11% of the steel slag currently deposited to 

save the cost of landfill. The use of steel slag as a neutralising agent is expected to be viable 

due to its high alkalinity, ready availability and cost-effectivity in comparison to limestone. 

Comparative cost studies conducted on limestone with different neutralising agents (Hedin 
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and Watzlaf, 1994) states that limestone was one-third the cost of slaked lime. As steel slag is 

much cheaper than limestone, its use as a neutralising agent could therefore be a benefit for 

the process cost-efficiency. Replacement of lime for steel slag in Acid Mine Drainage (AMD) 

treatment was an innovative approach where its high alkalinity and neutralising capacity was 

utilised (Ziemkiewicz, 1998). The calcium-alumina-silicate complexes present in steel slag 

causes the pH to rise to high levels, thus precipitating metal ions and hindering the bacterial 

growth. Another advantage is that steel slag, unlike lime, does not absorb CO2 from air to 

convert back into insoluble calcite.  

The present investigation aims to study the possibilities to use slag from different Swedish 

steel industries as neutralising agent in bioleaching operations. Batch bioleaching experiments 

were conducted to determine the neutralising capacity of the slags and determine any eventual 

toxicity on the microbial activity.  
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2. Materials and method 

2.1. Micro-organisms 

Inoculums for all bioleaching experiments were taken from a continuous reactor in order to 

have an identical bacterial culture for start up of the experiments. The continuous culture was 

growing on the 9K nutrient medium (Silvermann and Lundgren, 1959) supplemented with 4.5 

g/L of Fe2+ and 2 mM of potassium tetrathionate at a dilution rate of 0.021 h-1. The continuous 

reactor was maintained at a pH level of 1.45 ± 0.05 and a redox potential of 740  5 mV. The 

used mixed culture comprised of iron oxidisers, sulphur oxidisers and a few archaeal species 

as determined through Q-PCR analysis by Bioclear B.V., Netherlands. Dominating species in 

the culture were Leptospirillum ferrooxidans, Acidithiobacillus caldus, Acidithiobacillus 

thiooxidans, Sulphobacillus sp. and Ferroplasma sp.. 

 

2.2. Analytical and instrumentation techniques 

Total iron concentrations of leach liquor samples were analyzed by Atomic Absorption 

Spectroscopy (AAS) (PerkinElmer Instruments, AAnalyst 100). Ferrous iron concentrations 

in bioleach liquors were determined by a titrimetric method using cerium sulphate with 1,10-

phenanthroline as indicator (Kolthoff and Sandell, 1963). A platinum electrode with a Ag, 

AgCl reference electrode was used for redox measurements, while a Lange LDOTM/sc100 was 

used for the measurement of dissolved oxygen in the bioreactor. Chemical analysis of the 

pyrite concentrate, neutralising agents and bioleaching residues were carried out by 

Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES)/Quadrupole Mass 

Spectrometry (ICP-QMS)/Sector Field Mass Spectrometry (ICP-SFMS) at ALS Scandinavia 

AB, Sweden [(www.analytica.se), ISO 9001]. Sample digestions for ICP analysis were done 

as per the protocols of ASTM D3682 and D3683. X-ray diffraction (XRD) on pulverised 

samples was performed using a Siemens D5000 automatic diffractometer provided with a 

http://www.analytica.se
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continuous scanning device. Cu K  radiation of 40 kV and 30 mA and a sample rotation of 30 

rpm were used. Diffraction patterns were measured in the range from 10  to 90º and 

crystalline phases identified using the Joint Committee for Powder Diffraction Standards 

(JCPDS) file of the instrument.  

 

2.3. Pyrite concentrate 

The pyrite concentrate used for the experiment was tailings from chalcopyrite flotation at the 

Boliden plant in Aitik, Sweden. The concentrate was dried at 100ºC before being sampled in a 

rotary divider into 1 kg packets. Chemical composition of the concentrate shows the presence 

of sulphur 23.9% and iron 25.7% as major constituents, and relatively high amounts of silicon 

and aluminium, 12.9% and 4.5%, respectively (Table 1). Mineralogical phases identified in 

the concentrate were pyrite (FeS2), which was dominating, and kyanite (Al2SiO5), a gangue 

mineral.

 

2.4. Neutralising agents 

The neutralising agents used in this experiment were five different types of steel making slags 

from several steel plants in Sweden, which are common by-products obtained at any steel 

producing facility. The slags used in the experiment were of five different types. The AOD 

(Argon Oxygen Decarbonisation) slag is a converter slag originating from stainless steel 

production. The BOF (Basic Oxygen Furnace) slag is also a converter slag from ore based 

steel production. The CAS-OB (Composition Adjustment by Sealed Argon Bubbling-Oxygen 

Blowing) is a ladle slag from an integrated steel plant. The EAF (Electric Arc Furnace) slag 

and the Ladle slag (from ladle refining of steel) both from scrap based steel production. 

Slaked lime, Ca(OH)2, a commercial chemical, was used as reference material. 
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The AOD, EAF and Ladle slags used were naturally disintegrating, i.e. upon cooling an 

expanding phase change in di-calcium silicate occurs, which turns the slag into a fine dust. 

However, the AOD and EAF slag still contained some bigger aggregates and were therefore 

together with the CAS-OB slag, which came as bigger lumps, initially crushed to a size 

smaller than 5 mm. The CAS-OB slag was further rod milled which also was the case with 

BOF slag for 10 and 20 minutes, respectively. After these primary size reductions, all slags 

were ring milled for 20 seconds. The slaked lime was used as received.  

Particle size analysis by laser size classification was carried out on all samples. Final grind 

size of the particles expressed as 80% passing (d80), was in the range of 15–25 μm for the 

Ladle, EAF and CAS-OB slags, while the AOD and BOF slags had a particle size of 

approximately 50 μm. The particle size for the calcium hydroxide reference material was the 

finest with a d80 of 8 μm. All neutralisation agents used were also characterised regarding 

their chemical and mineralogical contents (Tables 2 and 3), (Cunha and Sandström, 2006).  

 

2.5. Bioleaching 

The batch bioleaching experiments were carried out in a borosilicate glass reactor with a 

working volume of 1 L. An airtight lid with a condenser was used to minimize evaporation 

from the reactor. The temperature in the bioreactor was maintained at 35º C by a hot plate 

heater placed below the reactor (Fig. 1). Homogenous mixing of the pulp was achieved by 

agitation with a propeller stirrer fixed at a height of 1.5 cm above the base of the reactor with 

a rotation speed of 250 rpm. To avoid vortex formation two baffles with a width of 1/12 of the 

reactor diameter were mounted perpendicular to the vessel wall on opposite sides of the 

reactor. Air enriched with CO2 (2-3%, v/v) was blown into the bioreactor at a rate of 1 L/min 

beneath the propeller and the dissolved oxygen (D.O.) level was kept at a level of about 5 
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mg/L. The experiments were performed with 10% (w/v) of concentrate and 10% (v/v) 

inoculum with the iron free 9K mineral salt medium (Silvermann and Lundgren, 1959). 

During the first days of the experiments, pH was adjusted to 1.5 with H2SO4 to neutralise acid 

consuming gangue minerals present in the concentrate. The bacterial activity started after a 

lag phase of approximately 4-7 days after which an increase in redox potential and a decrease 

in pH was observed. The pH and redox potential were checked once or twice daily and 

whenever needed pH was adjusted to 1.5 by additions of slag (or slaked lime). The 

neutralising agents were carefully added directly into the pulp. The bioleaching experiments 

continued until no further changes in pH and redox potential were observed. Leach liquor 

samples from the bioreactor were taken every second day during the course of bioleaching 

and the total iron concentration was analysed to follow the bioleaching trend. After 

completion of each experiment, the pulp was harvested by filtration and the filter cake was 

washed with a measured volume of de-ionised water, acidified to pH 1.5 with H2SO4. The 

total volume of leach liquor including wash water was measured before being sent for 

analysis (Table 5). The washed bioleaching residues were dried in a hot air oven at a 

temperature of 70º C for several days, until no change in weight was observed on two 

consecutive readings. Bioleach residues were analysed regarding their chemical and 

mineralogical composition (Tables 4 and 7). 

 

2.6. Calculation of pyrite leaching yields 

During bioleaching of pyrite, part of the ferric iron in solution precipitates as ferric hydroxide, 

jarosite and possibly other basic ferric sulphates. In order to obtain the total leaching yield of 

pyrite, the precipitates in the residues were dissolved in 6 M HCl. This treatment does not 

dissolve pyrite. The residues might also contain un-dissolved iron originating from the slag, 

which has to be compensated for, in the recovery calculation. Therefore, the amount of 
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soluble iron in 6 M HCl in the slag was determined, and the recovery based on feed and 

residue analysis was thus calculated according to the following formula: 

100
Fe(f)

Fe(nss)Fe(sr)Fe(r)1Yield , where Fe(r) is the iron content in residue, Fe(sr) 

is the soluble iron content in residue, Fe(nss) is the content of non soluble iron in the slag and 

Fe(f) is the iron content in the pyrite. 
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3. Results 

All experiments had an initial lag phase of approximately 4-7 days except the experiment with 

Ca(OH)2, which had a lag phase of 12 days, see explanation below (Figs. 2-13). When the 

bacterial culture became active, as observed by an increase in redox potential and a decrease 

in pH, addition of neutralising agent started. Some of the slag samples used had slow 

dissolution kinetics for which additions had to be done with care to avoid excessive additions. 

In figures 3, 5, 7, 9, 11 and 13 the initial pH value indicates the value before additions of 

neutralising agent, while final pH is the value obtained after additions. In cases when slag 

reactivity was lower, pH continued to increase long time after additions were stopped, which 

in some cases resulted in a too high initial pH the following day. The total amount of 

neutralising agent needed in the experiments varied from 16 to 27 g, while 22 g was needed in 

the Ca(OH)2 experiment (Table 6). Pyrite leaching yields were in the range 75-80%, with the 

lowest recovery of 75% obtained for Ca(OH)2 and AOD slag (Table 6). This shows that the 

slag materials used in this neutralisation study had no negative impact on the bioleaching 

efficiency. 

During the progress of bioleaching, the total iron concentration increased during the first 2-3 

weeks, thereafter, the iron concentration started to decrease due to the precipitation of jarosite 

and possibly other basic iron sulphates. Chemical analysis of the leach liquors is given in 

Table 5. The iron content in the leachates were in the range of 8.7-11.9 g/L and due to the 

high redox potentials obtained in all experiments, only very small amounts were in the ferrous 

state, which also was verified by titration. The calcium content was 0.5-0.6 g/L in all 

experiments reflecting the limited solubility of calcium in sulphate medium. Sulphate 

concentrations varied from 28 g/L for Ca(OH)2 up to 50 g/L for the CAS-OB slag. The great 

variation in sulphate concentrations was dependent on the total amount of soluble metal 

sulphates in the solution.   
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The amount of residue obtained in the different bioleaching experiments varied from 95-131 g, 

with 128 g obtained in the experiment with Ca(OH)2 (Table 6). The residues were analysed 

regarding their chemical and mineralogical composition (Tables 4 and 7). Different forms of 

gypsum were the major mineralogical phase in all bioleaching residues. Each experiment is 

discussed in more detail below.  

 

3.2. Bioleaching with Ca(OH)2 as a reference neutralising agent 

The bioleaching of pyrite using calcium hydroxide as neutralising agent took 47 days to 

complete (Figs. 2 and 3). During start up of this experiment, enough care was not taken to 

avoid fluctuations in pH; this disturbed the bacterial growth resulting in a prolonged lag phase 

that lasted 12 days. After the initial pH disturbances, when a good bacterial activity was 

obtained the pH in the experiment varied between 1.25-1.59. Most of the bacterial acid 

production was observed between day 18 and 23, which also corresponds to the period when 

most of the slaked lime was added. At this time pH decreased radically during night and on 

one occasion it decreased down to a pH of 1.25 (Fig. 3). The total amount of calcium 

hydroxide needed for neutralisation during bioleaching of the pyrite concentrate was 22.1 g 

(Table 6). The dry solid residue obtained after bioleaching weighted 128 g, i.e. more than the 

total amount of solids introduced into the reactor due to the formation of gypsum. Other 

phases identified in the residue by XRD include hydronian jarosite, minor amounts of 

unleached pyrite and the silicate microcline (Table 7). 

The total iron and sulphate content in the leach solution was 8.7 g/L and 27.6 g/L, 

respectively. Apart from iron, also some aluminium (0.8 g/L) and magnesium (0.4 mg/L) 

dissolved from the pyrite concentrate (Table 5). The sulphate concentration in the leachate 

was 27.6 g/L In this reference experiment, the bioleaching yield of pyrite was 75%.  
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3.3. Bioleaching with AOD slag as neutralising agent 

The bioleaching experiment with AOD slag as a neutralising agent was allowed to run for a 

total of 53 days (Figs. 4 and 5). In this experiment, the lag phase was short as seen in figure 4 

by an increase in redox potential after 4 days. The reactivity of the AOD slag was relatively 

high, which made it easy to control pH at the desired level and after the acid consuming 

gangue had been neutralised, the pH in the experiment varied between 1.30 and 1.57. The 

highest activity was between day 7 and 12 when the main part of neutralisation agent was 

needed (Fig. 5). The total amount of AOD slag added was 25.5 g and the weight of dry 

bioleach residue was 129 g (Table 6). Crystalline mineral phases identified by XRD were 

gypsum, hydronian jarosite, sanidine and some remaining pyrite (Table 7). 

The leach liquor contained 9.0 g/L of iron and 37.7 g/L of sulphate ions as major composition. 

Minor amounts of aluminium (1.6 g/L) and magnesium (1.1 g/L) were also found (Table 5). 

The AOD slag, which originates from stainless steel production, contained relatively high 

concentrations of chromium (1.3%) and fluoride (2.4%) (Table 2), both of them can be toxic 

for the microorganisms and the environment (Dayan and Paine, 2001; Russo et al., 2005). 

Approximately 16% of the chromium content in the slag dissolved giving a concentration of 

55 mg/L (Table 5). The fluoride analysis was 608 mg/L, which means that 100% of fluoride 

dissolved during leaching. The final bioleaching yield of pyrite was 75% (Table 6). 

 

3.4. Bioleaching with Ladle slag as neutralising agent 

Bioleaching of pyrite with Ladle slag as a neutralising agent took 38 days to be completed 

(Figs. 6 and 7). The reactivity of this slag was low which can be seen from the shape of the 

initial and final pH curves in figure 7. When pH in the experiment decreased, slag was added 

until a pH 1.5 was reached. Due to the lower reactivity of some of the silicates in the Ladle 

slag, pH continued to increase giving rise to a too high pH value the following day. Therefore, 
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the pH variations after solid additions were high in this experiment and were in the range 

1.18-1.64. Even though pH varied much in this experiment, the bacterial activity was good 

which can be seen by a fast and steady increase in redox potential from day 8 until day 16. 

The total amount of slag added was 16.1 g, which was the lowest amount needed in all 

experiments and the amount of dry residue obtained after filtration was 101 g (Table 6).  

The bioleach liquor contained 9.4 g/L of iron and 48.3 g/L of sulphate ions (Table 5). The 

aluminium concentration in the Ladle slag was 13.4% (Table 2) of which 46% dissolved, 

resulting in an aluminium concentration in the leach liquor of 2.5 g/L (Table 5). The 

concentration of magnesium in the slag was 8.6% (Table 2) of which about 90% dissolved 

giving 1.6 g/L of magnesium in the leaching solution (Table 5). In addition to gypsum, 

mineralogical phases of hydronian jarosite and the silicate sanidine together with free quartz 

were identified in the residue by XRD (Table 7). The bioleaching yield of pyrite was 78% in 

this experiment (Table 6). 

 

3.5. Bioleaching with EAF slag as neutralising agent 

The bioleaching using EAF slag as a neutralising agent completed in 46 days (Figs. 8 and 9). 

Throughout the entire experiment, pH was in the range of 1.34-1.76. Like the Ladle slag, the 

EAF slag also had a slow dissolution rate, resulting in to high pH in the pulp the day after 

addition (Fig. 9). The final addition before the experiment was stopped was a bit too big, 

giving a final pH of approximately 1.6. The amount of EAF slag consumed in the experiment 

was 27.2 g, while the dry residue weighed 131 g, which was the highest of all the experiments 

(Table 6).  

The final bioleach liquor had a concentration of 9.4 g/L iron and 35.1 g/L sulphate ions (Table 

5). The aluminium concentration was 1.4 g/L and the magnesium concentration of 0.5 g/L 

was similar to that obtained in the experiment with slaked lime. Mineralogical phases of 
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gypsum, potassium jarosite, sanidine and free quartz were identified in the residue by XRD 

(Table 7). The experiment with EAF slag gave a pyrite bioleaching yield of 77.1% (Table 6).

 

3.6. Bioleaching with BOF slag as neutralising agent 

Bioleaching of the pyrite concentrate conducted with BOF slag as neutralising agent was 

completed in 48 days (Figs. 10 and 11). After neutralisation of the acid consuming gangue, 

the pH varied in the range from 1.25 to 1.66. Even in this case the slag continued to react after 

additions, occasionally giving slightly higher pH than desired. The total amount of BOF slag 

used for neutralisation during the bioleaching experiment was 24.6 g and the dry residue 

weighed 120 g (Table 6). 

In the bioleachate, the analysed iron and sulphate concentrations were 11.9 g/L and 44.1 g/L, 

respectively, while the aluminium and magnesium concentrations were 1.1 g/L and 1.4 g/L, 

respectively (Table 5). The BOF slag had a high content of vanadium (2.5%) (Table 2), which 

dissolved to an extent of 75% during leaching, giving a concentration of almost 0.5 g/L in the 

solution (Table 5). Crystalline phases of the silicate orthoclase together with gypsum and 

hydronian jarosite were identified by XRD in the residue (Table 7). In this experiment the 

highest bioleaching yield of pyrite, 80.2% was achieved (Table 6).  

 

3.7. Bioleaching with CAS-OB slag as neutralising agent 

The experiment using CAS-OB slag as neutralising agent had a duration of 47 days and after 

the initial phase, pH varied between 1.22-1.55 throughout the experiment (Figs. 12 and 13). A 

total of 18.8 g of slag was needed for neutralisation and the residue weight was 95 g, which 

was the lowest amount in all experiments (Table 6). 

Concentrations of 11.7 g/L of iron and 50.1 g/L of sulphate were found in the leaching 

solution (Table 5). This slag had the highest content of aluminium (18.7%) (Table 2) and the 
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concentration in solution was 2.7 g/L (Table 5), which corresponds to a leaching yield of 44%. 

The content of manganese was also relatively high in this slag (8.2%) (Table 2) of which 59% 

dissolved during bioleaching, resulting in a manganese concentration of 1.2 g/L in solution. 

Minor concentrations of magnesium (557 mg/L) and vanadium (42 mg/L) were analysed in 

the leachate (Table 5). Apart from gypsum the silicates microcline and killalaite were 

identified in the residue (Table 7). The bioleaching yield of pyrite was 77.5% (Table 6).  
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4. Discussion  

One of the aims with the present study has been to investigate if the normally used slaked 

lime or limestone can be replaced with industrial oxidic by-products like slag for 

neutralisation during bioleaching. Of special importance is of course to establish if the slags 

contain elements that might be toxic for the bacteria used in bioleaching operations. From the 

results obtained, it is clear that the introduction of slags had no negative effect on the bio-

oxidation of pyrite. The leaching yields of pyrite were in the range of 75-80% in all 

experiments and most of the materials used had better leaching yields than the reference 

material (Ca(OH)2) (Table 7). The differences in leaching yields are however relatively small 

and with the experimental data available all materials investigated must be considered equally 

effective. 

The AOD slag contained fluoride (2.4%), an element known to be toxic for bacteria. There is 

strong evidence that the transport of fluoride through biological cell membranes mainly 

occurs by passive non-ionic diffusion of the free protonated form of fluoride, hydrofluoric 

acid, especially at pH < 6 (Gutknecht and Walter, 1981). Hydrofluoric acid, HF is a weak acid 

with a pKa-value of 2.9 - 3.4, depending on temperature and ionic strength (Pettit and Powell, 

2001). Bioleaching is normally carried out within the pH range 1-2. Consequently, free 

uncomplexed fluoride therefore largely exists as HF in a bioleaching solution. In this study, 

no toxic effects were however seen in the experiment with AOD slag, despite the relatively 

high fluoride concentration of 608 mg/L in solution (Table 5). In a previous study, it has been 

shown that the fluoride toxicity greatly depends on pH and redox potential in solution. In the 

presence of aluminium, strong aluminium fluoride complexes are formed, making the solution 

non-toxic by reducing the free HF concentration (Sundkvist et al., 2005). The aluminium 

concentration in the bioleachate was 1.6 g/L (Table 5), which together with other conditions 

was enough to complex the fluoride present in solution thus making it non-toxic for the 
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bacteria. Fluoride is also an unwanted ion in zinc electrowinning since fluoride ions react with 

the aluminium cathode making the deposited zinc difficult to strip from the cathode (Han and 

O´keefe, 1992). In addition, the AOD slag had relatively high amounts of chromium (1.3%) 

which is a well-known toxic element especially in its hexavalent state (Table 2) (Dayan and 

Paine, 2001; Russo et al., 2005). All of these toxic elements discussed above, if taken together 

makes the AOD slag from stainless steelmaking less suitable for use as neutralising agent in 

bioleaching, although no direct toxic effects could be observed in the present study.  

Another potential toxic element is vanadium, present mainly in the BOF slag and to a lesser 

extent in the CAS-OB slag. Vanadium is most toxic in the pentavalent state, which is the most 

probable speciation encountered in a high redox potential bioleaching process (Frank et al., 

1996). The vanadium concentrations obtained in the bioleachates were 481 mg/L and 42 mg/L 

in the BOF and CAS-OB slag, respectively (Table 5) and these concentrations does not seem 

to influence the bacterial activity negatively. The price of vanadium is currently (2008) 34000 

US$ per tonne and with the concentrations encountered in the BOF slag leachate it may be 

worth recovering. 

Regarding neutralisation capacity, i.e. the amount of slag needed to maintain pH at the 

required level, the CAS-OB and the Ladle slag had higher neutralising capacities than slaked 

lime whereas the other slag samples had slightly lower capacity (Table 6). Both the CAS-OB 

and the Ladle slag originates from ladle refining where oxygen in the steel is removed by 

addition of aluminium into the steel and therefore these slags contain different forms of 

aluminium oxides (mayenite, calcium aluminium oxide, hercynite) and silicates (gehlenite, di-

calcium silicate) (Table 3). Aluminium dissolved to a high extent (~46%) in both slags, which 

is the reason that these slags had the lowest amount of residue after leaching and the highest 

amount of aluminium and sulphate in the leachate. The higher dissolution of aluminium from 

these slags must be considered as a disadvantage, not in the leaching step but mostly in the 
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down-stream processing. In the case that these slags are used as neutralising agent in a 

process for bio-oxidation of a refractory gold concentrate, the aluminium and sulphate have to 

be removed together with iron and arsenic before the final effluent can be taken out of the 

process. Alternatively, in the case of a process for base metal recovery the aluminium has to 

be bled out of the process at some stage, otherwise it would build up to high concentrations. 

Both the cases would need lime in order to remove aluminium, which sets a drawback to the 

use of aluminium rich steel slags as a neutralising agent. Among the silicates identified in the 

slags and in the pyrite concentrate, none of them were found in the final bioresidues. The 

silicates appear to have been transformed in the acidic aqueous environment to form new 

silicate phases. The silicates sanidine, orthoclase and microcline all with the same chemical 

formula KAlSi3O8 were found in all residues.    

The problems encountered in controlling pH in some of the experiments to a proper value are 

mainly due to the manner in which the experiments were conducted, i.e. as batch experiments 

and the mode of addition, where dry solids were added directly into the pulp. In a full-scale 

operation pH control would be easier since then it would be achieved by continuous pumping 

of a pulp with neutralisation agent, which ensures better mixing and reactivity.  

In summary, all the slag materials studied in this work have proven to be very good 

alternative to lime or limestone for pH control in bioleaching operations, without any negative 

impact on the bioleaching efficiency. Three of the slags in this investigation i.e. EAF, AOD 

and the Ladle slag are naturally disintegrating which minimises the costs for crushing and 

grinding. Among the different slags tested only AOD slag from stainless steel production is 

considered less suitable due to the environmentally hazardous elements present in the slag. By 

substituting lime and/or limestone with oxidic by-products like slag, considerable savings in 

bioleaching operational costs and environmental advantages can be envisaged. The cost for 

lime and limestone as well as the landfill cost for the slag can be eliminated. The only cost for 
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the slag is that of transportation, depending on distance between steel plant and bioleaching 

plant, which might be less than the cost of landfilling. Use of steel slag as neutralising agent 

will also save virgin natural resources of limestone for future generations to come.  
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5. Conclusions 

The possibilities to replace the generally used limestone or slaked lime with steel slag in 

stirred tank bioleaching processes for pH control have been investigated with the following 

conclusions: 

Introduction of various types of steel slags had no negative effect on the bioleaching 

efficiency. 

Neutralising capacities of the steel slags were found to be similar to that of slaked lime.  

Savings in operational cost and an eco-friendly process with a sustainable use of natural 

resources can be obtained. 
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Tables

Table 1: Elemental composition of the pyrite concentrate 

 

Material Composition (%) 

Si Al Ca Fe K Mg Mn Na S Ba Cu Cr Mo Zn Pyrite 

concentrate 

 12.9 4.5 1.9 25.7 2.3 0.7 0.2 0.7 23.9 0.6 0.2 0.01 0.01 0.01 
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Table 2: Elemental composition of the neutralising agents 

Neutralising 

agents 

Si 

(%) 

Al 

(%) 

Ca 

(%) 

Fe 

(%) 

K 

(%)

Mg 

(%) 

Mn 

(%) 

Na 

(%) 

S 

(%)

Ba 

(mg/kg)

Cr 

(mg/kg)

Mo 

(mg/kg)

Pb 

(mg/kg)

V 

(mg/kg) 

Zn 

(mg/kg) 

F 

(mg/kg)

Cl 

(mg/kg)

Ca(OH)2 0.1 0.0 53.6 0.0 0.1 0.4 0.0 <0.004 0.02 <2 <10.0 <6.0 1.9 <2.0 27.3 30.9 1047 

AOD slag 12.9 2.5 37.5 1.6 0.1 3.7 0.7 0.09 0.12 101 13100 232 19.4 205 251 23600 695 

Ladle slag 5.9 13.4 29.9 2.4 0.1 8.6 0.2 0.04 0.34 85.1 2350 174 16.3 347 476 5273 1738 

EAF slag 7.0 3.0 31.2 19.8 0.1 1.9 2.3 0.13 0.06 243 2200 11.5 2.9 227 91.9 63.1 1617 

BOF slag 3.9 0.7 28.2 18.9 <0.1 7.3 2.9 <0.04 0.09 66.1 1500 <6.0 10.5 25100 90.8 97.0 883 

CAS-OB 

slag 
3.4 18.7 17.0 12.7 0.1 2.7 8.2 0.05 0.03 41.3 2930 <6.0 6.8 5060 112 119 1205 
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Table 3: Mineralogical phases of neutralising agents identified by XRD 

Neutralising 

agents 
Phases identified by XRD 

Ca(OH)2 portlandite (Ca(OH)2) 

AOD slag 
bredigite (Ca14Mg2(SiO4)8), cuspidine (Ca4Si2O7F2), calcium silicate (Ca2SiO4), merwinite 

(Ca3Mg(SiO4)2), periclase (MgO) 

Ladle slag calcium silicate (Ca2SiO4), gehlenite (Ca2Al2SiO7), mayenite (Ca12Al14O33), periclase (MgO) 

EAF slag 
calcium iron oxide (CaFe2O4), calcium magnesium aluminium iron silicate (Ca2Mg0.2AlFe0.6Si0.2O5), 

calcium silicate (Ca2SiO4), wuestite (FeO) 

BOF slag 
calcium iron oxide (Ca2Fe2O5), calcium manganese solid solution oxide ((CaXMn(1-X))O), calcium silicate 

(Ca2SiO4), wuestite (FeO) 

CAS-OB slag 
 hercynite (FeAl2O4), gehlenite (Ca2Al2SiO7), maghemite – C (Fe2O3), calcium aluminium oxide 

(Ca3Al2O6),  manganese oxide (MnO) 
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Table 4: Elemental composition of the bioleach residues 

Bioleach 

residues 

Si 

(%) 

Al 

(%) 

Ca 

(%) 

Fe 

(%)

K 

(%) 

Mg 

(%) 

Mn 

(%) 

Na 

(%)

S 

(%)

Ba 

(mg/kg)

Cu 

(mg/kg)

Cr 

(mg/kg)

Mo 

(mg/kg) 

Pb 

(mg/kg) 

V 

(mg/kg) 

Zn 

(mg/kg)

Ca(OH)2 10.8 2.9 10.9 11.9 1.9 0.2 0.1 0.7 11.4 4840 645 29.0 104 32.5 44.1 43.0 

AOD 

slag 
13.1 2.8 8.5 12.4 1.9 0.3 0.1 0.7 12.1 4720 627 2180 146 36.2 73.5 35.2 

Ladle 

slag 
13.8 3.8 6.2 14.4 2.4 0.3 0.1 0.9 10.9 5950 747 663 190 44.4 144 48.7 

EAF 

slag 
11.9 2.9 8.1 15.9 1.9 0.5 0.4 0.7 10.9 4820 528 202 102 31.2 82.5 26.7 

BOF 

slag 
12.2 3.1 7.3 14.3 2.0 0.8 0.4 0.7 10.4 5110 577 156 98.9 36.8 2140 31.2 

CAS-

OB slag 
14.6 5.2 4.6 15.9 2.7 0.6 0.6 0.9 8.2 6460 757 588 122 43.0 586 29.3 
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Table 5: Elemental composition of the bioleach liquors 

Composition Neutralising 

agents 

 
Fe 

(g/L) 

Al 

(g/L) 

SO4
2-

(g/L) 

Ca 

(mg/L) 

Mg 

(mg/L)

Cu 

(mg/L)

Mn 

(mg/L)

V 

(mg/L) 

Si 

(mg/L) 

Cr 

(mg/L)

F 

(mg/L)

Ca(OH)2 8.7 0.8 27.6 536 426 93.6 43.6 2.1 197 0.8 N.A. 

 AOD slag 9.0 1.6 37.7 517 1090 112.0 166 4.3 336 55 608 

 Ladle slag 9.4 2.5 48.3 574 1560 95.9 64.5 2.9 416 6.5 N.A. 

 EAF slag 9.4 1.4 35.1 552 508 90.1 219 3.0 395 3.3 N.A. 

 BOF slag 11.9 1.1 44.1 554 1420 120.0 445 481 237 3.1 N.A. 

 CAS-OB slag 11.7 2.7 50.1 580 557 87.7 1150 42.4 358 3.2 N.A. 

 *N.A. : Not analysed 
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Table 6: Experimental results  

 Ca(OH)2 
AOD 

slag 

Ladle 

slag 

EAF 

slag 

BOF 

slag 

CAS-OB 

slag 

Amounts of solid additions, (g) 22.1 25.5 16.1 27.2 24.6 18.8 

Bioleach residue, (g) 127.8 128.3 101.2 130.9 119.7 94.8 

Wash water volume, (L) 0.25 0.28 0.28 0.35 0.21 0.32 

Total bioleachate volume, (L) 1.19 1.04 1.24 1.16 0.98 1.28 

Pyrite leaching yield, (%) 74.9 74.6 77.6 77.1 80.2 77.5 
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Table 7: Mineralogical phases of bioleach residues identified by XRD 

Bioleach residues Phases identified by XRD 

Ca(OH)2 
gypsum (CaSO4.2H2O), jarosite hydronian ((K,H3O)Fe3(SO4)2(OH)6), microcline intermediate 

(KAlSi3O8), pyrite (FeS2) 

AOD slag 
gypsum (CaSO4.2H2O), jarosite hydronian ((K,H3O)Fe3(SO4)2(OH)6), sanidine disordered (K(Si3Al)O8), 

pyrite (FeS2) 

Ladle slag 
gypsum (CaSO4.2H2O), quartz (SiO2), jarosite hydronian ((K,H3O)Fe3(SO4)2(OH)6), sanidine 

disordered (K(Si3Al)O8) 

EAF slag gypsum (CaSO4.2H2O), quartz (SiO2), sanidine disordered (K(Si3Al)O8), jarosite (KFe3(SO4)2(OH)6) 

BOF slag gypsum (CaSO4.2H2O), jarosite hydronian ((K.H3O)Fe3(SO4)2(OH)6), orthoclase (KAlSi3O8) 

CAS-OB slag gypsum (CaSO4.2H2O), microcline intermediate (KAlSi3O8), killalaite (Ca3.2(H0.6Si2O7)(OH)) 
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Figure captions 

Figure 1: Bioleaching experimental set up. 

Figure 2: Change in redox potential and iron concentration with addition of Ca(OH)2. 

Figure 3: Change in initial and final pH with addition of Ca(OH)2. 

Figure 4: Change in redox potential and iron concentration with addition of AOD slag. 

Figure 5: Change in initial and final pH with addition of AOD slag. 

Figure 6: Change in redox potential and iron concentration with addition of Ladle slag.  

Figure 7: Change in initial and final pH with addition of Ladle slag. 

Figure 8: Change in redox potential and iron concentration with addition of EAF slag. 

Figure 9: Change in initial and final pH with addition of EAF slag. 

Figure 10: Change in redox potential and iron concentration with addition of BOF slag. 

Figure 11: Change in initial and final pH with addition of BOF slag. 

Figure 12: Change in redox potential and iron concentration with addition of CAS-OB slag. 

Figure 13: Change in initial and final pH with addition of CAS-OB slag. 
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Figures

 

Figure 1: Bioleaching experimental set up. 
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Figure 2: Change in redox potential and iron concentration with addition of Ca(OH)2. 
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Figure 3: Change in initial and final pH with addition of Ca(OH)2.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Page 38 of 47 38

0

5

10

15

20

25

30

0 5 10 15 20 25 30 35 40 45 50 55

Time, days

A
dd

iti
on

s,
 g

 
Fe

(to
t),

 g
/L

400

450

500

550

600

650

700

750

800

R
ed

ox
 p

ot
en

tia
l, 

m
V

Total iron concentration
Cumulative aditions
Redox potential

 

Figure 4: Change in redox potential and iron concentration with addition of AOD slag. 
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Figure 5: Change in initial and final pH with addition of AOD slag.   
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Figure 6: Change in redox potential and iron concentration with addition of Ladle slag. 
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Figure 7: Change in initial and final pH with addition of Ladle slag.   
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Figure 8: Change in redox potential and iron concentration with addition of EAF slag. 
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Figure 9: Change in initial and final pH with addition of EAF slag. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Page 44 of 47 44

0

5

10

15

20

25

0 5 10 15 20 25 30 35 40 45 50 55

Time, days

A
dd

iti
on

s,
 g

 
Fe

(to
t),

 g
/L

400

450

500

550

600

650

700

750

800

R
ed

ox
 p

ot
en

tia
l, 

m
V

Total iron concentration
Cumulative aditions
Redox potential

 

Figure 10: Change in redox potential and iron concentration with addition of BOF slag. 
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Figure 11: Change in initial and final pH with addition of BOF slag. 
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Figure 12: Change in redox potential and iron concentration with addition of CAS-OB slag. 
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Figure 13: Change in initial and final pH with addition of CAS-OB slag. 

 





PAPER II 

Study on the possibilities to use ashes, EAF dust and lime sludge as neutralising 

agent in bioleaching 

C. S. Gahan, M. L. Cunha and Å. Sandström 

Manuscript under preparation to be submitted in The Open Mineral Processing 

Journal,





STUDY ON THE POSSIBILITIES TO USE ASHES, EAF DUST AND 

LIME SLUDGE AS NEUTRALISING AGENT IN BIOLEACHING 

Chandra Sekhar Gahan1, Maria Lucelinda Cunha2 and Åke Sandström1*

 

1) Division of Process Metallurgy, Luleå University of Technology, SE-971 87 Luleå, 

Sweden. 

2) Dep. Ciência dos Materiais/CENIMAT, FCT/UNL, 2829-516 Caparica, Portugal. 

 

 

 

 

 

 

 

 

 

 

 

 

*Corresponding author: Åke Sandström 

E-mail: ake.sandstrom@ltu.se 

Tel.: +46 920 491290 

Fax: +46 920 491199  

mailto:sandstrom@ltu.se


Page 2 of 49 2

Abstract 

Studies were conducted to investigate the possibilities to use combustion ashes, EAF dust and 

lime sludge as neutralising agent with reference to a commercial grade slaked lime. To 

maintain optimum pH during bio-oxidation of pyrite the acid produced has to be neutralised. 

Batch bioleaching experiments were performed on a pyrite concentrate in 1-L scale reactors, 

using a mixed mesophilic culture at a temperature of 35ºC. Neutralising agents were added 

regularly to adjust pH to the desired level of 1.5. The ashes used were Bioash, Waste ash and 

Coal & Tyres ash representing ashes generated from combustion of biomass, a mixture of 

wood chips and municipal waste, and a mixture of coal and Tyres, respectively. The dust used 

was an EAF dust produced in scrap-based steel plant, while the sludge used was Mesalime 

produced in a paper and pulp plant.  

The study aimed to investigate the possibility to replace the conventionally used lime or 

limestone with by-products based on their neutralising capacities and to observe if the 

presence of any eventual toxic elements would have negative effects on the bacterial activity. 

The bioleaching efficiency was similar for all the neutralising agents used except Waste ash, 

when compared with slaked lime. The bioleaching yields were in a range 69-75% for all the 

neutralising agents, except the Waste ash, which had a leaching yield of 59%. The Waste ash 

contained a large number potentially toxic elements and the chloride concentration of 11% 

probably had some negative effect as observed on the lower redox potential and leaching 

yield. The EAF dust has a good potential to be used as neutralising agent in bioleaching 

processes for zinc recovery from zinc sulphides, due to the high content of zinc, however the 

chlorides present should be removed prior to its use. 

The neutralising capacity, as determined by the amount needed for neutralisation during 

bioleaching, were rather high for EAF dust, Bioash and Mesalime with 37 g, 33 g and 29 g, 

respectively as compared with 22 g needed for slaked lime. However, Waste ash and Coal & 
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Tyres ash had lower neutralising capacities with 81 g and 57 g needed, respectively. It is 

concluded that the replacement of lime or limestone with ash, dust or lime sludge can render 

considerable cost savings to the bioleaching operation. Use of ash, dust or lime sludge for 

neutralisation in bioleaching processes is a means for sustainable use of natural resources and 

provides opportunities to recycle elements present in them as for example zinc. 

Key words: Bacteria, Ash, Dust, Slime, Pyrite, Neutralisation, Bioleaching. 



Page 4 of 49 4

Introduction 

Biooxidation and bioleaching processes are mainly applied in heap and stirred tank leaching 

processes for the extraction of metal values from sulphidic ores and concentrates. Heap 

bioleaching is carried out on low-grade copper ores with 1-3% copper, mainly as secondary 

sulphide minerals as covelite (CuS) and chalcocite (Cu2S), while tank leaching is done on 

high refractory gold concentrates. In the bioleaching process, the microorganisms play a role 

in converting insoluble metal sulphides (zinc, copper, nickel, cobalt) or oxides (uranium) into 

water-soluble metal sulphates. Whereas the bio-oxidation process is mostly applied on 

refractory gold concentrates, where the microorganisms decompose the mineral matrix 

exposing the entrapped gold for cyanide leaching. Dissolution of metal sulphides is controlled 

by two different reaction mechanisms i.e., the thiosulphate pathway and the polysulphide 

pathway. The thiosulphate pathway is only applicable to the acid insoluble metal sulphides 

such as pyrite, molybdenite and tungstenite, while the polysulphide pathway is applicable for 

acid soluble metal sulphides like sphalerite, galena, arsenopyrite and chalcopyrite (Schippers 

and Sand, 1999; Rohwerder et al. 2003).  

 

Stirred tank biooxidation process has proved to be advantageous over heap bioleaching 

because the heap leaching process takes months and years to complete in comparison to few 

days taken by tank biooxidation process (Rawlings et al. 2003). Stirred tank biooxidation of 

refractory gold concentrates and in one case on a cobaltic pyrite concentrate are currently 

processed in more than ten full-scale operations using two different technologies with three 

more plants coming up in near future (Brierley and Briggs 2002; Rawlings et al. 2003; Olson 

et al. 2003; van Aswegen et al., 2007). New developments in stirred tank processes have 

come with high temperature mineral oxidation, which has been set up in collaboration 

between BHP Billiton and Codelco in Chile (Rawlings et al. 2003). Most of the commercial 
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application of stirred tank reactors uses Gold field’s proprietary BIOX@ process, while three 

are using the Canadian-based BacTech Mining Company’s BACOX process for the treatment 

of refractory gold concentrates (Rawlings et al. 2003). BHP Billiton Ltd operates at a pilot 

and demonstration scale for the recovery of base metals from metal sulphides of nickel, 

copper and zinc by a stirred tank bioleaching process (Dresher, 2004). Bioleaching of zinc 

sulphides has been widely investigated at laboratory scale by various researchers (Shi et al 

2005; Deveci et al 2004; Pani et al 2003; Rodríguez et al 2003; Sandström and Petersson 1997; 

Garcia et al 1995; Bang et al 1995; Chaudhury and Das 1987). The possibilities to process 

low-grade complex zinc sulphide ores through bioleaching have received much attention and 

has been tested in pilot scale (Sandström and Petersson 1997; Sandström et al 1997). MIM 

Holdings Pty, Ltd. holds a patent for a fully integrated process that combines bioleaching of 

zinc sulphides with solvent extraction and electro-winning of zinc metal (Steemson et al 

1994).  

 

The stirred tank bioxidation processes is carried out with finely ground high-grade mineral 

concentrates in highly aerated continuous flow reactors at a temperature ranging from 40-

50ºC. The mineral decomposition takes place in the pulp flowing through the series of stirred 

tanks with controlled pH, temperature and aeration. A maximum pulp density of ~20% solids 

is maintained in the tank reactors to avoid inefficient gas transfer and microbial cell damage. 

The pH in the tank reactors is maintained between 1.0-2.0 by addition of limestone, or if the 

concentrate contains acid consuming gangue minerals sulphuric acid is used to avoid jarosite 

precipitation at higher pH or foam formation at lower pH (Dew 1995; Chetty et al. 2000). 

Control of pH at a desired level increases the process efficiency, while the use of a cheap 

neutralising agent increases the cost efficiency of the stirred tank biomining process. After 

biooxidation of the refractory gold concentrates, the bioleached residues is cyanide leached 
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for gold recovery, while the ferric iron and arsenate in the leach liquor is precipitated in the  

form of ferric arsenate (Stephenson and Kelson 1997). The precipitation of ferric arsenate is 

generally carried out with neutralising agents like lime/limestone. Studies conducted on the 

use of oxidic industrial by-products for precipitation of Fe/As from leaching solution by 

Cunha et al shows that ashes, dust and mesalime are highly reactive due to the presence of 

calcite and lime (Cunha et al. 2008).  Due to the extensive use of neutralising agents in 

various steps of the biomining process and the relatively heavy cost associated with it, 

researchers and industries have tried to find substitutes to lime/limestone. Important criteria 

for choosing an alternative neutralising agent are; the neutralising capacity; no toxic effects 

for the microorganisms; the distance between the operation plant and the source of the 

neutralising agent should be short; and finally, the cost of the neutralising agent should be 

cheaper than the generally used lime/limestone. 

          

Sweden produces a large quantity of non-coal ashes every year. In 2003, the estimated total 

amount of ash produced was 1,165,000 tons per annum, of which 730,000 tons was bottom 

ash and 435,000 tons fly ash. The fly ash and bottom ash produced in Sweden varied from 

each other depending on their fuel source and type of boilers used. The amount of ashes 

produced from different sources were like 15-25% from municipal waste, ~5% from peat, 10-

50% from sludge of paper industry, 2-4% from bark, 0.3-0.5% from pure wood (Ribbing, 

2007). All the non-coal ashes in Sweden have a high pH due to their high lime content. Use of 

ashes as a liner construction material in landfill is an option for the utilisation of the ashes, but 

in Sweden, many landfills are going to be closed in the next 10-15 years (Tham and Ifwer, 

2006; Ribbing, 2007). Therefore, alternative applications should be looked forward to use 

ashes in various other aspects. Studies conducted on use of three types of coal combustion 

ashes generated from a power plant in Illinois, USA suggested that they could be used as a 
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neutralising agent in agriculture, waste treatment, fertilisers, wallboards, concrete and cement 

production, ceramics, zeolites, road construction and manufacture of amber glass (Demir et al 

2001). Acid mine drainage mitigation can be another alternative use of fly ash. Studies 

conducted by Hallberg et al stated that the acid mine drainage generated in Falun, Sweden 

could be prevented by covering the sulphide mine tailings with a mixture of fly ash and 

biosludge (Hallberg et al, 2005). 

  

Electric arc furnace (EAF) dust recovered from the gas cleaning system of scrap based steel 

production is an industrial oxidic by-product with high content of zinc. It is only about 1.5% 

of the total output from a typical steel industry, but creates a major environmental problem, 

which needs to be handled carefully. The material comprises of zinc, calcium, iron, and 

silicate with contaminants of heavy metals such as lead, cadmium, chromium and others. 

Since 1984, due to the presence of small quantities of heavy metals, mainly lead in the EAF 

dust, it has been regulated as a hazardous waste under the U.S. EPA's solid waste Resource 

Conservation and Recovery Act (RCRA). Steel industries have installed elaborate dust 

collection systems to control the dust due to its hazardous nature. Every steel industry and 

electric arc furnace user pays millions of dollars for removal, treatment and disposal of the 

EAF dust. Most of the EAF dusts are shipped to hazardous waste landfills, where it is 

chemically treated, and buried at a cost of more than $100 per ton. In addition to posing a 

tremendous potential liability to the steel industries, the landfilled dust also contains 

significant and valuable quantities of recoverable zinc. Studies on hydrometallurgical 

processing for recovery of zinc from EAF dust have been widely carried out by various 

researchers (Havlík et al. 2006; Bruckard et al. 2005; Leclerc et al. 2002; Cruells et al. 1992). 

In a future plant for bioleaching of zinc sulphide EAF dust can be a potential neutralising 

agent as it would then enrich the zinc concentration in the leachate (Cunha et al. 2008). 
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Lime sludge, a by-product generated from paper and pulp industry is reused for production of 

lime (calcium oxide) by calcinations, at temperature approximately ranging from 1000°C to 

1300°C and marketed as quicklime and hydrated lime (Sweet, 1986). Some part of the lime 

sludge has to be bled out, due to formation of metakaolin on calcination (Pera and Amrouz, 

1998). Therefore, alternative use of lime sludge generated from the paper industry can save 

the cost incurred for the landfill.  

 

The use of oxidic by-products as neutralising agent is expected to be useful due to its high 

alkalinity, availability and cost effectivity in comparison to limestone. A comparative cost 

analysis conducted on limestone with different neutralising agents (Hedin and Watzlaf, 1994) 

states that the cost of limestone was one-third to that of slaked lime. As industrial oxidic by-

products are much cheaper than limestone, their use as a neutralizing agent would benefit to 

the cost efficiency of the process. The aim of the present investigation is to study the 

possibilities to use ashes, dust and lime sludge generated from different Swedish industries as 

a neutralising agent in a bioleaching operation. Batch bioleaching experiments on a highly 

acid producing pyrite concentrate were conducted to determine the neutralising capacity of 

the ashes, dust and lime sludge, and observe any eventual toxic effects on the microrganisms 

used.  
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2. Materials and method 

2.1. Micro-organisms 

The microbial cultures for all bioleaching experiments were taken from a continuous reactor 

in order to have an identical bacterial culture in all experiments. The culture was growing on 

the 9K nutrient medium (Silverman and Lundgren, 1959) supplemented with 4.5 g/L of Fe2+ 

and 2 mM of potassium tetrathionate at a dilution rate of 0.021 h-1. The continuous reactor 

was maintained at a pH level of 1.45 ± 0.05 and a redox potential of 740  5 mV. The mixed 

culture used in the experiments contained iron oxidisers, sulphur oxidisers and a few archaeal 

species, as determined through Q-PCR analysis by Bioclear B.V., Netherlands. Dominating 

species in the culture were Leptospirillum ferrooxidans, Acidithiobacillus caldus, 

Acidithiobacillus thiooxidans, Sulphobacillus sp. and Ferroplasma sp.. 

 

2.2. Analytical and instrumentation techniques 

Total iron concentrations in the leach liquor samples were analysed by Atomic Absorption 

Spectroscopy (AAS) (PerkinElmer Instruments, AAnalyst 100). Redox potential was 

measured with a platinum electrode against the Ag, AgCl reference electrode, and a Lange 

LDOTM/sc100 was used for the measurement of dissolved oxygen in the bioreactor. Elemental  

analysis of the pyrite concentrate, neutralising agents and bioleaching residues were 

accomplished by Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-

AES)/Quadrupole Mass Spectrometry (ICP-QMS)/Sector Field Mass Spectrometry (ICP-

SFMS) at ALS Scandinavia AB, Sweden [(www.analytica.se), ISO 9001]. Sample digestions 

for ICP analysis were done as per the protocols of ASTM D3682 and D3683. X-ray powder 

diffraction (XRD) analysis on by-products and leaching residues were performed using a 

Siemens D5000 automatic diffractometer provided with a continuous scanning device. Cu K  

radiation of 40 kV and 30 mA and a sample rotation of 30 rpm were used. Diffraction patterns 

http://www.analytica.se
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were measured in the range from 10  to 90º and crystalline phases were identified using the 

Joint Committee for Powder Diffraction Standards (JCPDS) file of the instrument.  

 

2.3. Pyrite concentrate 

The pyrite concentrate used for bioleaching was a tailing material from chalcopyrite flotation 

at the Boliden plant in Aitik, Sweden. The concentrate was oven dried at 100º C and sampled 

in a rotary divider into 1 kg packets. Elemental composition of the concentrate shows the 

presence of sulphur, 23.9% and iron, 25.7% as major constituents, and relatively high 

amounts of silicon and aluminium, 12.9% and 4.5%, respectively (Table 1). Mineralogical 

phases identified in the concentrate were pyrite (FeS2), which was dominating, and kyanite 

(Al2SiO5), a gangue mineral.

 

2.4. Neutralising agents 

Industrial oxidic by-products, like ashes, dust and lime sludge, generated from different 

Swedish industries was used as neutralising agents in the bioleaching experiments. Three 

different types of ashes from combustion for power generation were used. Bioash is a mixture 

of fly and bottom ash generated during combustion of biomass. Coal & Tyres ash is a fly ash 

from combustion of a mixture with 67% coal and 33% tyres. Waste ash is a mixed fly ash 

from combustion of wood chips and municipal waste. The EAF dust used is a dust collected 

in the gas cleaning system of an electric arc furnace in scrap based steel production. The lime 

sludge used was Mesalime generated in a paper and pulp industry. A chemical grade slaked 

lime, Ca(OH)2, was used as the reference material. 

The Mesalime was dried at 65ºC for 22 h to remove its water content. All by-products were 

ring milled for 20 seconds before used except slaked lime, which was used as received. 

Particle size analysis by laser size classification was carried out on all samples. Final grind 
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size of the particles expressed as 80% passing (d80) was in the range of 15–25 μm for the by-

products. The particle size for the calcium hydroxide reference material was the finest with a 

d80 of 8 μm (Cunha and Sandström, 2006). 

 

 2.5. Bioleaching 

Batch experiments were performed for bioleaching of the pyrite concentrate in a borosilicate 

glass reactor with a working volume of 1 L. An airtight lid with a condenser was used to 

minimize evaporation from the reactor. A hot plate heater was placed below the reactor to 

maintain the temperature at 35ºC in the bioreactor (Fig. 1). A propeller stirrer was fixed at a 

height of 1.5 cm above the base of the reactor with a rotation speed of 250 rpm for 

homogenous mixing of the pulp. Two baffles with a width of 1/12 of the reactor diameter 

were mounted perpendicular to the vessel wall on opposite sides of the reactor to avoid vortex 

formation. Air enriched with CO2 (2-3%, v/v) was blown into the bioreactor at a rate of 1 

L/min beneath the propeller and the dissolved oxygen (D.O.) level was maintained at 5 mg/L. 

The experiments were performed with 10% (w/v) of concentrate and 10% (v/v) inoculum 

with the iron free 9K mineral salt medium (Silvermann and Lundgren, 1959). 

Due to the presence of acid consuming gangue in the concentrate, pH was adjusted to 1.5 with 

H2SO4 during the initial days of the experiments. The bacterial activity was followed by 

measurements, once or twice daily, of pH and redox potential and pH was adjusted to 1.5 by 

additions of ashes/dust/lime sludge (or slaked lime) whenever required. The neutralising 

agents were carefully added directly into the pulp. The bioleaching experiments continued 

until no further changes in pH and redox potential were observed. Leach liquor was drawn 

every second day from the bioreactor during the course of bioleaching and analysed by AAS 

for the total iron concentration to follow the bioleaching trend. After completion of each 

experiment, the pulp was harvested by filtration and the filter cake was washed with a 
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measured volume of de-ionised water, acidified to pH 1.5 with H2SO4. Total volume of leach 

liquor including wash water was measured before being sent for analysis (Table 6). The 

washed bioleach residues were dried in a hot air oven at a temperature of 70 ºC for several 

days, until no change in weight was observed on two consecutive readings. Bioleach residues 

were analysed regarding their chemical and mineralogical composition (Tables 4 and 7). 

 

2.6. Calculation of pyrite leaching yields 

During bioleaching of pyrite, part of the ferric iron in solution precipitates as ferric hydroxide, 

jarosite and possibly other basic ferric sulphates. In order to obtain the total leaching yield of 

pyrite, the precipitates in the residues were dissolved in 6 M HCl. This treatment does not 

dissolve pyrite. The residues might also contain un-dissolved iron originating from the 

ashes/dust/lime sludge, which has to be compensated for in the recovery calculation. 

Therefore, the amount of soluble iron in 6 M HCl in the ashes/dust/lime sludge was 

determined, and the recovery based on feed and residue analysis was thus calculated 

according to the following formula: 

100
Fe(f)

Fe(nss)Fe(sr)Fe(r)1Yield , where Fe(r) is the iron content in residue, Fe(sr) 

is the soluble iron content in residue, Fe(nss) is the content of non soluble iron in the 

ashes/dust/lime sludge and Fe(f) is the iron content in the pyrite. 
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3. Results 

A lag phase of 4-8 days was observed in all the experiments except the experiments with EAF 

dust and Ca(OH)2 which both had a lag phase of approximately 11 days, explanation for this 

is given below (Figs. 2-13). When the bacterial culture became active, an increase in redox 

potential and a decrease in pH was observed, and when required neutralising agent was added 

to adjust pH to 1.5. The initial pH, see figures 3, 5, 7, 9, 11 and 13, indicates the pH value 

before additions of neutralising agent and the final pH is the value obtained after additions. 

The neutralising agents were added carefully to avoid excessive additions resulting in too 

high pH, despite this, a too big addition was done initially in the experiments with slaked lime 

and EAF dust, as seen in figures 3 and 11. The pH was then adjusted with H2SO4, these 

sudden changes in pH resulted in a prolonged lag phase in these experiments, but normal 

bacterial activity was later regained. The total amount of neutralising agent needed in the 

experiments varied from 29 to 82 g, with 22 g needed in the experiment with Ca(OH)2 (Table 

6). The experiment with Waste ash had the lowest leaching yield of 59% while the highest 

leaching yields of 75% were obtained with Ca(OH)2 and Coal & Tyres ash, respectively. The 

other materials, i.e. Mesalime, Bioash and EAF dust all had pyrite leaching yields around 

70% (Table 6).  

Generally, the total iron concentration increased during the first 3-4 weeks of the bioleaching 

process, thereafter, the iron concentration started to decrease due to the precipitation of 

jarosite and possibly other basic iron sulphates. The iron concentration obtained in the final 

leachates was in the range 1-10 g/L (Table 5). The calcium content was 0.5-0.6 g/L in all 

experiments reflecting the limited solubility of calcium in sulphate medium. The sulphate 

concentrations varied from 26 g/L for Bioash up to 43 g/L for the EAF dust. The great 

variation in sulphate concentrations was dependent on the total amount of soluble metal 

sulphates in the solution.  The amount of residue obtained in the different bioleaching 
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experiments varied from 121-180 g, with 128 g obtained in the experiment with Ca(OH)2 

(Table 6). The residues were analysed regarding their chemical and mineralogical 

composition (Tables 4 and 7). Gypsum was the major mineralogical phase present in all 

bioleaching residues, along with jarosite and free quartz. The individual experiments are 

discussed in more detail below.  

 

3.2. Bioleaching with Ca(OH)2 as a reference neutralising agent 

The bio-oxidation of pyrite using calcium hydroxide as neutralising agent continued for 47 

days (Figs. 2 and 3). During the initial stage of this experiment, enough care was not taken to 

avoid fluctuations in pH, which disturbed the bacterial growth resulting in a lag phase that 

lasted 12 days. When a good bacterial activity was obtained after the initial disturbances the 

pH in the experiment varied between 1.25-1.59. The highest bioleaching activity was between 

day 18 and 23 during which time most of the slaked lime was added. During night, when no 

additions were made, pH decreased considerably as seen in figure 3. The total amount of 

calcium hydroxide needed for neutralisation during bioleaching of the pyrite concentrate was 

22.1 g (Table 6). The dry solid residue obtained after bioleaching weighted 128 g, i.e. more 

than the total amount of solids introduced into the reactor due to the formation of gypsum. 

Other phases identified in the residue by XRD include hydronian jarosite, minor amounts of 

unleached pyrite and the silicate microcline (Table 7). 

The total iron and sulphate content in the leach solution was 8.7 g/L and 27.6 g/L, 

respectively. Apart from iron, also some aluminium (0.8 g/L) and magnesium (0.4 mg/L) 

dissolved from the pyrite concentrate (Table 5). The sulphate concentration in the leachate 

was 27.6 g/L and in this reference experiment, the pyrite bioleaching yield obtained was 75%.  

 

3.3. Bioleaching with Bioash as neutralising agent 
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The bioleaching experiment with Bioash as a neutralising agent was allowed to run for 76 

days, and was the experiment with the longest duration (Figs. 4 and 5). The lag phase was 

relatively short in this experiment with an increase in redox potential after 6 days. The 

reactivity of the Bioash was relatively high, which made it easy to control pH at the desired 

level after the acid consuming gangue had been neutralised, the pH in the experiment varied 

between 1.18 and 1.54. The highest activity with respect to acid production was between day 

15 and 18 when the main part of neutralising agent was needed (Fig. 5). The redox potential 

reached a maximum of about 750 mV after 20 days and thereafter it had a decreasing trend 

with relatively big daily fluctuations giving a final value around 710 mV. The total amount of 

Bioash added was 32.7 g and the dry residue weight was 147.4 g (Table 6). Crystalline 

mineral phases identified by XRD were gypsum, hydronian jarosite and free quartz (Table 7). 

The final leach liquor contained 3.1 g/L of iron, but as can be seen in figure 4, the 

concentration decreased gradually from almost 10 g/L after 20 days. The solution had a 

sulphate concentration of 25.6 g/L together with concentrations of approximately 1 g/L of 

aluminium, magnesium and manganese (Table 5). The content of magnesium and manganese 

in the Bioash was 3.3% and 3.7%, respectively (Table 2), which gives leaching yields of these 

elements of about 85%. The leaching yield of pyrite was 68.7% (Table 6). 

 

3.4. Bioleaching with Waste ash as neutralising agent 

The experiment with Waste ash as neutralising agent lasted 48 days (Figs. 6 and 7). The pH 

was relatively easy to control with Waste ash, since it did not contain minerals with slow 

dissolution rates, and after the initial days, pH varied in the range 1.30-1.56. After an initial 

increase in redox potential up to 607 mV on day 15 and with acid production, the redox 

potential, suddenly within 3 days, decreased below 550 mV and remained at that level until 

the experiment was stopped (Fig. 6). However, smaller amounts of acid continued to be 
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produced until day 30, which was neutralised by more additions of ash. The total amount of 

Waste ash added was 81.5 g, which was the biggest amount needed in all experiments and the 

amount of dry residue obtained after filtration was 180 g (Table 6). The XRD diffractogram 

of the residue revealed in addition to gypsum, mineralogical phases of jarosite, pyrite and free 

quartz (Table 7). 

The iron concentration in the leachate was low throughout the entire experiment and was only 

1 g/L at the end of the experiment (Table 5). Unfortunately, no sampling for iron analysis was 

done during the period from day 13-22. The sulphate, aluminium and magnesium 

concentrations in the final leachate obtained were 29.7 g/L, 3.3 g/L and 1.2 g/L, respectively. 

Chloride was present in the ash as highly soluble halite (Table 3) giving a chloride 

concentration of 8.9 g/L. The content of zinc in Waste ash was 8.4% (Table 2) of which 75% 

dissolved, giving a zinc concentration of 5.7 g/L (Table 5). Vacuum filtration of the pulp was 

difficult and took much longer time than in the other experiments and therefore the volume of 

final leachate was only 900 ml. The bioleaching yield of pyrite was 59% which was the 

lowest yield obtained in all the experiments (Table 6).  

 

3.5. Bioleaching with Coal & Tyres ash as neutralising agent 

The experiment with Coal & Tyres ash as a neutralising agent started quickly after only a few 

days lag phase and was completed in 45 days (Figs. 8 and 9). The pH varied in the range 1.32-

1.57 throughout and was relatively easy to control. The redox potential increased steadily but 

slowly during the course of the experiment. Notable is (Fig. 8) that after each ash addition, the 

redox potential decreased, in some cases with as much as 15 mV. The amount of Coal & 

Tyres ash consumed in the experiment was 57 g, and the dry residue weighed 151 g (Table 6). 

The final bioleach liquor had a concentration of 8.9 g/L iron and 34.2 g/L sulphate ions (Table 

5). The ash contained 4.4% zinc of which 89% dissolved which gave a concentration of 1.8 
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g/L in solution. Aluminium and magnesium concentrations of 0.9 g/L and 0.5 g/L respectively 

were similar to that obtained in the experiment with slaked lime. Mineralogical phases of 

gypsum, hydronian jarosite, pyrite and free quartz were identified by XRD analysis of the 

residue (Table 7). The experiment with Coal & Tyres ash resulted in a pyrite bioleaching 

yield of 75.3%, which was slightly higher than the reference experiment with Ca(OH)2 (Table 

6).

 

3.6. Bioleaching with EAF dust as neutralising agent 

The experiment conducted with EAF dust as neutralising agent completed in 46 days (Figs. 

10 and 11). Initially when the bacteria became active, too much dust was added leading to a 

too high pH, which had to be lowered by additions of acid. The slightly too high pH remained 

until day 17 when bacterial acidity production lowered it to 1.5 again. This disturbance made 

the lag phase longer but did not affect the bacteria negatively as is seen by a steady increase in 

redox from day 14 and onwards. During the last 14 days, the redox potential gradually 

decreased to 660 mV from values above 700 mV. The total amount of EAF dust used for 

neutralisation was 38 g and the dry residue weighed 123 g (Table 6). 

In the bioleachate, the analysed iron and sulphate concentrations were 9.8 g/L and 42.9 g/L, 

respectively, while the aluminium and magnesium concentrations were 0.9 g/L and 0.5 g/L, 

respectively (Table 5). The EAF dust had a high content of zinc (24.1%) (Table 2), which 

dissolved to an extent of 74% during leaching, giving a concentration of 5.8 g/L in solution 

(Table 5). The chloride concentration in the leachate was 0.5 g/L due to the presence of highly 

soluble chlorides in the dust. Crystalline phases of franklinite, jarosite and iron sulphate 

hydroxide together with gypsum and free quartz were identified by XRD in the residue (Table 

7). In this experiment, the pyrite leaching yield achieved was 70% (Table 6).  
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3.7. Bioleaching with Mesalime as neutralising agent 

The experiment using Mesalime as neutralising agent had a duration of 53 days and after the 

initial phase, pH varied between 1.18-1.61 throughout the experiment (Figs. 12 and 13). Also 

in this experiment slightly too much material was added in the beginning giving a too high pH 

initially. A steady increase in the redox potential is seen from day 11 and during the last 20 

days of the experiment the redox potential remained at around 680 mV. The amount of 

Mesalime needed for neutralisation was 29 g and the weight of the residue was 121 g, which 

was the lowest amount obtained in all experiments (Table 6). 

Concentrations of 9.6 g/L of iron and 34 g/L of sulphate were found in the leaching solution 

(Table 5). The lime sludge was a relatively pure product containing mainly calcite (Tables 2 

and 3) and therefore the concentrations obtained in the leachate are very similar to what was 

obtained with slaked lime (Table 5). Apart from gypsum, phases of jarosite and free quartz 

were identified in the residue (Table 7). The bioleaching yield of pyrite was 72.6%, which 

also was similar to the reference experiment (Table 6).  
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4. Discussion  

The purpose with the present study has been to investigate if by-products like ash/sludge and 

dust can be used as neutralising agent in bioleaching operations. Important to consider, apart 

from their neutralising capacity, is also if the by- product to be used contains elements that 

might be toxic for the micro-organisms. To conduct the study a pyrite concentrate was chosen 

since pyrite generates high amounts of acid when it is oxidised. Comparison of the pyrite 

oxidation in the different experiments shows that the experiment with Coal & Tyres ash and 

slaked lime both gave 75% pyrite oxidation. The experiments with EAF dust, Bioash and 

Mesalime all gave pyrite oxidation in the range from 69% to 73%, while in the experiment 

where Waste ash was used for neutralisation the pyrite was only oxidised to 59%.  

The Waste ash was chosen as a worst case since ashes from combustion of municipal waste 

are known to contain many different metal oxides, some of them potentially toxic like lead, 

cadmium and mercury. In addition, the Waste ash studied also contained high amounts of 

chlorine (11%) mainly as highly soluble halite (NaCl) as identified by XRD; fluorine, which 

is potentially toxic for the micro-organisms (Sundkvist et al., 2005), was also present in 

relatively high amounts (~0.4%). In a study, (Shiers et al. 2005), it was shown that bio-

oxidation cultures were able to adapt to chloride levels up to 4.2 g/L, while greater 

concentrations gave an inhibitory effect. When the experiment with Waste ash is examined, it 

is seen that the experiment started normally with an increase in redox potential that reached 

above 600 mV after 15 days (Fig 6). However, after that the redox potential decreased to 

about 550 mV and remained at that level throughout the experiment. The total amount of ash 

added on day 16, when the redox potential started to decrease was 46 g, which then would 

give a chloride concentration of 5.1 g/L with the assumption that all chloride dissolved, i.e. 

the toxic level of chloride was probable exceeded during that time period. Also the Coal & 

Tyres ash and the EAF dust had elevated levels of chlorine, 1% and 1.6%, respectively (Table 
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2), but the concentrations obtained in the leachate when these materials were used was only 

0.5 g/L (Table 5), which did not hamper the bacterial activity, since high redox potentials of 

660-670 mV was obtained in these experiments (Figs 8 & 10). Since chlorine in these 

materials is present as NaCl and possibly KCl, which both are very soluble in water, one 

possible pre-treatment to remove the chlorides would be to do a water leaching prior to their 

use as neutralising agents, which also has been practised to upgrade the zinc content in the 

EAF dust (Bruckard et al, 2005).  

The kinetics for jarosite precipitation at 35  C are known to be relatively slow but due to the 

long duration of batch bioleaching experiments jarosite is commonly found in bioleaching 

residues and jarosite was detected by XRD in all bioleaching residues (Table 7) (Deveci et al 

2004). Potassium jarosite are among the least soluble jarosites and it is seen in the 

experiments with Bioash and Waste ash, which both had high potassium content, 6.9% and 

4.5%, respectively, that jarosite precipitated to a great extent. In the experiments with these 

ashes, the ferric iron concentrations were much lower than what was obtained with the other 

materials (Figs 4 and 6, Table 5). In the case of Waste ash the total iron concentration in the 

final leachate was only 1.0 g/L and with such low concentration, the pyrite leaching might 

also be affected since the oxidation proceeds through ferric iron. Jarosite precipitation lowers 

the redox potential since ferric ions are removed and lowers the pH in solution, according to 

the following formula: 

K+ + 3Fe3+ + 2SO4
2- + 6H2O  KFe3(SO4)2(OH)6 + 6H+ 

This is probably what is seen in the later parts of most of the experiments, with gradual 

decrease in both the total iron concentration and the redox potential.   

The Bioash and Coal & Tyres ash contained un-burnt carbon as identified by XRD and in the 

case of Coal & Tyres ash the colour was blackish and once added into the pulp it became oily 

and sticky to the reactor walls. It is also obvious from the behaviour of the redox potential 
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(Fig 8) that the ash contained something with reducing properties since upon each addition 

made the redox potential immediately decreased. The reason for this is not clear but it is 

believed that maybe some organic component in the ash might be responsible for this 

behaviour. However, despite this bacterial activity appears to have been high since the redox 

potential always recovered and increased throughout the experiment and the pyrite oxidation 

in this experiment was even higher than in the experiment with slaked lime. 

Some of the by-products chosen had high zinc content, which could add to the zinc tenor in 

the leachate if these materials are used as neutralising agents during bioleaching that of course 

especially would be a benefit in a bioleaching process for zinc recovery. Leachate 

concentrations of 5.8 g/L, 5.7 g/L and 1.8 g/L of zinc was obtained in the experiments with 

EAF dust, Waste ash and Coal & Tyres ash, respectively. The zinc oxide present in them 

dissolved readily whereas ferrites like franklinite (ZnFe2O4) require higher temperatures and 

lower pH to dissolve. Franklinite was identified by XRD in the EAF dust and was also found 

in the residue after leaching and due to its presence the zinc leaching yield in this experiment 

became 74%. 

The Mesalime used in this study was the purest by-product in this study and consisted 

essentially of pure calcite (CaCO3) giving similar results as the slaked lime reference. 

Regarding neutralisation capacity, i.e. the amount of oxidic by-products needed to maintain 

pH at the required level, all by-products needed higher amounts than slaked lime. Mesalime 

required 30% more, which reflects the difference in molecular weight between Ca(OH)2 and 

CaCO3. The EAF dust and Bioash had relatively high neutralising capacities and needed 70% 

and 48%, respectively to achieve the same neutralisation as slaked lime. The Coal & Tyres 

and the Waste ashes had rather low neutralisation capacities, with 2.6 and 3.7 times higher 

amounts needed than slaked lime for the neutralisation.   
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In summary, it has been shown that all by-products studied in this work except Waste ash 

have proven to be possible to use as replacement to lime or limestone for pH control in 

bioleaching operations, without negative impact on the bioleaching efficiency. The Waste ash 

should be avoided for several reasons like the presence of high amounts of potentially toxic 

elements and low neutralising capacity. The Coal & Tyres ash is also not suitable despite the 

presence of relatively high amounts of zinc since the organic compounds present in it would 

create material handling problems in the bioleaching process due to its sticky nature. If the 

chlorides in the EAF dust were removed by a water-washing step preceding its use as 

neutralising agent this dust would be an excellent substitute for limestone, especially in a 

process for zinc recovery due to its high content of soluble zinc. Bioash is also a good 

alternative neutralising agent with high neutralising capacity due to its content of calcite and 

lime and relatively low content of other impurities. The Mesalime is the best alternative since 

it is practically a pure calcite, which is normally used.  

Substitution of lime/limestone with oxidic by-products can give considerable cost savings to 

the bioleaching operation and environmental advantages. The cost for lime/limestone as well 

as the landfill cost for the ashes, dust, and lime sludge can be eliminated. Apart from that, the 

thermal energy required for calcination of limestone can be saved and carbon dioxide released 

to the atmosphere due to clacination can be prevented. The only cost for the by-products is the 

transportation, depending on distance between industry and bioleaching plant, which might be 

lower than the cost of landfilling. Use of by-products as neutralising agent will also preserve 

the virgin natural resources of limestone for the future.  
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5. Conclusions 

The possibilities to use industrial oxidic by-products as neutralising agents in stirred tank 

bioleaching processes was investigated in the present study. Five different by-products were 

used in the study, which was comprised of three different ashes, one dust, and one lime sludge. 

Comparative studies of all the by-products were conducted with slaked lime as reference, 

which suggested that, except for the Waste ash, all by-products were suitable to be used as 

neutralising agents in bioleaching operations. Toxic effects on micro-organisms, 

neutralisation capacity, cost and environmental concerns of the oxidic by-products have been 

evaluated regarding their suitability as neutralising agents in bioleaching processes. The 

Waste ash is regarded unsuitable as neutralising agent due to the presence of many different 

toxic elements including chloride, which hampered the bacterial activity and resulted in a low 

pyrite oxidation yield. The use of EAF dust as neutralising agent is promising especially if 

used in a zinc bioleaching process due to the high zinc content, which would upgrade the zinc 

tenors in solution. The alternative use of the by-products would save the cost of landfill and at 

the same time reduce the operational cost for neutralisation thus making the bioleaching 

operation more economical. The use of oxidic by-products will render an environmental 

friendly process and prevent over use of natural limestone deposits. 
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38. Tables 

Table 1: Elemental composition of the pyrite concentrate 

 

Material Composition (%) 

Si Al Ca Fe K Mg Mn Na S Ba Cu Cr Mo Zn Pyrite 

concentrate 

 12.9 4.5 1.9 25.7 2.3 0.7 0.2 0.7 23.9 0.6 0.2 0.01 0.01 0.01 
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Table 2: Elemental composition of the neutralising agents 

Neutralising 

agents 

Si 

(%) 

Al 

(%) 

Ca 

(%) 

Fe 

(%) 

K 

(%)

Mg 

(%) 

Mn 

(%) 

Na 

(%) 

S 

(%)

Ba 

(mg/kg)

Cr 

(mg/kg)

Mo 

(mg/kg)

Pb 

(mg/kg)

V 

(mg/kg) 

Zn 

(mg/kg) 

F 

(mg/kg)

Cl 

(mg/kg)

Ca(OH)2 0.1 0.0 53.6 0.0 0.1 0.4 0.0 <0.004 0.02 <2 <10.0 <6.0 1.9 <2.0 27.3 30.9 1047 

Bioash 1.5 0.3 30.7 0.6 6.9 3.3 3.7 0.1 0.53 5630 65.1 <6 30.8 5.5 1420 138 1900 

Waste ash 8.0 4.0 12.3 4.6 4.5 1.5 0.2 4.6 5.22 1840 584 47.3 7670 57.9 83900 3624 110050 

Coal & 

Tyres ash 
3.2 1.4 23.0 1.5 0.4 0.5 0.0 0.3 6.87 463 39.8 <6 154 60.4 44000 362 9531 

EAF dust 1.2 0.4 13.9 20.1 0.8 0.9 2.9 0.7 0.43 308 1300 49.5 7280 21.9 241000 846 15225 

Mesalime 0.1 0.1 38.2 0.1 <0.1 1 0.1 0.7 0.03 145 23.8 <6 2.30 10 96.7 41.6 1144 
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Table 3: Mineralogical phases of neutralising agents identified by XRD 

Neutralising 

agents 
Phases identified by XRD 

Ca(OH)2 portlandite (Ca(OH)2) 

Bioash calcite (CaCO3), calcium manganese oxide (Ca3Mn2O7), carbon (C), lime (CaO), periclase (MgO) 

Waste ash 
halite (NaCl), quartz (SiO2), calcium sulphate (CaSO4), periclase (MgO), potassium magnesium silicate 

(K2MgSiO4), calcium aluminium oxide (CaAl2O4) 

Coal & Tyres 

ash 

calcium sulfate sulfite (Ca3(SO3)2.12(SO4)0.88), calcium sulfite hydrate (CaSO3*0.5H2O), carbon (C), 

portlandite (Ca(OH)2), zincite (ZnO) 

EAF dust 
franklinite (ZnFe2O4), lime (CaO), zincite (ZnO), calcium manganese oxide (Ca3Mn2O7)  manganese, zinc 

iron solid solution (MnxZnyFe1-x-y)Fe2O3 

Mesalime calcite (CaCO3) 
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Table 4: Elemental composition of the bioleach residues 

Bioleach 

residues 

Si 

(%) 

Al 

(%) 

Ca 

(%)

Fe 

(%) 

K 

(%) 

Mg 

(%) 

Mn 

(%)

Na 

(%)

S 

(%)

Ba 

(mg/kg)

Cu 

(mg/kg)

Cr 

(mg/kg)

Mo 

(mg/kg) 

Pb 

(mg/kg) 

Zn 

(mg/kg)

Ca(OH)2 10.8 2.9 10.9 11.9 1.9 0.2 0.1 0.7 11.4 4840 645 29.0 104 32.5 43.0 

Bioash 9.3 2.4 8.2 15.2 3.2 0.1 0.1 0.7 12.2 5480 485 52.6 93 39.5 <20 

Waste 

ash 
10.8 2.8 6.4 15.7 3.2 0.4 0.1 0.9 11.8 4230 839 271 98 6820 6600 

Coal & 

Tyres ash 
10.3 2.9 10 10.6 1.7 0.2 0.1 0.7 11.6 4300 500 34.1 82.7 83.9 1130 

EAF dust 11.2 3.1 5.5 18.1 2.2 0.3 0.5 0.8 10.7 5090 956 1020 117 2390 18800 

Mesalime 11.5 3.1 10.4 11.7 2.1 0.2 0.1 0.8 11.9 5400 607 24.4 108 33.7 29.7 
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Table 5: Elemental composition of the bioleach liquors 

Composition Neutralising 

agents 

 
Fe 

(g/L) 

Al 

(g/L) 

SO4
2-

(g/L) 

Ca 

(mg/L) 

Si 

(mg/L)

K 

(mg/L)

Mg 

(mg/L)

Mn 

(mg/L)

Na 

(mg/L)

Cu 

(mg/L) 

Zn 

(mg/L) 

F 

(mg/L)

Cl 

(mg/L)

Ca(OH)2 8.7 0.8 27.6 536 197 <10 426 43.6 21.2 93.6 14.3 N.A. N.A. 

Bioash 3.1 0.9 25.6 495 336 <5 1190 976 39.9 85.8 63.4 N.A. N.A. 

Waste ash 1.0 3.3 29.7 505 416 486 1160 117 3190 344 5720 313 8910 

Coal & 

Tyres ash 
8.9 0.9 34.2 550 395 <5 518 45.7 62.2 93.4 1790 33 464 

EAF dust 9.8 0.9 42.9 513 237 <5 512 569 118 132 5820 48 519 

Mesalime 9.6 0.9 33.9 520 358 <5 607 79 131 102 15.3 N.A. N.A. 

*N.A. : Not analysed 
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Table 6: Experimental results  

 Ca(OH)2 Bioash Waste ash Coal & Tyres ash EAF dust Mesalime 

Amounts of solid additions, (g) 22.1 32.7 81.5 57 37.5 28.7 

Bioleach residue, (g) 127.8 147.4 180.0 151.1 123.3 121 

Wash water volume, (L) 0.25 0.35 0.35 0.35 0.25 0.22 

Total bioleachate volume, (L) 1.19 1.23 0.90 1.24 1.15 1.14 

Pyrite leaching yield, (%) 74.9 68.7 59.1 75.3 69.8 72.6 
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Table 7: Mineralogical phases of bioleach residues identified by XRD 

Bioleach residues Phases identified by XRD 

Ca(OH)2 
gypsum (CaSO4.2H2O), jarosite hydronian ((K,H3O)Fe3(SO4)2(OH)6), microcline intermediate 

(KAlSi3O8), pyrite (FeS2) 

Bioash gypsum (CaSO4.2H2O), jarosite hydronian  ((K,H3O)Fe3(SO4)2(OH)6),  quartz (SiO2)  

Waste ash gypsum (CaSO4.2H2O), jarosite (KFe3 (SO4)2(OH)6), pyrite (FeS2), quartz (SiO2) 

Coal & Tyres ash gypsum (CaSO4.2H2O), jarosite hydronian  ((K,H3O)Fe3(SO4)2(OH)6), pyrite (FeS2), quartz (SiO2) 

EAF Dust 
gypsum (CaSO4.2H2O), jarosite  (KFe3(SO4)2(OH)6), franklinite (ZnFe2O4), iron sulfate hydroxide 

(2Fe(OH)SO4 / Fe2O3.2SO3.H2O), quartz (SiO2) 

Mesa lime gypsum (CaSO4.2H2O), jarosite  (KFe3(SO4)2(OH)6), quartz  (SiO2) 
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Figure captions 

Figure 1: Bioleaching experimental set up. 

Figure 2: Change in redox potential and iron concentration with addition of Ca(OH)2. 

Figure 3: Change in initial and final pH with addition of Ca(OH)2. 

Figure 4: Change in redox potential and iron concentration with addition of Bioash. 

Figure 5: Change in initial and final pH with addition of Bioash. 

Figure 6: Change in redox potential and iron concentration with addition of Waste ash.  

Figure 7: Change in initial and final pH with addition of Waste ash. 

Figure 8: Change in redox potential and iron concentration with addition of Coal & Tyres ash. 

Figure 9: Change in initial and final pH with addition of Coal & Tyres ash. 

Figure 10: Change in redox potential and iron concentration with addition of EAF dust. 

Figure 11: Change in initial and final pH with addition of EAF dust. 

Figure 12: Change in redox potential and iron concentration with addition of Mesalime. 

Figure 13: Change in initial and final pH with addition of Mesalime. 
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Figures

 

Figure 1: Bioleaching experimental set up. 
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Figure 2: Change in redox potential and iron concentration with addition of Ca(OH)2. 
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Figure 3: Change in initial and final pH with addition of Ca(OH)2.
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Figure 4: Change in redox potential and iron concentration with addition of Bioash. 
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Figure 5: Change in initial and final pH with addition of Bioash.   
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Figure 6: Change in redox potential and iron concentration with addition of Waste ash. 
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Figure 7: Change in initial and final pH with addition of Waste ash.   
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Figure 8: Change in redox potential and iron concentration with addition of Coal & Tyres ash. 
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Figure 9: Change in initial and final pH with addition of Coal & Tyres ash. 
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Figure 10: Change in redox potential and iron concentration with addition of EAF dust. 
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Figure 11: Change in initial and final pH with addition of EAF dust. 
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Figure 12: Change in redox potential and iron concentration with addition of Mesalime. 
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Figure 13: Change in initial and final pH with addition of Mesalime. 

 






