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Synopsis 

 

A substance called CRUD (Chalk River Unidentified Deposit) was deposited together 

with gold tailings to the East Paydam tailings dam.  Previous research conducted on 

the material has shown that the crud leaches Mn and Ni at concentrations that are 

above their acceptable risks limits as well as Zn which leaches at concentration 

slightly below its acceptable limits thereby posing an environmental risk. The main 

objective of the research was to test the hypothesis stating that soil washing in series 

with bioremediation can be used to remove the heavy metals from the material from 

the East Paydam tailings dam. 

Various laboratory and pilot scale tests were conducted to investigate critical soil 

washing and bioremediation parameters and their respective influence on the 

treatment process. Laboratory work involved column tests and batch tests. These tests 

were crucial in determining the critical parameters for the pilot scale tests such as the 

selection of the suitable lixiviant from the four that were investigated. The optimal 

concentration of the lixiviant was also determined together with the optimum soil: 

liquid ratio. These parameters were employed in the pilot scale tests. Pilot scale tests 

involved soil washing in series with bioremediation. The bacterial growth over the 

bioremediation period was also determined. Precipitation of the heavy metals from 

leachate was investigated by varying the pH and temperature. 

Results showed that the soil from the East Paydam can effectively be treated by soil 

washing in series with bioremediation. Oxalic acid was selected for soil washing of 

the payable slimes at a concentration of 0.001M. However, material that contains high 

amount of CRUD (deeper down the slime dam) required the relatively concentrated 

0.1M oxalic acid and mechanical agitation. Bioremediation was determined to 

increase the amount of heavy metals that was leached from the material from the East 

Paydam slimes dam. Precipitation of the heavy metals at a pH of 12 achieved up to 

98% removal of heavy metals from leachate. The proposed treatment for the East 

Paydam material is presented in Figure 1:    
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Figure 1: The proposed treatment procedure for the East Paydam material 
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Opsomming 

 

‘n Stof genoem CRUD (Chalk River Unidentified Deposit) was saam met 

gouddraende slik na die East Paydam, ’n slikdam, neergestort oor die jare. Vorige 

navorsing op die materiaal het getoon dat CRUD beide Mn en Ni loog tot 

konsentrasies hoër as die aanvaarbare risiko limiet. Terselfdertyd word Zn geloog tot 

‘n konsentrasie net onder die aanvaarbare limiet en is daarom ‘n gevaar vir die 

omgewing. Die hoof oogmerk van die navorsing was die bewys van ‘n hipotese wat 

verklaar dat grondwaswing in serie met bioremedieëring gebruik kan word om swaar 

metale uit die materiaal van die East Paydam slik dam te verwyder. 

Verskeie laboratorium en proefaanlegskaal toetse is uitgevoer om kritieke grondwas-

en bioremedieëringsparameters en hul onderskeie uitwerking op die 

behandelingproses te ondersoek. Hierdie toetse was noodsaaklik vir die bepaling van 

kritieke parameters vir proefaanlegskaal toetse soos die keuse van ‘n geskikte 

logingsmiddel uit vier wat ondersoek is. Die optimum logingsmiddel-konsentrasie 

saam met die optimum grond:vloeistof verhouding is ook bepaal. Hierdie parameters 

was in proefaanleg-skaal toetse aangewend. Die proefaanleg-skaal toetse het die was 

van grond in serie met bioremedieëring behels. Die bakteriële groei oor die 

bioremedieëringsperiode is ook bepaal. Die neerslaan van swaar metale vanuit die 

geloogde vloeistof is ondersoek deur die pH en temperatuur te varieër. 

Die resultate toon dat die grond van die East Paydam effektief met wassing in serie 

met bioremedieëring behandel kan word. Oksaalsuur teen ‘n konsentrasie van 0.001M 

was gekies om die grond van gekontamineerde slik te behandel. Inteenstelling 

hiermee benodig materiaal met ‘n hoë hoeveelheid CRUD, op die bodem van die 

slikdam, ‘n hoër konsentrasie oksaalsuur (0.1M) sowel as meganiese roering. Daar is 

gevind dat bioremedieëring die hoeveelhied swaar metale wat geloog kan word vanuit 

die materiaal afkomstig van die East Paydam slik dam, verhoog. Die behandeling van 

geloogde vloeistof by ‘n pH van 12 het tot gevold dat 98% van die swaar metale 

neerslaan. Die aanbevole behandeling vir die East Paydam slik materiaal word in 



Opsomming 

   

iv 

Figuur 1 voorgestel: 

 

 

Figure 1: Die voorgestelde behandelingsprosedure vir die East Paydam Slik 

materiaal 
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1. Introduction 

 

The chapter gives brief background of the research project, defines the problem 

statement and states the project objectives. 

Imagine going to work on horse back! Yes, human life can be miserable without 

gadgets such as cars, jewellery, and the television, just to mention a few things that 

humans can not do without in their daily life. These wonderful commodities are 

manufactured from minerals especially metals.  Metals are one of the most precious 

commodities on the global market. The importance of metals to humankind dates back 

to the early Iron Age era when humans realised how drastically their lives improved 

due to the use of metallic products. The demand and production of these metals has 

exponentially risen over the centuries. Mining activities have developed throughout 

the world and the mineral resources of a country have a direct bearing on the potential 

of its economy. Gold, nickel, copper, lead, chrome, iron, manganese, zinc, platinum 

group metals and diamonds are among the most mined minerals. 

This scramble for minerals has not only improved the lives of humans but is also 

threatens their long term survival. Excessive emission of gases in the purification of 

the minerals has contributed significantly to the ‘Global Warming’ phenomenon that 

the world is currently experiencing. That’s not all; the mining operations have also 

resulted in a number of contaminated land and water bodies. The underground and 

dam water that humans depend on are under threat from the mining activities. The 

question is therefore asked ‘since almost all mining activities disturb and negatively 

affect the environmental, should it be stopped and banned?’ Well, the answer is pretty 

obvious, mining activities are actually on the increase. However, efforts are being 

made to reduce the risks that the industrial activities pose to the environment. As such 

governments have put in place strict legislations to ensure that that the environment is 

protected. 

Industry on the other hand has responded by improving their processes to generate 

less harmful waste and in smaller quantities. In the event that a hazardous waste has 
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been produced, the cheapest and efficient method to treat that particular waste is 

sought and implemented.  

Most mines in this world have a dump site. This is a place where the material that is 

considered as waste and of little value at that particular time is ‘stored’ or rather, 

dumped. In recent years, environmental legislation got tougher and the mineral 

resources are fast depleting. However with the ever developing technology, material 

that was considered waste sometime ago can now be recovered and utilised profitably. 

The dumps have become as important as any other plant on many mines recently. 

Dumps have incredibly become an important part of the operations and can have an 

impact on the performance of a mine. If the dump is properly managed, money can be 

saved by avoiding huge environmental fines and some money generated by recycling 

the old material. Thus, the treatment of dump material has become prominent in the 

past years, especially for gold tailings dams.  

Different contaminants require different technology for effective treatment. This has 

lead to the development of various techniques to treat the contaminated sites. 

Remediation of the contaminated sites can be achieved by removal or destruction of 

the contaminants, isolation of the contaminants or modification of the contaminants 

into states that are less toxic. This can be achieved in a number of ways as will be 

discussed in Chapter 2.  The ultimate goal of remediation is to effectively clean the 

contaminated site at the minimum cost. The main focus of this study is the use of two 

remediation technologies namely soil washing and bioremediation. These techniques 

are employed to remediate heavy metal contaminated material. These two techniques 

have been proven to be effective whilst very cheap to operate. 

Soil washing is basically a process that employs chemical and/or physical techniques 

to remove contaminants from soils (ITRC, 1997). In this study, soil washing is used to 

treat the contaminated soil after which bioremediation is applied. Soil washing 

methods vary in that some employ chemical processes to extract and separate the 

contaminants, others use physical methods and the others employ a combination of 

both chemical and physical processes. There are a number of parameters that affects 

the performance of this process such as particle size distribution, volume and choice 

of the lixiviant and the soil washing method. The technology is generally cheap and 
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easy to operate. Soil washing has been widely used to clean up sites that are 

contaminated with hydrocarbons, particularly petroleum products spillages and heavy 

metals (ITRC, 1997). 

Bioremediation on the other hand is the manipulation of microorganisms to 

metabolically degrade or transform contaminants into less toxic products. The 

bioremediation technique has developed over the years as it offers a very cheap 

method to treat contaminates sites. Traditionally, bioremediation was commonly 

applied to hydrocarbon contaminated areas but ever since the realisation of the use of 

the microorganisms to leach metals (bio-hydrometallurgy), the bioremediation of 

metals has become common.  Microorganisms have been found to interact with metals 

in various ways that solubilises or precipitates the metals.   

1.1 The East Paydam Tailings Dam  

1.1.1 History 

The East Paydam tailings dam was built some years ago to store waste from the gold 

and uranium plants. The solvent extraction section of the old East Uranium Plant in 

Vaal River produced a substance called CRUD (Chalk River Unidentified Deposit) 

that formed within the aqueous/organic interface of the settler of the solvent 

extraction circuit. The crud was deposited, together with gold tailings, to the East 

Paydam tailings dam.  Previous surveys that were done on the dam showed that this 

dam contains approximately 430 000m3 of material of which 10 to 30% is crud (du 

Plessis 2006).  

1.1.2 Current State 

Gold recovery efforts in recent years exposed some of this consolidated crud causing 

increasing vulnerability to environmental factors such as rain and wind. The crud 

contains some gold and organic material that was originally in the form of kerosene 

and paraffin but the organics are believed to have undergone transformation over the 

years due to ambient conditions. Previous research done on the crud by Baldwin 

(2004) confirmed that exposed crud leaches Mn and Ni in concentrations that are well 

above their acceptable risk limits as well as Zn that leaches at concentrations that are 
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slightly lower than its acceptable risk limit. Mn classifies as a high hazard element 

and therefore, CRUD was classified as a high hazard, Hazard Group 2, waste and in 

terms of the South African Department of Water and Forestry’s Minimum 

Requirements for the Classification, Handling and Disposal of Hazardous Waste 

(1998), it must be disposed to an HH (High Hazard) landfill site that would include 

multiple base and capping layers with continuous monitoring maintenance. 

 

 

Figure 1-1: A cross section of the showing the different layers of the East 

Paydam payable slime dam after gold recovery exercise 

1.2 Problem Statement 

The CRUD is a high hazard substance and a suitable treatment technique is required 

to ensure the CRUD does not leach harmful heavy metals into the underground water.  
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In this research project the hypothesis states that the material from the East Paydam 

slime dam can be effectively treated using soil washing and bioremediation 

technologies. As mentioned earlier, CRUD leaches heavy metals in concentrations 

above their acceptable limits. Table 1-1 is an extract from work done by Baldwin 

(2004) on the characterisation of CRUD. 

Table 1-1: Leaching characteristics of CRUD Baldwin (2004) 

 Head (mg/kg) TCLP (mg/l) ARLP (mg/l) ARL (mg/l) 

Mn 19 900 617.5 73.5 0.3 

Ni 402 1.56 <0.013 1.2 

Zn 520 0.6 <0.003 0.7 

TCLP is the Toxicity Characteristic Leaching Procedure, ARLP is the Acid Rain 

Leaching Procedure and ARL is the Acceptable Risk Limit. It is evident that the 

CRUD is an environmental hazard and since Mn is classified as a high hazard element 

and in terms of the South African legislation, it must be disposed into a High Hazard 

(HH) landfill. The same can be said for the payable slimes mainly because of the Mn 

leaching that is above the acceptable risk limit (Table 1-2). The values that are above 

the acceptable risk limit are highlighted. 

Table 1-2: Leaching characteristics of Payable Slimes (Baldwin, 2004) 

 Head (mg/kg) TCLP (mg/l) ARLP (mg/l) ARL (mg/l) 

Mn 157 1.7 0.57 0.3 

Ni 4.64 <0.013 <0.013 1.2 

Zn 95.2 0.35 0.61 0.7 

Since there is leaching of the Mn in excessive amounts, the payable slimes are 

classified as a high hazard substance. It is also evident that Mn is the most critical 

contaminant and its successful removal should be enough to have the soil de-listed 

from its high hazard classification. 
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1.3 Objectives of the Research Study  

The main objectives of this research study are; 

i. To test the hypothesis stating that the heavy metals from the crud and slime dam 

material can be removed from the soil through soil washing (heap washing) and 

bioremediation, to ensure that the slimes can be re-introduced into the plant 

without any associated problems. 

ii. Investigate the critical parameters that affect the performance of the proposed 

remediation technologies. 

iii.  To develop a conceptual design for the treatment of the East Paydam material. 

iv. Propose a possible leachate treatment method to recover the heavy metals. 
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2. An overview of soil properties that 

influences choice of remediation 

technologies 

 

The knowledge of soil properties and the processes that occur within the soil is 

essential in determining the effectiveness and efficiency of any proposed treatment 

method and also for predicting the behaviour of the contaminants in the soil. Soils 

vary from sands to clays and as such, their properties vary as well. These differences 

also determine the behaviour of contaminants in a particular soil. This prompted the 

formulation of different treatment techniques to treat the various types of soils and 

contaminants. The various remediation methods are therefore discussed briefly in this 

chapter. 

2.1 Soil Properties and Processes 

Soil is a key component of the terrestrial ecosystem and is necessary for the growth of 

plants. It’s a three phase system comprising of solid particles, which is basically the 

minerals and the organic matter, gas which is a mixture of air and the volatile 

chemicals and liquids which are made up of the soil solution and the immiscible fluids 

(Jones and Ghassemi, 1994). 

Soil is formed by the breakdown of large rocks to fine particles that have greater 

surface areas. This breakdown is due to physical and chemical processes. The soil 

formation process is an interaction of a number of factors namely micro-organisms, 

climate, topography, parent material and time. The soil formation process releases 

plant nutrients. In the early stages of soil formation, a number of soil nutrients will be 

in deficiency. The major nutrients that are generally in short supply at this stage are 

carbon, nitrogen, phosphorous and sulphur. Since micro-organisms play a critical role 

in the soil formation process, the initial colonizers of the soil are the micro-organisms 

that are capable of photosynthesising, nitrogen fixing and also capable of releasing 
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nitrogen and sulphur from insoluble forms. The cyanobacteria, also known as blue-

green algae are the most predominant type and it is involved in the microbial 

weathering of the rocks into smaller particles. The establishment of vegetation leads 

to a dynamic mixture of living and dead cells, soil organic matter and mineral 

particles (Sikdah and Irvine, 1998). 

2.1.1 Soil Structure 

The common definition of soil is the earth’s surface layer that is exploited by plants 

for their survival and growth. Soil is a three phase system that comprises solid 

materials, air and soil liquids and a complex heterogeneous medium. The mineral 

particles are of various chemical composition and sizes. The other constituents 

include the living population, plant roots and decomposing organic matter. Soil pore 

water, soil gases and dissolved minerals complete the composition of the soil. The 

major gases that are found in the soil are those gases that are normally found in the 

outside atmosphere namely nitrogen, oxygen and carbon dioxide. There are physical 

forces such as drying, shrink-swell, freeze-thaw, root growth, compaction and animal 

activity that act on the soil. These forces mould the soil into aggregates and the 

structure of the soil is thereby defined (Sikdah and Irvine, 1998). 

2.1.2 Key Soil Parameters 

Soil pH 

The soil pH refers to the hydrogen ions concentration that is in dynamic equilibrium 

with negatively charged particles of the soil particles. The chemical behaviour of the 

contaminants especially inorganic contaminants such as heavy metals is strongly 

dependent on the soil pH of the body which they are to be extracted from (Jones and 

Ghassemi, 1994). Normally high soil pH or high alkalinity hinders the mobility of 

heavy metals in the soil hence soils with a high pH are difficult to wash for heavy 

metal removal. Extreme pH ranges negatively affect the effectiveness of ion exchange 

and flocculation processes. These extreme conditions also affect the microbial 

diversity and activity. The pH of the soil is also dependent on the redox conditions 

and is affected by changes in the redox potentials that occur in the soil (Jones and 
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Ghassemi, 1994). 

Redox Conditions   

Reduction-oxidation reactions are crucial in explaining both the chemical and 

biological phenomenon that happens in the soil. The redox equilibriums are controlled 

by the aqueous free-electron activity that can be expressed as the Eh value. Large 

positive values of Eh favour the existence of oxidised species while low values the 

existence of reduced species. The living organisms get their energy from the products 

of these reactions. Redox conditions, together with the pH are used to predict the 

dissolution behaviour of metals through the use of potential-pH diagrams (Habashi, 

1999). 

Moisture Content 

Moisture content is the amount of water in the soil. The water is available in the soil 

as water in the pores of the soil. Moisture content is an important parameter because it 

affects the soil aeration, the amount of water available to micro-organisms and the pH 

of the soil solution. Water gets into the soil through three processes i.e. the most 

common way is rain or irrigation. The water is drawn into the soil by gravity. This 

type of water is called gravitational water. As soon as it drains out of the soil, the soil 

at that particular moisture content is termed to be at its field capacity. The second type 

of soil water is the hygroscopic water. This is when a dry soil adsorbs water from the 

outside atmosphere that is at a higher humidity than the soil. Lastly, capillary water is 

the water available to plants and microbial growth and is found in the pores of the 

soil. Moisture content has been found to affect both soil washing and bioremediation 

processes (Sikdah and Irvine, 1998).  

Particle Size Distribution 

Particle size distribution maybe defined as percentage fraction of the different size 

ranges. Soil particle size distribution generally defines the soil as shown by Figure 2-

1. Particle size distribution is an important parameter in many treatment technologies 

Bhandari et al., (1994). The effect of particle size distribution is on the proposed 
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treatment procedure is described in more detail in Chapter 3.  

Humic Content 

Humic content is the amount of naturally occurring organic matter that is 

decomposing in the soil. The humic content is the substrate that microorganisms feed 

on for their growth. It is, therefore an important parameter in the bioremediation 

process because the effectiveness of the bioremediation is directly proportional to the 

amount of the microorganisms (Sikdah and Irvine, 1998). 

2.1.3 Processes controlling chemical fate in soil  

There are three important soil processes that control the distribution and the 

form/nature of the chemicals in the soil namely biological, chemical and physical 

processes. Biological processes obviously involve the interaction of the soil 

microorganisms with the chemicals, chemical processes control the speciation and 

phase distribution of the chemicals and lastly, physical processes controls the 

movement of chemicals and liquids through the soil, making them a very important 

parameter in leaching (soil washing) process (Jones and Ghassemi, 1994). These three 

processes are also affected by the soil parameters that were discussed in section 2.1.2.  

A brief description of these processes is presented because it might be important in 

explaining the results of the soil washing and bioremediation experiments. 

Biological Processes 

Isn’t it wonderful to know that apart from causing diseases to humans, 

microorganisms, particularly bacteria, actinomycetes and fungi, are responsible for a 

number of important processes that happen in the soil? Well that is true as 

microorganisms are really important. They are responsible for fixation of nitrogen 

into the soil that ensures plant growth. The microorganisms are also responsible for 

mineralization and immobilisation of organic and inorganic plant nutrients. Apart 

from taking part in the supply of essential nutrients to the plants, the microorganisms 

also play a significant role on the physical parameters of the soil such as density, 

structure and porosity (Jones and Ghassemi, 1994). The chemical transformations that 
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are achieved from microbial activity are generally as a result of the search for energy 

and carbon sources by the microorganisms in order to build biomass. 

Chemical Processes 

The soil contains a complex mixture of chemicals and together with the physical 

environment creates conditions that encourage a wide variety of chemical reaction to 

occur. The processes can be categorised into five groups namely chemical 

degradation/transformation, oxidation/reduction, solubility reactions, volatilisation 

and adsorption/ desorption (Jones and Ghassemi, 1994).  

Oxidation/reduction reactions are probably the most important reactions in the soil as 

far as soil washing is concerned. The oxidation states affect the species present in 

solution and that affects adsorption and solubility reactions (Jones and Ghassemi, 

1994). Manganese is one of the many metals whose solubility depends on the 

oxidation state. The redox status of the soil is dependent on the soil properties that 

control the aeration and oxygen supply such as moisture content, porosity and texture 

(Jones and Ghassemi, 1994). Solubility processes involves the formation of solid 

phase compounds that precipitate in the soil. It requires relatively more time and large 

volumes of lixiviant to leach precipitates as compared to completely soluble 

compounds. Chelating agents can be used to leach out the metals.  

The soil matrix has the ability to adsorb chemicals either from the gas or liquid phase. 

Chemical adsorption is simply the association of the chemical with the solid phase 

thereby being removed from the liquid or gaseous phase. Adsorption occurs at the 

interface between the solid and liquid/gas phase. The adsorption capability of a soil 

comes from the presence of functional groups at the surface of the soil particles. 

These functional groups attract the charged ions in the soil solution. Adsorption is a 

competitive process and the ions compete for the adsorption sites (Jones and 

Ghassemi, 1994). 

Physical Processes 

Physical processes generally affect the transport of mass and energy through the soil. 

The relevant physical processes to this study are soil aeration and heat flow, water 
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storage and drainage and lastly solute transport. Soil aeration affects soil washing and 

bioremediation processes because oxygen supply affects the performance of 

microorganisms and also the redox status of the soil. Chemicals are transported 

through the soil in the vapour vase by diffusion and convection whilst they are 

transported through the liquid phase by diffusion and convection. Liquid phase 

diffusion can be used to estimate the long term migration potential of a waste from a 

dump site. Unfortunately, the diffusion is so slow that it can not be used in soil 

washing (Jones and Ghassemi, 1994). 

2.1.4 Soil Classification  

 

Figure 2-1 is a United States Department of Agriculture trilinear diagram for 

naming soils 
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Soils are generally classified by their particle size distributions. Particles with the size 

range 0.05mm to 1 mm are classified as sands, silts range from 0.05 to 0.002 and 

clays below 0.002mm (McKinney, 2004).  Other soils are also defined by the 

composition of the clay, silt and sand. For example, a sandy loam is a soil that 

contains more of clay and silt than sand and loamy sand contains more sand than clay 

and silt. The various compositions that constitute different soils are shown in Figure 

2-1. 

2.2 Soil Contaminants 

The most common environmental contaminants that are being encountered are metals 

and hydrocarbons. This is mainly because of the increase in industrial activities that 

use large volumes of petroleum fuels and mines that mine and dumps metal wastes. 

Table 2-1: Typical concentrations in contaminated environments (Sikdah and 

Irvine, 1998) 

Location         Source   Metal      Concentration 
River Godovari, India         Paper Plant Zn 233.41 µg/l 

   Mn 157.97 µg/l 

        
Otago Harbor Sediment, 

New Zealand Tannery Effluent Cr 7000 µg/g  
       

Tennessee Valley 
(Wastestream) 

       Leaking coal slurry 
dike         Fe 6900 µg/l 

    Mn 9300 µg/l 

        
Silver Valley, Idaho 

(Soil) Mining activity Cu 197.64 µg/g 
    Mn 1.28*104 µg/g 

    Pb 2.2*104 µg/g 
Quebec, Canada (Soil)        Sewage Sludge        Cu 879.50 µg/g 

    Pb 193.5 µg/g 

    Zn 762.5 µg/g 
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2.3  Alternative Soil Remediation Technologies 

Although the main focus of this study is to remove heavy metals from the soil using 

soil washing and bioremediation techniques, there are, however, other alternative 

methods that can also be used and the choice of technology is dependent on a number 

of factors. The most important measure for the suitability of a technology is usually 

the cost of the clean-up in comparison with efficiency of the technology. This section 

briefly describes the prominent treatment technologies including the chosen methods, 

soil washing and bioremediation. 

2.3.1 Removal to Landfill 

Landfill is probably the most common and preferred method of waste management 

because of its simplicity and relatively low cost. It is also a fast method of dealing 

with waste.  The method involves excavation of the contaminated soil, transport and 

then burial at the selected site. However this method is not effective because it is 

basically transfer of waste/contaminants from one site to another.  Land fills are 

designed to ensure that the contaminants are isolated from the environment or 

subjected to processes that effectively render the waste not harmful to the 

environment. 

However, stiffer environmental legislation now requires the provision of containment 

measures than ensures gas or liquid interchange is minimised. In other words, the 

waste is kept isolated from the outside environment. This isolation can be achieved by 

lining, capping, cover systems and vertical barriers. This has significantly increased 

the cost of the technology as the design and installation of a containment system 

requires significant amount of resources. 

2.3.2 Waste Utilisation 

This type of waste management identifies areas where the generated is regarded as a 

raw material. This effectively makes the ‘waste’ a by-product and instead of disposing 

the waste, it is utilised. Inerted manganese sludges have been used in South African 

for the production of bricks and as a foundation material for tarred road construction 

(Baldwin, 2004). Blast furnace slag is one of the ‘waste’ products that has been 



Chapter 2: Overview of Soil Contamination  

   

15 

utilised in cement manufacture and road making such that it is now viewed as a by-

product rather than a waste. 

2.3.3 Thermal Processes 

Thermal process use elevated temperatures to destroy or remove contaminants. The 

heat energy induces physical or chemical processes such as incineration, gasification, 

combustion, volatilisation or a combination of these processes.  Thermal processes are 

most ideal to liquids than soils because the heating of soil to such high temperatures 

results in the destruction of the soil texture and removal of all humic components. 

Thermal processes can treat almost any kind of contamination. The only problem is 

some high moisture content clays require greater energy inputs (Wood, 1997). There 

are basically three common thermal processes used for treating contaminations 

namely thermal desorption, incineration and vitrification. These thermal processes 

utilise different temperatures. 

Thermal desorption involves the heating of the excavated soil to temperatures around 

6000C. At this temperature most of the volatile contaminants are evaporated and 

subsequently removed by condensation, filtration and scrubbing. Thermal desorption 

can be used to treat soils that are contaminated with toxic organic chemicals (Wood, 

1997).  

Incineration is carried out at temperatures between 8800C and 12000C. Rotary kilns 

are commonly used for the incineration purposes. Incineration results in the 

destruction of the contaminants into less toxic forms. However, in some case the 

exhaust gases may need to be treated as well.  Examples include the incineration of 

liquid ammonia from the gas cleaning plants of the coke ovens (Wood, 1997). 

Lastly, vitrification takes place at relatively high temperatures of in the range 10000C 

to 17000C. A melted aluminosilicate material is formed and the contaminants are 

trapped in this glass product. The vitrification process is relatively expensive (Wood, 

1997). 
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2.3.4 Stabilisation/ Solidification 

The stabilisation process involves solidification of the contaminated material into less 

mobile chemical forms, converting the contaminants into less mobile forms or binding 

the contaminants within an insoluble matrix. This ensures minimum leaching of the 

contaminants. Stabilisation can be used to treat soils, sludges, liquids amongst other 

contaminants (Wood, 1997). The process can be applied both in-situ and ex-situ and 

has the advantage of having a product that is relatively easy to handle. However, the 

treatment of organic contaminants using this method is relative expensive and 

difficult. If the process is applied ex-situ, the product is preferably utilised because 

disposing it in a landfill greatly increases the volume as compared to the original 

material. Portland cement, lime, fly ash, silicates and clays are often used in 

conjunction with each other to act as the binders (Wood, 1997). 

2.3.5 On-Site Containment  

This method is generally used as an alternative to removal to a land fill. The 

contaminated waste is excavated and containment measures are put in place to 

minimise the migration of the waste. This is done by ensuring that no leachate or 

gaseous product escapes into the environment.  Normally low permeability barriers 

are used to isolate the waste. The barriers can be made from natural or synthetic 

material. They are placed under and over or around the area.  

2.4 Summary 

The remediation technologies that were discussed in chapter clearly had their 

advantages and disadvantages. However it is important to note that the major 

disadvantage of the other treatment methods are the cost involved in comparison with 

the level of treatment. This made the proposed the soil washing and bioremediation 

option attractive as the two methods, if properly implemented can achieve the 

required clean targets at relatively low costs.    



Chapter 3: Literature Review 

   

17 

3. Literature Review 

 

Soil washing and bioremediation are two fast emerging technologies that are used to 

treat/clean up contaminated soil with contaminants ranging from heavy metals to 

hydrocarbons. These techniques can be used as stand alone technology or together 

depending on the nature and level of clean up required. However, to be able to 

effectively implement these two techniques it is important to understand some critical 

aspects related to the techniques that are discussed in this chapter. 

3.1 Soil Washing 

Soil washing is a process that employs chemical and/or physical techniques to remove 

contaminants from soils (ITRC, 1997). This section looks at the soil washing 

technique. It looks at the principles and practices of the technique and its suitability to 

treat soils similar to that from the East Paydam slime dam material. To begin with, a 

brief history of the use of the technology is presented. 

The early usage of the name soil washing referred to processes in which fine soil 

particles were scrubbed off the bigger particles by the use of water such that the 

bigger particles become ‘clean’ after washing (Griffiths, 1994). However, as more 

complicated soil contamination cases were encountered, the technique was also tried 

and success was achieved. Effort was then made to distinguish between the physical 

separation methods that used to define soil washing to new methods that sought to 

solubilise or suspend the contaminants in the wash solution. The process used by 

different researchers varied in the selection of the washing agents that were added and 

also the sequence of the unit processes. The type of equipment employed also varied 

from one researcher to the other. As such there is no universal washing process that 

exist (Griffiths, 1994). This variance was mainly because of the different situations 

that the respective researchers had to solve. However, most of the equipment is 

borrowed from the mineral and ore processing industry. Some of the equipment that is 

cited as suitable for soil washing hardware includes hydrocyclones which are 
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normally used to separate soil from water, spiral classifiers and elutriators which are 

used in volume reduction processes (Griffiths, 1994).  

3.1.1 Process Description 

The goal of soil washing is to extract unwanted contaminants from the soil through 

leaching the solids with a liquid termed a lixiviant/leachant or leaching agent. 

Generally, aqueous solutions are employed to perform the leaching (Jones and 

Ghassemi, 1994). The lixiviant or wash solution are usually contaminant specific, 

hence the need to have the knowledge of the behaviour of the contaminants before 

selecting the suitable solvent (Griffiths, 1994). The leaching agents usually used 

include water, acids, bases and chelating agents depending on the type and nature of 

contaminant (Neale et al., 1997).  

 

Figure 3-1: The typical soil washing procedure 

The following are the typical steps that are followed during the washing of any 

particular soil (see Figure 3-1). 
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Soil Preparation 

Soil washing is usually carried out ex-situ i.e. out of its original position. There is a 

need to prepare the soil for the washing so that the process is as efficient as possible. 

The first step of the soil preparation involves excavation of the soil from the 

contaminated body. The soil is then screened to remove debris and other large objects 

that are not desirable to the process. For continuous or semi batch processes, water is 

added to the soil to make it a slurry and then pumped through the system. This soil 

preparation stage is important in that the material that is not part of the soil 

contaminants can be removed. Unwanted materials usually increase the consumption 

of the reagents and the process efficiency is greatly affected. Feed material should be 

reduced to a particular maximum size. This is achieved by pre-screening to remove 

the oversized particles followed by crushing or grinding the oversized material 

(Boulding, 1996; Griffiths, 1994). 

Soil Washing Process 

There are a number of unit processes that occur during the soil washing process. The 

soil is mixed with the extraction agent(s) to remove the contaminants from soil. There 

are also a number of processes to mix the soils and leach solution. For some soils, 

there might be a need to agitate the mixture to enhance the reactions. The 

contaminants are subsequently transferred from the soil to the lixiviant solution.  The 

soil and the lixiviant solution are separated by filtration. The soil is rinsed by water to 

remove the lixiviant that might have been stuck in the soil. Depending on the level of 

contaminant removal required, the soil may be washed again or the soil disposed off 

as ‘clean’ product (Griffiths, 1994). There are four main waste types that are 

generated during soil washing namely, the contaminated soil from the soil washing, 

wastewater, waste water treatment sludges and residuals and air emissions. The 

sludges and clay particles from the washing process may require further treatment 

such as incineration, low temperature adsorption, solidification and stabilisation, 

biological or chemical treatment such that the final disposal is environmentally 

friendly (Bhandari et al., 1994) 
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Leachate Treatment 

After the removal of the leachate from the soil, it is treated by conventional methods 

like precipitation, electrowinning and solvent extraction. The waste water is also 

disposed after assessing if it meets the regulatory requirements for heavy metal 

content, organics, pH and other parameters that are controlled (Gupta and Mukherjee, 

1990). 

3.1.2 Site Requirements 

Typically, soil washing process systems are located on the site of the contaminated 

soil. The area that the equipment occupy is dependent on the type of vendor system 

selected, the amount of storage space required and the number of tanks needed for the 

handling of the solutions i.e. the preparation of the leachant/lixiviant and for the waste 

water/solution treatment. There is also a need to have access roads to the site for 

vehicles. Electricity, water, steam and compressed air should be available at the site. 

Contaminated soils are usually hazardous hence the need to have a safety plan for the 

project and the area as a whole. This is important to protect the personnel. A hazard 

and operatability study (HAZOP) may be conducted for the clean up process. There is 

a need to provide cover for the raw materials, especially the storage area as the 

moisture content of the soil is a crucial parameter and should be kept almost constant 

for consistent handling and treatment (Boulding, 1996). 

3.1.3 Predicting Performance 

There are definite steps that are recommended by EPA (1991) for predicting the 

performance of soil washing for a particular site. The steps are preliminary screening, 

remedy screening testing, remedy selection testing and remedy design testing.  

Preliminary Screening 

This is an evaluation of the suitability of the method or methods based on the existing 

data. This evaluation starts with search for relevant data from existing data bases, 

reports, articles, etc. The review may identify sites that had similar contaminants 

hence the results of those previous work is important in developing a hypothesis for a 
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new soil washing process (Boulding, 1996). 

There is need to know the distribution of the contaminants across the various particle 

size ranges. This is critical is in predicting if volume reduction processes will be 

effective. In general, higher concentrations of the contaminants are found in the finer 

particles. This is not true for all sites hence the distribution for contaminants for that 

specific site should be determined. It is also important to know the properties of the 

soil and of the contaminants. Key properties such as the solubility of the 

contaminants, partition/distribution coefficient, organic carbon, and the cationic 

exchange capacity of the soil should be known (EPA, 1991). 

Remedy Screening 

This involves the use of bench scale treatability tests to obtain more specific 

information about the ability of a particular soil to be treated by the chosen 

technology. Remedy screening is usually a low cost exercise that takes hours to days 

to complete. The lowest level of quality control is required for these studies. Remedy 

screening tests identifies the operating parameters for investigation but generate very 

little or no information about the cost data and should never be used as a sole basis for 

selection of a remedy. For soil washing, these tests might be skipped as preliminary 

screening offers enough information to make a good decision (EPA, 1991) 

Remedy Selection 

These tests provide quantitative information on whether or not the clean up goal can 

be met. The remedy selection tests identify the performance of a selected technology. 

These tests yield data that the technology can meet the anticipated clean up targets. 

This testing seeks to give an indication of the amount of soil that will be processed 

after initial screening. Pilot scale testing may be needed to obtain the data that should 

be sufficiently detailed (EPA, 1991) 

Remedy Design 

This involves getting comprehensive engineering data for operating and optimisation 

of the process by means of a pilot scale unit on the site to be treated. Remedy design 
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testing gives the quantitative cost and efficiency of the proposed treatment procedure. 

This testing is generally longer for sites with different types of contaminants in 

varying concentrations. Remedy design tests involve the construction of a small scale 

unit on the site or bringing a mobile treatment unit. The data from the remedy design 

tests is used to design a full scale treatment unit, confirm the feasibility of soil 

washing based on the clean up goals, refine the clean up time estimates and refine the 

cost estimates (EPA, 1991)  

In general, the full accounting of all the soil, leaching solution, water, contaminants 

and additives that enter and leave the system is critical in measuring the performance 

of the process (EPA, 1991; ITRC, 1997). 

3.1.4 Soil Washing Methods 

Since there is no universal method for soil washing, a number of methods have been 

developed to treat different contaminants but still utilising the principal concept of 

soil washing. There are various methods that were developed to treat particular soil 

types with specific contaminants. Typical examples of soil washing methods are heap 

washing, the impinging stream technology and Selective Soft Self Attrition (SSSA). 

Heap Soil Washing 

This technique is similar to the heap leaching technique. This process is carried out 

ex- situ. The contaminated soil is excavated from its original place and layered on a 

prepared surface. The surface is prepared in such a way that the surface is covered 

with an impervious layer such as clay to ensure no leachate escapes into the 

underground water. The contaminated soil is excavated and laid on the prepared 

surface. The leachant is sprayed from the top and allowed to percolate down the heap. 

The leachate is directed to a collection point for further processing. This method is 

less effective although it is the cheapest. It is not suitable for clay soils in which the 

contaminants are attached to the negatively charged sites of the soil, and require both 

mechanical and chemical processes to remove them. 
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Impinging Stream Technology 

Impinging jet reactors were created after the realisation that in some cases the more 

turbulent the mixing, the higher the mass transfer thus increased efficiency. This 

technology is most suited for soil washing reactions in which the mass transfer step is 

the rate limiting.  This technology employs the kinetic energy of the feed streams to 

create turbulent conditions to increase mass transfer. Two or more streams flow 

towards each other and impinge at the midpoint of their flow, which is called the 

impingement plane. The associated inertia causes a repeated penetration through the 

impingement plane into the opposite stream until discharge. This results in an increase 

in the mass transfer. This method also has the advantage of liberation that might occur 

as lumps of soil are broken up and greater surface area for washing is exposed (Mare, 

1999). 

Selective Soft Self Attrition (SSSA) 

The Selective Soft Self Attrition (SSSA) process was initially developed to reduce the 

leaching time of gold ores and also to increase the recoveries. The milled ore is stirred 

at a high speed in a pulp of high density. The gold bearing minerals are softer than the 

quartz in the soil and with the rubbing action on particles caused by the agitation, 

there is selective grinding down of the gold bearing ore. This allows for faster and 

more complete leaching. The apparatus for this type of washing is simple and consists 

of a cylindrical container in which the attrition stirrer operates. This technology has 

been tried on treating slime dam residues and tailings from plants (Sharp, 1993).  

3.1.5 Technology Applicability 

Generally, soil washing is effective on coarse sand particles and also gravel 

contaminated with a wide range of organic, inorganic or inorganic and reactive 

contaminants (Boulding, 1996). Soil washing technology is not very effective in soils 

that contain large amounts of clay and silt particles (ITRC, 1997). The performance of 

the technology can be improved for clay and silt soils by using it together with 

another technology. Bhandari et al. (1994) managed to use soil washing together with 

bioremediation to treat a hydrocarbon contaminated soil successfully.  
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Hydrophobic contaminants generally require surfactants to effect removal from the 

soil. However, the use of surfactants is not desirable for the down stream waste water 

treatment processes.  Complex mixtures of contaminants are difficult to wash and 

might require sequential washing steps because of the different lixiviant requirements 

(Bhandari et al., 1994). Table 3-1 illustrates the various soil types and effectiveness of 

soil washing technology to each soil type; 

Table 3-1: Applicability of soil washing on contaminated group of various soils. 

(Boulding, 1996) 

Contaminant Group Matrix 

  Sandy/Gravely Soils Silty/Clay Soils 
Organic     

Halogenated volatiles   ■ ▼ 
Halogenated semi volatiles ▼ ▼ 
Non-halogenated volatiles ▼ ▼ 
Non-halogenated  semi-
volatiles ▼ ▼ 
PCBs ▼ ▼ 
Pesticides (halogenated) ▼ ▼ 
Toxins/furms ▼ ▼ 
Organic cyanides ▼ ▼ 
Organic corrosives ▼ ▼ 
      

Inorganic ■ ▼ 

Volatile metal ■ ▼ 
Non volatile metal ▼ ▼ 

Asbestos ● ● 
Radioactive material ▼ ▼ 
Inorganic corrosives ▼ ▼ 
Inorganic cyanides ▼ ▼ 
     
Reactive     

Oxidisers ▼ ▼ 
Reducers  ▼ ▼ 
■ Good to excellent applicability: High probability that the technology will be 

successful. 

▼ Moderate to marginal applicability: Exercise care in choosing technology 

●   Not applicable: Technology will not work 
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3.1.6 Factors affecting Soil Washing 

There are a number of factors that affect the soil washing process and most of them 

have been discussed in the soil washing section. This section looks at the individual 

parameters and how they have been found to affect the process in previous research. 

These parameters are;  

i. pH, 

ii. type of leach solution, 

iii.  particle size distribution , 

iv. complex mixture of contaminants, 

v. solid to liquid ratio, and 

vi. humic content (Jones and Ghassemi, 1994) 

These parameters may be related to each other such that as the other changes, the 

other also changes. A good example of this is the pH and redox potential. A change in 

one of the two parameters results in a corresponding change in the other. 

pH 

It has been shown that the lower the pH, the greater the percentage removal of 

metallic contaminants from the soil (Semer and Reddy, 1995). Semer and Reddy, 

1995, investigated nitric, sulphuric and hydrochloric acids for the soil washing 

experiments. All the three acids removed greater percentages of contaminants at low 

pH. This can be explained by the fact that at low pH, the amount of hydrogen cations 

in the solution is high hence the competition for the ionic sites in the soil increases 

and the hydrogen ions attaches itself onto those negatively charged site leaving the 

metal cations in the solution. Neale et al. (1997) and du Plessis (2006), managed to 

show that the recovery of metal increased as the pH is lowered.  However, extreme 

pH ranges are not desired as they hinder ion exchange and flocculation processes.  

Type of Leachant/Lixiviant 

A number of solutions/lixiviants have been used in soil washing. Water was the most 

commonly used wash liquid in the early stages of processes. Acidic, basic and 
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chelating agents have been used to leach metals from soils and acids generally have 

been found to leach a greater percentage of the contaminants from the soil than the 

other lixiviants. Neale et al. (1997) investigated the use of EDTA, nitric acid, 

hydrochloric acid, citric acid, sodium hydroxide, nitrilotriacetic acid (NTA) and 

diethylenetriaminepentaacetic acid (DTPA). The research involved removal of heavy 

metals from a group of soils ranging from sandy to clay soils. It was concluded that 

acids at low pH and chelating agents near neutral pH removed the greater percentage 

of heavy metals than the bases. However, it should be noted that the choice of the 

wash solution also depends on the nature of the contaminant. 

Particle Size Distribution 

Particle size distribution is a critical factor in the soil washing process. As discussed 

earlier on, the coarse materials such as sand are the easiest to treat and clay soils 

difficult to treat as shown by Figure 3-2. The difficulty in treating silt and clay soils 

emanates from the fact that it is difficult to separate the adsorbed contaminants from 

the fine soil particles (Neale et al, 1997). 

 

Figure 3-2: Effect of particle size distribution on soil washing. Extracted from 

EPA Guide for Conducting Treatability studies under CERCLA: Soil Washing, 

(1991) 
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Complex mixture of contaminants   

If the soil contains various contaminants such as a group of different hydrocarbons 

together with a mixture of heavy metals, the soil washing process will be complicated 

because special considerations have to be made in the process design to cater for 

every contaminant. Variations in the metal or hydrocarbon concentration make the 

design of the process difficult but other modifications to the soil, like blending are 

employed to make treatment easier (ITRC, 1997). 

Solid to Liquid Ratio 

The volume of the lixiviant is critical in the removal of contaminants. Generally the 

ratio of solid to liquid is approximately 0.05. The volume of the leach solution should 

be able to flood the soil. This is mainly because the soil has to first reach its water 

holding capacity before it can drain. If the field capacity make up volume is not taken 

into account, some metals and the solution might remain trapped in the soil (Neale et 

al., 1997). For soils that have the contaminants adsorbed onto the soil matrix, these 

are removed by addition and removal of the lixiviant enough times to remove the 

adsorbed contaminants making it inefficient and not practical (Jones and Ghassemi, 

1994). 

Humic content 

High humic content is not desirable for soil washing process with the organics and 

metals because it provides additional binding sites for the contaminants. The adsorbed 

contaminants need excessive amounts of lixiviants to be leached. This makes the 

removal of the contaminants difficult and not practical (ITRC, 1997).  
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3.2 Leaching of Heavy Metals 

This section looks at the leaching principles because soil washing is an application of 

the leaching principles (Jones and Ghassemi, 1994). The understanding of the 

leaching process is necessary to the implementation of soil washing. Leaching is 

defined as the process of dissolution of an ore or a metal from a solid by use of a 

liquid (Newton, 1959; Habashi, 1994). 

3.2.1 Types of leaching 

The various methods that can be used for leaching can be divided into two groups 

namely percolation leaching and agitated leaching.  Percolation leaching includes is-

situ, heap, vat and thin air leaching while agitated includes slime/pulp, pressure 

leaching (Gupta and Mukherjee, 1990).  

 

Figure 3-3: The various types of leaching (Gupta and Mukherjee, 1990) 

In-situ Leaching 

In-situ leaching is also known as solution mining. In this method, the ore is not mined 

as it is conventionally done but it is leached from its original place. Before leaching is 

done, the ore is shattered by explosives. After the shattering, the leaching is effected 

by alternate and intermittent circulation first of air, followed by water and the spent 

solution from the precipitation process. The ore is leached over a long period of time 

because the ores that are mined are generally low in grade to and there is no 
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justification in mining them using the convectional methods. Though the method has 

proved to be a success in a number of operations, the efficiency of the process is 

difficult to evaluate. This is because the concentration and the tonnages of the ores 

before and after leaching are very difficult to evaluate. The advantages of the method 

are: 

i. The environment is disturbed less than in other mining methods that involve 

excavation of the soil. 

ii. Low capital and operational costs 

iii.  The process involves mining those ore that cannot be mined conventionally, 

hence the recovery of such metals are of an economic advantage as the ore 

resources would have been increased. 

However, the process also has its limitations. It might require complex technology 

and the leaching might result in ground water contamination (Gupta and Mukherjee, 

1990, Habashi, 1999). 

Heap Leaching 

Heap leaching is probably one of the oldest techniques employed to leach metals out 

of the soil. It was extensively used in the leaching of ores mainly of copper ores. The 

difference between this method and in-situ leaching is that in heap leaching the ore is 

mined and arranged on the ground on an open space to ensure there is effective 

contact between the lixiviant and the minerals (Gupta and Mukherjee, 1990).  

An area with a slope is usually selected for heap leaching to ensure that the leachate 

flows into the collection containers. The site is cleared of any growth and an 

impervious layer is made by packing with clay, slime or even plastics such that the 

layer is waterproof. Large boulders are used to build the culverts for the drainage and 

ventilation. The ore is either crushed or not depending on the grade and carefully 

placed on the prepared ground. The drainage of the leachate is directed to a specific 

collection point. The leachant is sprayed on top of the heap and allowed to drain down 

the heap into the collecting containers. The leachate is collected and taken for further 

processing. The advantage of this method is that it is relatively simple and straight 

forward. However, the disadvantage of this process is that it is slow and is not 
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usually preferred when tonnages are required to be processed for commercial 

purposes (Gupta and Mukherjee, 1990; Habashi, 1999). 

Vat Leaching 

This type of leaching involves putting the ore in a container. The container is usually 

tanks called vats. The lixiviant is added at the top and allowed to percolate down. In 

vat leaching, the ore usually reduced in size bore leaching. The process can be a batch 

or continual process. Vat leaching is a counter-current process although the ore is 

stationery and only the leach solution is moving through the ore. The maximum 

leaching strength first comes into contact with minimum metal concentrations and the 

metal concentration increases at the leach solution loses its strength (Gupta and 

Mukherjee, 1990). 

Agitated Leaching 

This type of leaching is limited to ore particles that have a particle size distribution 

that hinders the movement of the leaching solution to pass through the interstices 

between the ore particles. The agitation seeks to keep the particles suspended in the 

leach solution creating good contact between the two hence the dissolution of the ore. 

Pachuca tanks are used for agitated leaching and air is used to suspend the solids. 

Agitated leaching has high mass transfer than percolation leaching methods of the 

turbulent flow conditions that exist in agitated leaching (Gupta and Mukherjee, 1990). 

3.2.2 Lixiviants 

There a number of leaching solutions called lixiviants. Leaching can be done by acids, 

bases, water and chelating agents. However, since acidic conditions are favourable for 

the dissolution of metals, acids are commonly used for the leaching of heavy metals 

(Jones and Ghassemi, 1994). However, sulphuric acid, hydrochloric acid and nitric 

acid are the commonly used acids. Sulphuric acid is the most preferred acid because 

of its low price relative to the other acids. The acidic leaching solutions are divided 

into three groups namely oxidising, non-oxidising and reducing acids. Oxidising acids 

are those acids when involved in a reaction; both the hydrogen cation and the anion 

participate in the reaction. Non-oxidising acids are those acids whose reactions only 
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involve the hydrogen cation, and the reducing acids are those that are oxidised during 

a chemical reaction (Habashi, 1999).  

Sulphuric acid is the most common leaching agent because of its chemical properties 

and also it’s relatively low cost. The acid is usually used in its dilute state to leach 

copper oxide ores, zinc ores, phosphates among many others. However, there are 

problems with using sulphuric acid in raw materials that have a significant amount of 

iron. This result in the formation of iron sulphate that cannot be disposed off in 

streams as it is regarded toxic. The iron sulphate cannot be disposed into any water 

body or land and it must be neutralised or crystallised and decomposed. Both of the 

suggested treatment methods are expensive. The other problem is that the raw 

material can contains radium, usually when leaching uranium ores. The residue 

radium sulphate disintegrates into radioactive gas radon and poses a health hazard 

(Gupta and Mukherjee, 1990; Habashi, 1999). 

The use of nitric acid in leaching is limited because of its high cost. Nitric acid is a 

very strong oxidising acid. Nitric acid can leach different type of ores such as oxides, 

sulphides, refractory metal scrap and aluminium bearing clay and wastes.  Neale et al, 

(1997) treated contaminated soil with nitric acid. Ethylene diamine tetraacetic acid 

(EDTA) is an amino acid with the chemical formula (HO2CCH2)2NCH2CH2N 

(CH2CO2H) 2. A single molecule of EDTA can form four to six bonds with any 

transition metal. The bonds are formed between the metal cation and the nitrogen 

atoms of EDTA. EDTA has proved to be effective in removing heavy metals from 

contaminated soils. Unlike acids which remove more metals with decreasing pH, a 

decrease in pH results in competition for the binding site between the hydrogen cation 

and the metal cation on EDTA and the dissolution of the metal is hindered. EDTA can 

be used effectively to remove heavy metals at pH near neutral or slightly alkaline 

(Neale et al, 1997). 

Oxalic acid is a dicarbonic acid with a chemical formula H2C2O4. It is a relatively 

strong organic acid. The dianion known as the oxalate is a reducing agent as well as a 

ligand. Oxalic acid has been used as a lixiviant in the pretreatment of ‘dirty gold’, thus 

gold that is coated with oxides, mainly magnetite and haematite. Oxalic acid dissolves 

the oxides, using various concentrations ranging from 2.5%-20% at a temperature of 
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80OC. The dissolution is achieved in about two hours (Lorenzen, 1994). Oxalic acid in 

a sulphuric acid solution was successfully used to leach low grade manganese ores. 

The oxalate reduces the ores into soluble states (Sahoo et. al, 2001) 

3.2.3 The Heavy Metals (Mn, Ni and Zn) and their Leaching characteristics 

This section briefly looks at the chemical characteristics of the heavy metals. A brief 

summary of their occurrence in the earth’s surface and the traditional recovery 

methods employed to treat the ores are discussed. Generally, the thermodynamic 

conditions that are suitable for leaching these heavy metals are determined by using 

the potential-pH (Pourbaix) diagrams for the respective metals. 

Manganese 

Mn is mostly found in the earth’s surface as the mineral pyrolusite, manganese 

dioxide (MnO2). Mn is not found as a free metal in nature but in minerals such as 

oxides, silicates and carbonates. South Africa is one of the major manganese 

producing countries along with Australia, Brazil, Gabon, India and Russia. Pyrolusite 

is leached under reducing conditions, usually in the presence of a reducing agent such 

as the ferrous ion, to achieve high dissolution according to the reaction: 

OHFeMnHFeMnO 2
322

2 2242 ++→++ ++++   Equation 3-1 

MnO2 can also be leached using a combination of sulphuric acid and oxalic acid. The 

oxalic acid acts as a reducing agent (Habashi, 1999). At high pH, the leaching of 

manganese stops and it precipitates as a hydroxide. The other method of leaching 

pyrolusite involves the use of hydrogen halides as lixiviants. The most common is 

hydrochloric acid leaching. This process was developed by a Belgian company, 

Metallurgie Hoboken-Overpelt (MHO). The process involved crushing the nodules of 

manganese and leaching with hydrochloric acid.  

The simplified reaction can be presented as: 

2222 24 ClOHMnClHClMnO ++→+   Equation 3-2 
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The reaction represented by equation 3-2 progresses very well to the right under 

strongly acidic conditions. The reaction mechanisms is believed to involve part of the 

nodules i.e. MnO2 to act as an oxidising agent and oxides part of the chloride to 

chlorine and therefore, it is reduced to the more soluble manganous state. However, 

the high solubility of metal chlorides as compared to the sulphide poses a challenge in 

the later stage of precipitation to recover the metals from the solution. Another 

manganese ore, rhodochrosite (MnCO3), can be leached easily with sulphuric acid and 

the reaction is as shown in Equation 3-3: 

OHCOMnSOSOHMnCO 224423 ++→+   Equation 3-3 

Generally, Mn, in the +2 oxidation state, is very soluble in acidic condition. 

Nickel 

Nickel is found in the earth’s crust as oxides and sulphides. It can occur in a number 

of oxidation states but only the Ni (II) is stable over a wide range of pH and redox 

conditions. Nickel sulphide dissolves in dilute sulphuric acid in the absence of 

oxidising agents as shown in Equation 3-4 (Gupta and Mukherjee, 1990; Habashi, 

1999). 

SHNiSOSOHNiS 2442 +→+       Equation 3-4 

In industrial applications, however, the nickel sulphides are leached under oxygen 

pressure to achieve high rates of dissolution. Although the NiS have been the major 

source of nickel, the oxides (lateritic) represents 85% of the known Ni reserves in the 

world.  The lateritic ores are subjected to a combination of pyro- and 

hydrometallurgical processes to extract the nickel and any associated cobalt. Lateritic 

ores are of two types, the limonitic and silicate. The limonitic ore is difficult to treat 

by direct atmospheric leaching using sulphuric acid hence it is treated at temperatures 

above 2000C in autoclaves. Efforts to leach the lateritic ores without involving 

pressure resulted in the development of a process that involved subjecting the ore to 

selective reduction with gaseous, liquid or solid reductants in the temperature range 

600 to 8250C. The resultant reduced ore is then leached with dilute sulphuric acid at 

pH 2.5 to 4 at a temperature of approximately 800C. This technique is known as the 
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IRAL process and was renowned for the reduction in the acid consumption as 

compared to the pressure leaching. The silicate-type lateritic ores are associated with 

large quantities of MgO and are unsuitable for sulphuric acid pressure leaching. This 

ore is reduced by roasting followed by leaching with the ammonia-ammonium salt 

(Gupta and Mukherjee, 1990; Habashi, 1999). 

Zinc 

Zinc occurs mainly as sulphide which is known as sphalerite. The sulphide is roasted 

to produce an oxide. Zinc oxide is extracted by dissolving it in acid. Zinc oxide is 

usually leached by using sulphuric acid. The dissolution is represented by the equation 

3-5.  

OHZnSOSOHZnO 2442 +→+     Equation 3-5 

ZnS is generally insoluble in acids. However, direct oxidative leaching of zinc 

sulphide in sulphuric acid has been employed industrially. The merits of the process 

are that high Zn recoveries were achieved, iron is rejected in its insoluble form and 

sulphur produced in its non-polluting elemental form. At elevated temperatures and 

pressures, the ZnS reacts with the O2 and H2SO4 to form sulphate, elementals sulphur 

and water as shown by equation 3-6. 

OHSZnSOOSOHZnS 24242 2

1 ++→++    Equation 3-6 

3.2.4 Metal recovery from Leachate 

In hydrometallurgical processes, the recovery of the metal from the solution is of 

importance as it the last step of the whole process. Some of the recovery process cited 

at useful to this research shall be discussed in the proceeding sections. 

Crystallisation 

Crystallisation is frequently used to recover pure compounds and can be used to 

recover some metals. Crystallisation is achieved by evaporating the solution until the 

concentration of the metal salt goes beyond that point of saturation hence the salt 
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comes out of the solution.  The process is usually carried out at temperatures above 

2000C as the solubilities of most metal salts decrease drastically in that region. 

Ionic Precipitation 

Metals can alternatively be precipitated out of the solution as insoluble compounds. 

The removal of heavy metals from acidic solutions by precipitation has extensively 

been employed to treat acid mine drainage. The heavy metals are precipitated by 

addition of an alkaline compound. This process is also referred to as neutralisation 

precipitation. The most common alkaline solutions used are sodium hydroxide 

(NaOH), calcium hydroxide (Ca(OH)2), sodium sulphide (NaS2) and sodium 

carbonate (Na2CO3). Carbonate precipitation is generally the cheapest hence 

attractive, but it weakness is the high solubility product of the products. Sulphide 

precipitation is the most efficient precipitation method. However, sulphide produces a 

toxic sludge that is difficult to dispose. The product can be separated from the solution 

by filtration. The solubility of the product i.e. metal hydroxide increase at extreme 

ends of the pH scale because the hydroxides are amphoteric. The extreme pH results 

in the generation of the hydroxo salt. (SME Mineral Processing Handbook, 1985).  

 

Figure 3-4: Methods for treating dilute and concentrated leachate (Gupta and 

Mukherjee, 1990) 
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Temperature  

Temperature is a critical parameter in most precipitation reactions. It affects the rate 

of the reaction and consequently the chemical equilibrium. A shift in the chemical 

equilibrium state of a precipitation reaction results in a change in the concentration of 

the solute in the solution. There are thermodynamic relationships that have been 

developed to predict the variation in solubility with temperature for ideal solutions. 

Commercial application of precipitation deviate from ideality but these relationships 

can be used for qualitative deductions. One of these relationships that is often used is 

derived from the Clausius-Clapeyron equation (Equation 3-7). The equation can be 

used to predict the mole fraction of solute present in solution at any temperature.   
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     Equation 3-7 

Where fH∆  is the molar heat of fusion of the solute and Tf   is the melting point of 

solute (0K), T is any given temperature (0K) and x1 is the mole fraction of the solute 

present in the solution (SME Mineral Processing Handbook, 1985). 

Table 3-2: Solubility Products of Selected Metal Compounds 

Compound Solubility Product (Ksp) 

Mn(OH)2 2*10-13 

MnCO3 2.2*10-11 

MnS 2.5*10-10 

Ni(OH)2 5.8*10-15  

NiCO3 1.4*10-7  

NiS 3*10-19 

Zn(OH)2 2.1*10-16  

ZnCO3 1.6*10-11  

ZnS 1.1*10-21 
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pH 

The pH is an important factor because it greatly affects the solubility of sparingly 

soluble precipitates. This effect on solubility affects primarily salts of weak acids but 

also affects salts of weak bases such as aluminium hydroxide. Generally the salts are 

less soluble at high pH (SME Mineral Processing Handbook, 1985).  The solubilities 

of some selected metal compounds are shown in Table 3-2. 

3.3 Bioremediation 

Bioremediation is defined as the use of micro-organisms to metabolically perform 

desired physical and chemical processes which results in the neutralisation or removal 

of the contaminants. The bioremediation technique has been used widely to treat 

water and soil bodies that would have been contaminated with contaminants ranging 

from hydrocarbons to heavy metals.  Soil micro-organisms are the most critical factor 

on bioremediation (Alexander, 1999; Crawford and Crawford, 1996, van Zyl, 1999). 

3.3.1 Soil Microorganisms 

Soil microorganisms encompass bacteria, fungi, algae and protozoa. These are 

responsible for the degradation of toxins in the soil and can be manipulated to perform 

the process at the rate and efficiency desirable to achieve desired toxins removal form 

the soil. A brief description of each of these microorganisms and its characteristics 

will be presented in the next few paragraphs. 

Bacteria 

Bacteria are the most important of all these soil micro organisms. They are found in 

different shapes and sizes. Their size ranges from 0.2 to 0.3 micrometers. The shapes 

vary from spheres, rods and spirals. The bacteria contain mainly water and dry matter. 

The dry matter consists of both organics and inorganics. Bacteria are made up of a 

single cell that contains all of their essential materials that is contained in a continuous 

sac. This sac is considered semi-permeable hence the nutrients can pass through it 

(McKinney, 2004). 
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Table 3-3: Elemental Composition of a Bacterial Cell  

Element      Percentage (%) 

 

Carbon        50 

Oxygen       20 

Nitrogen       14 

Hydrogen       8 

Phosphorous       3 

Potassium       2 

Sulphur       1 

Calcium       0.05 

Magnesium       0.05 

Chlorine       0.05 

Iron        0.2 

In order to survive, the bacteria metabolise nutrients in its environment. The nutrients 

are oxidised and the product includes a chemical end product and release of energy. 

Bacteria can oxidise different organic compounds namely alcohols, aldehydes and 

ketons. 

 Fungi 

Fungi are multicellular microorganisms. They are non-photosynthesising i.e. fungi 

cannot fix their own carbon and together with bacteria are responsible for the primary 

decomposers of organic material in the soil (McKinney, 2004). Fungi require oxygen 

and soluble organic compounds for metabolism. Fungi are bigger than bacteria and 

are predominantly filamentous. Fungi contain mostly water which accounts for about 

85-90% of its mass (McKinney, 2004) 

Fungi can grow at a low pH of around 4. This is due to their low protein content. 

Maximum growth of fungi is achieved at a pH range of 5-7. Just like bacteria, fungi 

operate efficiently at temperatures ranging from 5 to 400C with an optimum 

temperature of approximately 350C (McKinney, 2004). In areas were there is little 
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nitrogen and phosphorus contents, fungi are more active than bacteria. Fungi also 

require moisture for their growth as well as oxygen. Examples of fungi include yeast 

and black bread mold (McKinney, 2004). 

Algae 

Algae are photosynthetic microorganism that contain chlorophyll and use light as an 

energy source. Algae have colours and the colours range from green to yellow -green 

to brown to red. They can be single cell or multi cell. Algae use carbon dioxide as a 

carbon source.  Algae play an active role in wastewater treatment though it has also 

created problems in rivers and lakes world wide (McKinney, 2004). 

3.3.2 Bioremediation of Metals 

Industrial activities resulting in pollution of land are on the increase. This results in a 

particular area being contaminated with various contaminants ranging from organic or 

non-organic contaminants. The non-organic contaminants that are frequently 

encountered are metals, metalloids, cyanide, nitrate and radionuclides. These 

contaminants are generally derived from mining operations, refining ores, fly ash 

from incinerators, processing of radioactive material, metal plating, paint 

manufacturing, battery manufacturing, pesticides and preservatives manufacturing. 

From these processes, the substances of concern include ionic lead, chromium, 

mercury, uranium, selenium, zinc, arsenic, cadmium, gold, silver, copper, nickel, 

nitrate, cyanide and manganese (Alexander, 1999). 

However, the clean up of these areas is normally an expensive exercise and industries 

have invested a lot of resources in the research of cost effective ways to treat the 

contamination. Bioremediation has been identified over the years as an efficient and 

cost effective method to treat areas contaminated with metals. Metal bioremediation is 

different to organic bioremediation because there is no degradation of the metals due 

to microbial activity as in organic bioremediation.  

The microorganisms which are important in bio-hydrometallurgical processes, 

according to Barrett et al., (1993) are divided into four groups: 
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1. Mesophiles of the genera Thiobacillus and Leptospirillum. 

2. Moderate thermophiles of the genus Sulfobacillus together with a number of 

unidentified strains. 

3. Extreme thermophiles belonging to the genera Sulfolobus, Acidamus, 

Metalloshaera and Sulfurococcus. 

4.  Heterotrophic microorganisms. 

The metals are dealt with in several ways by the microorganisms which include 

biosorption, bio-accumulation, reduction, solubilisation, precipitation and 

methylation.  

Biosorption and Bio-accumulation 

Biosorption involves the uptake of metals by the microbial cells. This uptake is a 

passive uptake because no energy is required to achieve the uptake. The process of 

biosorption is characteristically rapid and hence if accompanied with an appropriate 

type of biomass can remove a high percentage of metallic cations from waste waters 

and streams. The microorganisms that can take up the biomass can be bacteria, 

filamentous fungi, yeast or algae. The choice of the microorganism is important 

because there are wide differences between their affinities for the metals (Alexander, 

1999). Studies have been done to investigate the biosorption of U, Zn, Cd, Co, Ni, Cu, 

Hg, Th, Zn, Cs, Au, Ag, Sn and Mn. The results showed that the extent of sorption 

varied markedly with the metal as well as with the microorganisms.  Biosorption 

usually results from formation of metal-organic complexes with constituents of 

microbial cell walls, capsules, or extracellular polymers synthesised and excreted by 

the microorganisms. When the uptake of the metals is an energy requiring process, it 

is known as bio-accumulation and is associated with actively metabolising 

microorganisms (Alexander, 1999, Roane et al, 1996, Umrania, 2006). 
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Table 3-4: Representative Microorganism that Accumulate Metals and 

Radionuclides (Extracted from Biodegradation and Bioremediation:  Alexander, 

1999) 

Microorganism Element Uptake (% of Dry weight) 
Zoogloea sp. Co 25 

  Ni 13 

      

Citrobacter Cd 170 
  U 900 

      

Bacillus sp. Cu 15 
  Zn 14 

      

Chorella Vulgaris Au 10 

      

Rhizopus arrhizus Pb 10 

  Ag 5.4 
  Hg 5.8 

      

Aspergillus Niger Th 19 

Oxidation/Solubilisation 

This type of transformation is regarded as the most important reaction of 

bioremediation. The oxidation of sulphides, Fe (II) and elemental sulphur has had a 

number of practical uses. When sulphide containing ores are in contact with 

microorganisms and oxygen, choautotrophic bacteria of the genus Thiobacillus 

frequently proliferate. The bacteria use the sulphides as their energy source. In the 

case of Thiobacillus Ferroxidants, Fe in the ore is used as the energy source. The 

products of their activity are H2SO4 and Fe (III). The sulphuric acid generated 

acidifies the area and sometimes lead to the solubilisation of a number of elements 

including K, Ca, Cd, Hg, Ni, Pb, Se, Ag and Al among other elements (Alexander, 

1999). 

For the oxidation of the mineral to occur, it is essential for the mineral surface to be 

populated by the bacteria. The attachment processes are usually dealt with by using 

the Langmuir approach. Suppose the fraction of the mineral surface already 
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populated by bacteria is θ, then the free surface is 1- θ. The rate of attachment is 

dependent on population of the bacteria and the available surface. This can be written 

as mathematically as: 

Rate of attachment = kaB (1- θ)    Equation 3-8 

Where ka is the rate constant for the attachment process, B is the bacterial population 

in the soil solution (Barrett et al., 1993). 

Bacterial oxidation processes may be divided into three classes namely metal 

liberation, primary mineral oxidation and secondary mineral solubilisation (Barrett et 

al., 1993). Metal liberation involves the oxidation of the various minerals that 

encapsulate the mineral of interest. This results in the solubilisation of the oxidised 

species and the mineral of choice is thus liberated. This type of oxidation is usually 

employed to recover elemental gold and silver. Primary mineral oxidation is 

frequently employed to recover minerals from sulphide ores. The bacterial processes 

oxidise the mineral into a soluble sulphate and allow for their subsequent recovery. 

The reactions are usually enhanced by the presence of Fe (III) and the sulphuric acid 

produced. Secondary mineral solubilisation involves a process in which the secondary 

minerals (oxides and carbonates) are solubilised. In bio-hydrometallurgy, secondary 

minerals are those minerals that contain the valuable metal but can not participate in 

the primary bacterial oxidation because they do not contain Fe (II) nor reduced 

sulphur (Barrett et al., 1993). The recovery of the valuable metal is achieved by 

allowing the oxidation of the pyrite and/or sulphur minerals to provide the Fe (III) and 

sulphuric acid. However, the solubilisation of the secondary mineral can also be 

achieved by the oxidation of the metal to a higher oxidation state than in possessed it 

the mineral (Barrett et al., 1993). 

Reduction 

Microorganisms have been known to reduce a wide range of cations and anions. 

Studies have shown that soil bacteria and fungi are capable of reducing ionic As, V, 

Te, S, and Mo as well as MnO2 and chlorate. Nitrate, sulphate and carbonate are 

examples of non-metals that can be microbiologically reduced. Different varieties of 

microorganisms can effect the reduction. Some of the reactions are enzymatically 
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catalysed but some result from the excretion of a reducing agent by the organism that 

abiotically converts the ion or metallic compound from a higher to a lower oxidation 

state (Alexander, 1999). 

There are also energy requirements for the reduction to take place. The energy form is 

usually organic but inorganic sources are also used. The reduction is often inhibited 

by the availability of oxygen. Some of these reductions occur naturally in soils, 

sediments and waters particularly were oxygen is absent. The reduction of inorganics 

is important in three aspects; 

(i) The reduction may change the toxicity of the pollutants 

(ii)  The reduction may change the water solubility of the contaminants 

(iii)  The mobility of the elements may be changed. 

Precipitation 

The reaction of a product of microbial metabolism and a soluble metallic ion to 

produce a water insoluble product is another form of remediation that can be done.  

There are two types of precipitates that are important, the sulphides and the 

phosphates.  This is because microorganisms generate H2S from sulphates and 

inorganic phosphate from phosphorus compounds. These two products in turn form 

insoluble derivatives with a number of metallic ions (Alexander, 1999). 

The insoluble sulphide may be removed by simple sedimentation or filtration. 

Sulphate reduction requires anaerobiosis and a source of readily degradable organic 

matter. The responsible microorganisms are the sulphate reducing bacteria, typically 

species of Desulfoviobrio. It is possible to form insoluble sulphides of Zn, Pb, Ni, Cr, 

Cd, Cu, Fe, Hg and other elements (Alexander, 1999) 

Methylation 

Microbial methylation involves addition of methyl group to a metal (methylation) or 

removal of the methyl group from the meat complex (demethylation). However, some 

of the products are toxic. If the product is non-toxic and volatile and the environment 

does not contain metals that can be methylated to yield toxic derivatives this 
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transformation can be employed to rehabilitated contaminated areas. 

3.3.3 Factors affecting Bioremediation 

Generally, the factors that affect the bioremediation process are environmental factors 

(soil characteristics, temperature, and pH) and the species and population of the 

microorganisms (Alexander, 1999; Vidali, 2001, van Zyl, 1999). Brief descriptions on 

how the various factors affect the bioremediation process are described in the 

following paragraphs: 

pH 

Generally, bioremediation tends to be faster at moderate pH, ranging from 5.5-8. 

Microorganisms are mostly active in that pH range. The pH affects the 

microorganisms’ ability to perform cellular functions. Fungi are less affected by pH 

than bacteria because of their low protein content.  At extreme pH values, the activity 

of microorganisms declines. However, some microorganisms, like certain strains of 

bacillus, that are important in the bio-hydrometallurgy field thrive at pH ranges that 

are as low pH 2 (Alexander, 1999). 

Nutrients  

Microorganism need ‘food’ sources in order to grow. They metabolise the nutrients to 

remain alive and produce new cells. The organic content is the source of their carbon 

and the availability of an electron acceptor such as oxygen, nitrates, ferric ions or 

sulphates is desirable. Many bacteria and fungi also require the presence of amino 

acids or vitamin B, though in very low concentrations. If any of these nutrients is 

absent, the growth of the microorganisms if negatively affected hence the rate of the 

bioremediation process also decreases (Alexander, 1999). Nitrogen has been found to 

be a limiting nutrient in bioremediation. However, not much work has been published 

on the effects of phosphorous on the growth of microorganisms except for the C: N: P 

ratio. The effect of nitrogen on the biodegradation is briefly discussed in the 

proceeding section. 
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Effects of Nitrogen on Biodegradation 

Addition of nitrogen and phosphorus has been found to stimulate the growth of 

bacteria which is directly proportional to the bioremediation (Alexander, 1999). 

Nitrogen has been shown to be a limiting factor in microbial growth. Nitrogen 

increase cell growth rate of microorganisms. The addition of nitrogen decreases the 

microbial lag phase (Ferguson et al., 2003). However, some researchers have found 

that excessive amounts of nitrogen have no effect on the growth of microorganism 

whilst a relatively small number of researchers believe excessive nitrogen tend to 

inhibit the growth rate of the microorganisms (Walworth et al., 2006) . The increased 

lag phase due to excessive nitrogen concentrations imparts delirious effects on the rate 

of biodegradation. Vidali, (2001) suggested that the optimum amount of nitrogen to 

be added to an oil contaminated soil is presented by the ratio C: N: P = 100: 10: 1. 

Usually nitrogen is added to soil by means of nitrogen fertilisers. The fertilisers 

contain nitrate and/or ammonium salts.  The addition of nitrogen fertilisers to the soil 

increases the salt concentration in the soil water hence lowers the osmotic potential of 

the soil.  

The osmotic potential is that portion of soil water energy that is attributed to dissolved 

solids (Walworth et al., 2006). An osmotic drop of 0.5MPa reduces the microbial 

degradation rate by half (Walworth et al., 1997). Walworth et al., (1997) suggested 

that the effects of nitrogen fertilisers are greater in dry soils as compared to moist 

soils. This is because there is less water in the pores of the dry soil to dissolve the 

fertiliser as compared to moist soils. This in turn makes the concentration of salts 

larger in the moist soils than in dry soils hence they behaviour to microbial activity is 

different. The osmotic potential is estimated by dividing the amount of nitrogen in the 

soil by the soil moisture content. 

OkgH

mgN

kgSoil

OkgH

kgSoil

mgN

2

2 =÷     Equation 3-9 

Where:  mg N is the amount of nitrogen  

KgH2O is the moisture content 

KgSoil is the amount of soil (Walworth et al., 2006) 
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Temperature 

Temperature has a significant impact on the rate of contaminant degradation. 

Generally microorganisms are active in the temperature range 50C-350C. The rate of 

degradation doubles with a 100C increase in temperature in the 50C-350C range. The 

proteins in the enzyme of the bacteria break down at temperature levels above that 

range (McKinney, 2004; Alexander, 1999).  

Microorganisms Population 

Generally the higher the numbers of microorganisms, the faster the rate of the 

bioremediation but Alexander (1999) suggested that an area with a high density of 

bacteria or fungal mass is most likely to contain microorganisms that act as parasites, 

such as protozoa, that feed on the bacteria. It is also ideal that the soil contains more 

species as their interactions will degrade a substrate that any one of them cannot 

degrade on its own.   

Moisture Content 

Microorganisms need water to transform contaminants metabolically. Studies have 

shown that optimum water levels are 30-90% of the water holding capacity of the soil 

for treatment of an oil contaminated soil (Vidali, 2001; Alexander 1999).  

Soil Type  

A low clay or low silt is desirable for bioremediation. Low soil permeability can 

hinder the movement of water, oxygen and nutrients. The soil structure is a very 

important parameter and can be improved by adding bulking agents such as gypsum 

or organic matter or even sand (Vidali, 2001).  

Contaminants Concentration 

Microbial activity generally requires that the total heavy metals in the soil should be 

at most 2000 ppm. The contaminants should not be toxic to the microorganisms. For 

the degradation of oil, the level of contamination should be 5-10% of the dry weight 
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of the soil and the total heavy metals should be around 700 ppm (Vidali, 2001; van 

Zyl 1999). 

Salinity  

Soil salinity has a significant effect on the microbial activity. Soil that contains non-

nitrogenous salts might be difficult to bioremediate. Walworth et al., (2006) suggested 

that increased soil water salinity results in the inhibition of microbial hydrocarbon 

degradation. Salinity beyond the optimum level tends to increase the lag phase of 

microbial growth. 

3.3.4 Engineering Principles 

There are several ways in which bioremediation can be applied to any given 

environment. There are basically two approaches to bioremediation namely 

(Alexander, 1999): 

i. Ex Situ , and 

ii. In-situ  

(i) Ex-Situ 

Ex-situ bioremediation involves the excavation of the soil and treating it away from 

the original site. The disadvantage of ex-situ treatment is that it is relatively expensive 

(Alexander, 1999). 

Bioreactors 

Bioreactors are used in the treatment of the excavated contaminated soil, 

contaminated liquids or gases. The bioreactors may operate with native 

microorganisms of the material to be treated or artificially engineered microorganisms 

to suit the problem at hand. The advantage of bioreactors is that the process can be 

controlled with great precision and the can be modelled mathematically (Crawford 

and Crawford, 1996).  
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Solid-Phase Technologies  

Solid-phase technologies are another way of treating contaminated soil ex-situ. This 

involves preparing a contaminant containment system. The excavated soil is placed on 

the system creating a pile. This method is similar to heap leaching in that it has a 

leachate collection system. Water and nutrients are then allowed to percolate through 

the pile. Oxygen may be added depending on its need. Solid-phase treatment can be 

effectively used for treatment of petroleum contaminated soils (Crawford and 

Crawford, 1996).  

Composting  

Composting is another method that can be used to treat contaminated soils away from 

their original site. Readily degradable organic compounds are added to the soil. This 

is followed by aerobic incubations that may last weeks to months. Composting can be 

used to treat petroleum contaminated soils (Crawford and Crawford, 1996; van Zyl 

1999). The pile is usually supplemented with nitrogen, phosphorus and possibly other 

inorganic nutrients. The material is in heaps and formed into rows that are known as 

windrows. Moisture of the heap is maintained and aeration is maintained either by 

mechanical mixing or by an aeration device (Alexander, 1999). 

Land Farming 

This method utilises the indigenous microflora in the soil. The contaminated soil is 

spread on the fields and cultivation is done. Fertilisers might be added the same way it 

is done during normal agriculture farming. The method should be carefully used 

because its failure to produce the desired results in the contamination of another area. 

The method can be used to treat petroleum contaminates soils. The advantage of the 

method is its low costs in equipment and operation (Alexander, 1999; Crawford and 

Crawford 1996).  

(ii) In-situ  

In-situ bioremediation involves treatment of the contaminated soil in its original sites. 

The process has the advantage of being cheap but its disadvantage is that there is little 
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control of the process as compared to ex-situ bioremediation (Alexander, 1999; 

Crawford and Crawford, 1996). Applications of in-situ bioremediation briefly 

described in paragraphs that follows. 

Bioventing  

Bioventing is a solid phase treatment and involves introducing the air in the soil above 

the water table (the vadose zone) to provide an electron acceptor for the aerobic 

microorganisms. The air is introduced either by vacuum extraction method or by 

forcing it into the soil under positive pressure. This method involves the use of little 

equipment. This technique can be applied to soil with high permeability. Soil with 

little permeability is not suitable because the air might not be able to move 

sufficiently hence metabolism is limited only to the areas with enough oxygen. 

Bioventing is a cheap exercise particularly where there are no off gases released from 

the process and it is estimated to cost around US$10/m3 of contaminated soil treated 

(Alexander, 1999). 

Biosparging  

Biosparging is similar to bioventing except for that air is introduced into the saturated 

zone that is below the water table. The purpose is not only to increase the oxygen 

concentration but to transfer any volatile contaminants into the vadose zone. The 

vadose zone generally has a variety and population of microorganism capable of 

degrading the contaminants. The increases the oxygen water content and increases the 

biodegradation of contaminants by the microorganisms. Volatile contaminants are 

also transferred into the overlying unsaturated zone with microorganisms that can 

degrade the contaminants (Alexander, 1999) 

3.3.5 Applicability of Bioremediation 

Bioremediation should be used for a particular area after a number of factors have 

been assessed. The availability of indigenous microorganisms in the soil to be treated 

is crucial and the microorganisms should be able to transform the contaminants to 

products that are not toxic at reasonable rates. The site should have contaminant 

concentrations that are not toxic to the microorganisms. The chosen method of 
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bioremediation should be cheaper than any other method that can also be used to treat 

the soil (Alexander, 1999).  

3.4 Summary of Literature Review 

The major highlight from the literature as far as soil washing is concerned is that the 

technique is efficient in treating sandy soils and it is not recommended to treat silt and 

clay soils. However, soil washing can be efficiently implemented in series with 

another technology such as bioremediation to treat the clay and silt soils and complex 

mixture of contaminants. The efficiency of the soil washing technology in treating 

these particular soils can be enhanced by either altering the soil’s particle size 

distribution or by utilising soil washing methods that employ mechanical methods 

such as stirring. It is also important to conduct treatability studies on any particular 

soil to ensure that soil washing is effective in treating the soil. Various lixiviants can 

be used to wash heavy metal contaminated soils but low pH acidic solutions are the 

most effective. The nature of the contaminants also plays a significant role in choice 

of the treatment route. 

Metal bioremediation is an interesting subject that is finding extensive use in the 

extraction of metals at a relatively low cost. The various mechanisms which the 

microorganisms interact with the heavy metals were discussed. However, the process 

mechanism can be difficult to predict because there are a number of microorganisms 

in the soil and each one with them behaves differently from the other and their 

interaction with the heavy metals are also different. 
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4. Soil Characterisation 

 

Characterisation of the waste from the East Paydam slimes dam is an important 

exercise. As discussed in Chapter 3, the knowledge of the contaminants, their 

concentration and their chemical nature is critical in the selection of the various 

treatment parameters. This chapter discusses the chemical and physical nature of the 

material from the East Paydam slime dam.   

4.1 Sampling 

The soil samples from the slime dam were taken (sampled) at six levels/depths 

namely top layer, 1.5m, 3m, 4.5m, 6m and 7.5m depths. A total of 69 holes were 

drilled across the slime dam area as shown by the red dots in Figure 4-1. The samples 

were originally grouped according to the numbers of the hole. Samples between holes 

1 and 9, 10 and 19, 20 and 29, 30 and 39, 40 and 49, 50 and 59 and between 60 and 69 

were initially stored in separate containers.  However, the properties of the soil 

changes considerably with change in depth hence it was imperative to classify the soil 

according to the depth at which they were taken. The samples were labelled according 

to the number of hole they were collected and the depth. The numbers before the 

comma represented the number of the hole and the number after the comma 

represented the sequence in which samples were taken. This number was multiplied 

by 1.5 to get the depth at which the sample was taken. For instance 21,1 represented a 

sample taken on the hole number 21 at a depth of 1,5m and 42,3 represented a sample 

taken from the 42nd hole at a depth of 4.5m. The majority of the holes had samples 

taken up to the 4.5m depths with a few samples having been taken at the 6m and 7.5m 

depths. This was because of the profile of the slimes dam only allowed drilling down 

to 4.5m in most cases.  
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Figure 4-1: Sample taking indicated on the aerial photo of the East Paydam Tailings Dam 
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The soil samples were subsequently grouped into six groups according to the depth at 

which they were taken. The respective sample groups were thoroughly mixed in the 

100 litre plastic containers to achieve homogeneity (see figure 4-1). 

A relatively big sample of about 2kg was taken from each sample. The respective soil 

samples from the slime dam were sent to the analytical laboratory for analysis of: 

� Total heavy metals 

� Organic Content 

� Particle size distribution 

� pH 

� Water holding capacity 

� Indigenous microorganism population 

 

 

 

 

Figure 4-1: The contaminated soil in the containers  
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4.2 Results and Discussion 

4.2.1 Heavy Metal Concentrations 

The following results were obtained after samples were sent to an analytical 

laboratory that carries such services for commercial purposes.  The laboratory used 

wet analysis using 0.1M HCl to extract the heavy metals using a solid: liquid ratio of 

1:10. The extracted solution was analysed for the using the Inductively Coupled 

Plasma- Mass Spectrometry (ICP-MS) instrument.  

Table 4-1: Total Manganese that can be extracted from the soil 

Sample Total Extractable Mn (mg/kg) 

Top Layer 590.0 

1.5m 643.7 

3.0m 538.08 

4.5m 602.35 

6.0m 627.49 

7.5m 647.89 

 

Table 4-2: Total Nickel that can be extracted from the soil 

Sample Total Extractable Ni (mg/kg) 

Top Layer 0.23 

1.5m 0.46 

3.0m 0.58 

4.5m 0.69 

6.0m 0.47 

7.5m 0.39 
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Table 4-3: Total Zinc that can be extracted from the soil 

Sample Total Extractable Zn (mg/kg) 

Top Layer 161.86 

1.5m 109.37 

3.0m 79.99 

4.5m 24.69 

6.0m 14.48 

7.5m 10.42 

The results were compared with the work previously done on the crud and slime dam 

material by du Plessis (2006). These values were relatively small as compared to 

those used by du Plessis (2006).  The soil washing test-work that was done revealed 

that manganese was being leached in concentrations over 400% as compared to this 

head analysis. The Mn concentrations from the analytical laboratory are noted to be 

lower than the expected average hence an investigation into the deviations was carried 

out. However, it was discovered that the heavy metal concentration assay can vary 

considerably depending on the amount of CRUD that would be included in that 

particular sample. Hence, the heavy metal assay is greatly dependent on the sampling 

and the homogeneity of the bulk sample. This scenario posed the challenge of an 

analysis that is a true representation of the bulk sample.  

A second method to confirm the findings of the commercial laboratory was proposed. 

This second method involved the milling of a 200g sample, homogenising it and 

analysing the heavy metal concentrations using the X-Ray Fluorescence (XRF) 

instrument. The XRF results did not totally solve the heavy metal concentration 

problem but it was noted that the heavy metal concentrations are much higher than the 

concentrations that were achieved when the problem was initially defined. This 

prompted an investigation into determining the reasons for these results that differ so 

much from the results obtained from the commercial analyst and also from the 

expected results. The investigation identified two steps in the procedure that might be 

causing such large deviations. 

Firstly, it was noted that after the milling of the sample, oversized particles were 
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removed from sample by sieving. This resulted in the concentration of the heavy 

metals in the fine soil particles and hence the high metal assays. Secondly, the XRF 

utilises a sample of 0.28 grams per analysis. This mass is too small to be a 

representative of the whole milled sample. To counter these two problems, an 

analytical procedure was developed specifically for the CRUD. 

The developed method involved acid digestion of the heavy metals. The sample was 

milled so that %95≥  of the soil passed through the 2mm sieve. No material was 

discarded to avoid concentrating the heavy metals. One (1) g samples were used for 

each digestion and three (3) replicates were done and the average calculated. The 

results are presented in Table 4-4 to Table 4-6. Full results are presented in Table 4-7 

and Table 4-8. 

Table 4-4: Total Extractable Manganese from the soil 

Sample Average Total Extractable Mn (mg/kg) 

Top Layer 3960 

1.5m 3040 

3.0m 3614 

4.5m 16890 

6.0m 15967 

7.5m 17345 

 

Table 4-5: Total Extractable Nickel from the soil 

Sample Average Total Extractable Ni (mg/kg) 

Top Layer 146 

1.5m 120 

3.0m 301 

4.5m 445 

6.0m 635 

7.5m 595 
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Table 4-6: Total Extractable Zinc from the soil 

Sample Total Extractable Zn (mg/kg) 

Top Layer 342 

1.5m 406 

3.0m 385 

4.5m 464 

6.0m 530 

7.5m 567 

Table 4-7: Particle Size Distribution 

Clay Silt Fine 

Sand 

Medium 

Sand 

Coarse 

Sand 

Sample 

Percentage (%) 

Classification 

Top Layer 0.0 30.2 66.6 1.2 2.0 LmSa 

1.5m 0.0 32.6 60.6 2.7 4.7 LmSa 

3.0m 0.0 23.8 71.1 2 3 SaLm 

4.5m 0.0 28.8 57.3 5.4 8.5 SaLm 

6.0m 0.0 30.0 52.8 5.5 11.7 LmSa 

7.5m 0.0 33.8 52.3 5.4 8.5 LmSa 

Table 4-8: Critical Soil parameters and Nutrients 

Soil 

Sample 

pH C (%) N (mg/kg) P (mg/kg) Water Holding 

Capacity (%) 

Top Layer 6.02 0.24 40 3 22.9 

1.5m 5.93 0.05 79.64 3 22.99 

3m 6.31 0.03 47.72 5 23.08 

4.5m 6.10 0.03 36.44 2 29.8 

6m 5.83 0.02 44.92 1 31.11 

7.5m 6.23 0.06 47.92 1 31.75 
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Table 4-4 to 4-6 show the heavy metal concentration of manganese, nickel and zinc 

respectively. There is a general increase in the heavy metal concentration as the depth 

increases.  

4.2.2 Other minerals in the soil 

The crud and payable slimes contains other minerals and compounds in small 

quantities. The metals that are in the crud include iron, lead, uranium, cobalt, copper, 

gold, magnesium, sulphur compounds, aluminium, chrome, lime, sodium, tin, 

titanium among others. The full chemical analysis of Crud and the payable slimes 

according to a research by Baldwin (2004) is presented in Appendix B. 

4.3 Summary 

The challenge with the crud and slime dam material is to determine the ‘actual’ 

average heavy metal concentrations in any given sample because of the difficulty in 

the homogenisation of the material. Pure CRUD contains very high amounts of the 

heavy metals and the payable slimes relatively small amounts. The CRUD is silt in 

nature and its particles are held together closely. Different samples from the same 

bulk sample can give results that differ widely depending on the amount of crud in 

any particular sample. The solution to this, as shown in this chapter, is to avoid any 

screening during soil preparation and to analyse as many samples as possible from 

one bulk sample and average the results. However, this exercise is relatively 

expensive. The concentration of the heavy metals was found to generally increase as 

the depth increases. The soil texture also changed from sandy to silt soil as the depth 

increases.  
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5. Soil Washing In Laboratory Reactors 

 

The laboratory tests with various reactors such as columns and stirred tank reactors 

were the first part of the experimental work that was carried out, the second part was 

the pilot scale tests. The laboratory tests involved carrying out tests to investigate the 

suitability of various lixiviants, optimum volume, optimum concentration and the most 

effective flow rate. The tests were conducted in two steps, column tests and batch 

tests. This chapter gives the experimental set up and results of the laboratory 

experiments 

5.1 Batch Tests 

Batch tests were carried out to determine the effect of stirring/mechanical agitation on 

the leaching of the heavy metals.  The amount of heavy metals recovered is compared 

to the amount of heavy metals recovered through column tests. 0.001M lixiviants 

were used because it is expected that the more concentrated the lixiviant the larger the 

amount of heavy metals that it will leach from the soil. However, higher lixiviant 

concentration of 0.1M and 1M were also used to leach the soil samples from the 4.5-

7.5m depths because the 0.001M lixiviants were not effective. The equipment that 

was used for the batch tests are shown in Figure 5-1 and Figure 5-2 and additional 

photos can also be viewed in the photos in the Appendix C. 

Methodology 

200g samples of soil were placed in the 5 litre containers. 2000 ml of 0.001M 

lixiviants was added to each of the containers. The mixture was thoroughly agitated 

using an electric stirrer.  Samples were collected for a period ranging from 12 hours to 

48 hours. The same procedure was repeated using more concentrated lixiviants. The 

heavy metals leached were analysed using a Varian Spectra AA 250 Plus analyser.  
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Figure 5-1: The batch tests equipment set-up 

 

Figure 5-2: The batch tests reactor with the stirrer 
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5.2 Column Tests 

These tests evaluated the heavy metal removal efficiencies of four lixiviants namely; 

sulphuric acid, acetic acid, oxalic acid and ethylene diamine tetraacetic acid (EDTA) 

at three different concentration levels, i.e. 0.001M, 0.0001M and 0.00001M. The soil 

samples were collected from drilling down through the dam and taking a sample at 

every 1.5m depth. This was done to a depth of 7.5m hence a total of 6 samples 

including the sample taken from the top layer as discussed in Chapter 4.  

Eight glass columns were used during the laboratory tests. A 200g mixture of soil 

(from samples) and sand were used. The ratio of soil-sand mixture was 3:2.  The 

solutions were kept in eight 5L aspirators on a wooden platform on top of the 

columns. The columns were mounted on the steel rail by clamps. A tube was 

connected to the aspirator outlet and inserted into the column from the top. 

Corresponding number of 5L buckets were put underneath each column such that the 

leachate coming out of the column is captured as shown in Figure 5-3.  

Three parameters were investigated i.e. volume, concentration and flow rate of the 

solutions. The desired flow rate was maintained by adjusting the opening of the 

aspirator valve. Each lixiviant had two aspirators with the same amount and 

concentration of lixiviant but at a different flow rate, one flooding and the other 

dripping. Flooding is defined in this research project as when the flow of the solution 

was such that there was a volume of solution on top of the soil at all times whereas 

dripping is when the soil was kept just above its water holding capacity. The lixiviant 

was passed through the soil in the column and a sample was collected after every 500 

ml has passed through each column. A total of 2000 ml passed through each column.  
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Figure 5-3: Column Tests equipment set-up 

The samples that were collected were filtered and analysed for the following heavy 

metals (Mn, Ni and Zn) using the Varian SpectraAA 250 Plus. Measurement of each 

sample was taken in triplicate and an average calculated to determine the amount of 

heavy metals in the solution. 
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5.4 Results from the Laboratory Tests 

5.4.1 Column Tests 

The results mostly presented and discussed in this chapter are the manganese results 

since it is the most critical contaminant. Ni and Zn, as discussed in Chapter 1, are 

leached just above and below their acceptable risk limits, respectively. Any amount of 

Ni and Zn leached should be enough to pull their TCLP and ARLP values below their 

acceptable risk limits. However, higher Mn recoveries are required to pull its TCLP 

and ARLP below the acceptable risk limit. 

5.4.2 Effect of Lixiviant Concentration on heavy metals recovery 

Figures 5-4 and 5-5 basically show the effect of increasing the lixiviant concentration 

and varying the flow rate on the leaching of manganese from soil at top layer and 

3.0m soil depths. These two figures are also representing the other graphs in 

Appendix A. From the two figures it is evident that as the lixiviant concentration 

increases, the leaching of the heavy metals, particularly Mn also increases. This is 

because the increase in concentration for the acid relates to an increase in the amount 

of H+ in the soil solution. The increase in H+ ions in the soil increases the competition 

for the negatively charged sites originally occupied by the metal cations. Since H+ is 

relatively smaller than the metal cations, it has a bigger charge density and most likely 

to displace the metal cations from the negatively charged sites. However, as the soil 

depth increases the silt content of the soil also increases the binding of the heavy 

metals to the soil particles become stronger and the leaching of the heavy metals 

decreases as shown by Figure 5-6.  
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 Figure 5-4: Mn leached from the soil at the top layer 
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Figure 5-5: Mn leached from the soil at 3m depth  
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Figure 5-6: Mn leached from the soil at 6m depth  
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Figure 5-7: Ni leached from the soil at 1.5m depth  
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Figure 5-8: Ni leached from the soil at 3m depth  
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Figure 5-9: Ni leached from the soil at 6m depth 
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For better presentation of the results, the amounts of Ni and Zn that were leached are 

expressed as mass instead of the percentage leached. This is because very small 

amounts of Ni and Zn were leached. Figure 5-7, Figure 5-8 and Figure 5-9 all show 

the leaching of nickel over the depth of the East Paydam tailings dam with different 

lixiviant and various lixiviant concentrations. It is noted that the leaching of nickel 

was poor and the same was noted for zinc as shown by Figure 5-10, Figure 5-11 and 

Figure 5-12. 
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Figure 5-10: Zn leached from the soil at 1.5m depth  
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Figure 5-11: Zn leached from the soil at 3m depth  
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Figure 5-12: Zn leached from the soil at 6m level  

 

5.4.3 Effect of Flow Rate on leaching of Heavy Metals 

The effect of the two respective flow rates, flooding and dripping, can be interpreted 

from Figures 5-4 to 5-12. It was noted from the column tests that there were no 

significant difference between the two flow rates. This can be linked to a number of 
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factors that were noticed during the column tests. There were cases of channelling of 

the lixiviant through the columns and blockages to the columns. These two 

phenomena obviously had an influence on the flow rate through the column. The 

result of the blockages and channelling was that the rate of lixiviant flow through the 

column was almost similar for the dripping and flooding. However, this factor was 

also investigated in the pilot plant tests and the results are presented in Chapter 6. 

From Figure 5-6 it is evident that both the lixiviant concentration and the flow rates 

used were not effective in treating the soil from the 4.5-7.5m depth. Because of the 

similarities in contaminants concentration, soil texture and leaching characteristics, 

the samples were classified into three groups as shown in Table 5-1. From this stage, 

the soil will frequently be identified with these groups.  

Table 5-1: Classification of soils into three groups 

Soil Type  Soil depth Classification attribute description 

Group 1  0≤d≤1.5m Soils from top layer to depth of 1.5m 

Group 2  1.5<d≤3m Soils in the depth between 1.5m and 3m 

Group 3  >3.0m  Soils from 3m up to 7.5m depth 

It was noted that the initially preferred ‘weaker’ lixiviant concentrations were not 

effective in the leaching of the heavy metals from the Group 3 soil. Column tests 

proved inefficient.  This prompted the use of much more concentrated lixiviants and 

the 0.1M and 1M lixiviants were used to leach these heavy metals (see section 5.5.3 

for results). 

5.4.4 Effect of Soil Depth on the leaching of the heavy metals 

Figure 5-13 shows the Mn recoveries from soil from each of the respective soil 

groups. As discussed in section 5.4.2, the change in the soil particle size distribution 

reduces soil permeability and increases binding between soil and metals cations. This 

resulted in a decrease in the leaching of the heavy metals as the depth increases. 
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Figure 5-13: Mn leached from the three soil groups using 0.001M lixiviants 

5.4.5 Effect of Solid: Liquid ratio on leaching of the heavy metals 

The general trend from all the different soil samples from all layers that were leached 

in the columns is that almost 70% of the recovered metals, especially manganese, are 

leached with the first 500 ml of lixiviant that passes through the soil. After that, there 

are relatively small amounts of metals recovered by the remaining 1500 ml as shown 

by Figure 5-14. This is probably due to the fact that the remaining metals are probably 

refractory (i.e. in a state that is not readily soluble). The other reason is that as the 

volume that passed through the column increases, it causes more dense packing of the 

soil particles and the flow of the lixiviant was hindered. This may have resulted in 

channelling of the lixiviants; hence there was minimum contact with the heavy metals. 

However, this scenario is not expected in the pilot scale tests as there is a bigger 

surface area for contaminant-lixiviant contact. Another interesting observation is the 

ability of EDTA to leach out quite a bit more of the nickel and zinc than the other 

lixiviants (refer to Figure 5-8, Figure 5-9, Figure 5-10,  Figure 5-11 and Figure 5-12 

and also Appendix A for further detail). 
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Figure 5-14: The leaching of Mn from the Group 1 (1.5m) depth soil using 

0.001M lixiviants 
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Figure 5-15: Mn leached from the Group 2 soil after dripping 0.00001M 

lixiviants 

Figure 5-15 represents the typical curves that were observed for the Group 2 soil. It 

can be seen that after the first 500 ml, there seems to be a drop in the cumulative 

amount of Mn leached. This however, is because the leachate was also cumulative 

(i.e. leachate was not discarded after each 500 ml interval). Since very little or no 

heavy metals were leached after the first 500 ml, the leachate was hence diluted and 

coupled with analytical error from the instruments, slightly lower values that expected 

were calculated. However, it is apparent that the maximum Mn leached is the one 

represented by the peak at 500 ml. This observed phenomenon supports the argument 

that the first 500 ml leached most of the heavy metals. 
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Figure 5-16: Mn leached from the Group 3 (6m) using 0.001M lixiviants 

For the Group 3 soil, small amounts of the Mn were leached as shown in Figure 5-16. 

This can be explained by the fact that since the soil contains more silt and the heavy 
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metals are adsorbed onto the soil surface. To desorb the heavy metals, flooding of the 

soil with greater volumes of relatively high concentration acids is required. The Group 

3 soil proved difficult to leach.  

The leaching of Ni and Zn from all the soil samples was poor and the typical leaching 

curves are shown in Figure 5-17 and Figure 5-18 and also in Appendix A.  It can be 

noted that only EDTA leached more of the nickel and the zinc than any of the other 

lixiviants. This can be explained from the fact that some of the nickel and zinc in the 

soil are in their respective elemental state and are not readily soluble in acids and only 

the lixiviant with strongest chelating ability can leach the nickel and zinc from the 

soil. 
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Figure 5-17: Typical leaching curve of Ni from the 3.0m depth using 0.001M 

lixiviants 
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Figure 5-18: Leaching curve of Zn from after dripping 0.0001M lixiviants 

through the Top Layer soil 

5.4.6 Effect of Lixiviant Concentration on the Soil Depth 

Results from the laboratory column experiments showed that as the soil depth 

increased; only the relatively highly concentrated lixiviant were effective. Figure 5-4 

to Figure 5-12 and also Figure 5-22, Figure 5-23 and Figure 5-24 can be used to 

determine how the lixiviant concentration affected leaching as the depth increased. 

Figure 5-4 shows that there was no difference in the amount of heavy metals leached 

using the various lixiviant concentrations from the Group 1 soil.  

However, it can be seen from Figure 5-5 and Figure 5-6 that the more concentrated 

lixiviants are more effective in Group 2 and Group 3 soils respectively. However, 

although the 0.001M lixiviants leached more heavy metals than the 0.0001M and 

0.00001M, it was still not leaching the heavy metals to the desirable levels from the 

Group 3 soil, hence the use of the 0.1M and 1M lixiviants. The 0.1M and 1M 

lixiviants were highly effective as will be shown in paragraph 5.5.3. This observation 

can be explained by the increasing silt content as the depth increases and the 

increasing Cation Exchange Capacity (CEC) of the soil as the depth increases. 
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5.5 Batch Tests 

5.5.1 Effect of Agitation by using mechanical stirrers  

The effect of stirring of the soil in Group 1 and 2 can be shown by Figure 5-19. It is 

evident that first four (4) peaks (leaching with stirring) are slightly bigger that the 

column tests. This can be attributed to the increase in the mass transfer and also by the 

liberation of the metals during stirring. However, the difference is small to justify the 

high amount of energy and relatively complex equipment employed. This trend is also 

noted for the leaching of Ni and Zn and also for the other soil samples (refer to 

Appendix A) 
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Figure 5-19: Comparison of the amount of Mn leached from the 1.5m depth soil 

using 0.001M lixiviants and various reactors 
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5.5.2 Effect of Leaching Time on the recovery of the heavy metals 

It was noted that the increased leaching time did not have much influence on the 

leaching of the heavy metals from the soil. Figure 5-20 and Figure 5-21 shows the 

amount of manganese leached from the Group 1 and Group 2 soils, respectively. Most 

of the recovered heavy metals were leached from the soil in the first two (2) hours. 

This shows that the leaching time is a less significant factor as compared to the other 

factors such as the lixiviant type, lixiviant concentration and the volume. 
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Figure 5-20: Mn leached from the Group 1 Soil using 0.001M lixiviants 
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Figure 5-21: Mn leached from group 2 soil using 0.001M lixiviants 

 

5.5.3 Effect of Lixiviant concentration in batch tests 

Figure 5-22, Figure 5-23 and 5-24 show the amount of manganese, nickel and zinc 

leached from the 4.5m soil using concentrated lixiviants respectively. There is a 

significant increase of the amount of heavy metals leached from the 0.001M lixiviant 

as compared to the 0.1M lixiviant. This increase can be attributed to the increasing 

hydrogen cation concentration in the soil solution thereby displacing the metal cations 

into solution. For the chelating lixiviants, the increased concentration of the lixiviants 

resulted in increased sites for metal-ligand binding. 
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Figure 5-22: Mn leached from the soil at 4.5m depth using mechanical stirrers 
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Figure 5-23: Ni leached from the soil at 4.5m using mechanical stirrers 
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Figure 5-24: Zn leached from the soil at 4.5m depth using mechanical stirrers 

5.6 Summary 

Laboratory tests were very useful in providing information for the subsequent pilot 

scale tests. Oxalic acid was selected for the pilot scale tests because its leaching of 

manganese was similar to that of sulphuric acid but had the advantage of being an 

organic acid and it is biodegradable, hence can be utilised with little fear of further 

acid contamination of the soil. A lixiviant concentration of 0.001M was selected to 

treat the Group 1 and Group 2 material. However, the Group 3 soil requires 

mechanical stirrers to allow the transfer of the heavy metals from the soil to the liquid 

phase. More concentrated lixiviants are also needed in the treatment of this Group 3 

soil. Generally, the Group 1 and Group 2 soil can be easily treated whilst the Group 3 

soil is problematic. It is also important to note that the amounts of heavy metals that 

are readily soluble might have been completely leached from the soil. 
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6. Pilot Scale Experiments  

 

The main reason for carrying out the pilot scale tests in a hot house is that it is an 

environment that is free from external forces such as rain and wind that might have a 

significant effect on the response variables i.e. bacterial growth. The hot house tests 

were carried out in two stages; the first stage involved washing the different soils with 

the 0.001M oxalic acid. The second stage involves bioremediation under different 

conditions. Chapter 6 presents the results from the pilots scale experiment, which 

gives a true picture of the proposed treatment procedure’s actual performance.   

6.1 Soil Washing 

For these tests conducted in a hothouse as shown in Figure 6-1 and 6-2, two flow rates 

were investigated. The flow rate was varied at two levels i.e. low and high. Low was 

when the irrigation system was dripping with an average flow =34 litres/hour and 

high was when there was flooding of the soil with the lixiviant average flow = 100 

litres/hour, (see set up in Figure 6-3 and Figure 6-4). Solution samples were collected 

(see Figure 6-5) and analysis for heavy metals was carried out at regular intervals. 

Oxalic acid was used because it performed satisfactorily in the leaching of Mn 

although its leaching of Ni and Zn was slightly below that of EDTA. Oxalic acid was 

chosen instead of sulphuric acid because it is an organic acid and does not pose any 

danger to the environment because it is biodegradable.  

Materials and Set -up 

� Six PVC containers 

� One water tank  (Figure 6-6) 

� One leach solution tank (Figure 6-6) 

� Irrigation system  

� Control system 
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Figure 6-1: The hot house located at Stellenbosch Welgevallen Experimental 

Farm 

 

Figure 6-2: The equipment set-up for the Pilot Scale soil washing and 

bioremediation 



Chapter 6: Pilot Scale Experiments 

   

82 

 

Figure 6-3: The Flooding equipment set-up 

 

Figure 6-4: The Dripping equipment set-up 
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Figure 6-5: One of the six leachate (sample) collection drums 

 

Figure 6-6: The water (green) tank and the acid tank outside the hot house 
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6.2 Bioremediation 

Bioremediation of the soil was conducted after soil washing as shown in Figure 6-7. 

The aim of these experiments was to grow and manipulate micro-organism to 

transform any contaminants with particular emphasis on the heavy metals into soluble 

states. Three factors that affect the process were varied to try and achieve different 

bacterial growth. The three factors are moisture content, nutrients, and porosity 

(oxygen availability). The soil pH was monitored throughout the experiments. After 

the bioremediation the soil was rinsed with the lixiviant to remove any metals that 

would have been mobilised by the bacterial activity. The same volume used for soil 

washing was used for the rinsing. 

 

Figure 6-7: The soil in the containers  
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Figure 6-8: The control system 

The control system shown in Figure 6-8 was used to ensure the required volumes of 

water or acid were introduced into any station at the required time. The control system 

on top (on the big wooden sheet) was for the dripping set up and the system beneath it 

was for the flooding set up. All of the six stations consisted of a flooding and a 

dripping set up. The control system was set to choose the days that a particular station 

is watered, the time when the watering starts and also the duration of the watering. 
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6.3 Experimental Design 

A randomised 23 full factorial block design and implemented at Stellenbosch 

University’s Welgevallen Experimental farm where the hot house is situated. The 

moisture content varied at a lower level of 40% of field capacity and higher level of 

80% of field capacity. Fertiliser was added to achieve desired nutrients concentration 

i.e. nitrogen and phosphorus. A lower level of zero fertiliser addition to the soil and 

the higher level with the C: N: P ratio equal to 100:20:2 were employed. A centre 

point with C: N: P = 100: 10: 1 was also employed on group 1 soil. The level of 

aeration was adjusted by adding a bulking agent between 0% and 20 of the soil to be 

treated.  

The bioremediation was carried out for thirty days because it was shown from 

previous work carried out by du Plessis (2006) that there is sufficient microorganism 

growth within the first thirty days to achieve the desired objectives. It was noted that 

the maximum bacterial count was reached around two weeks and decreases after that. 

The following parameters are being measured throughout the thirty day 

bioremediation period 

� Total Microbial Activity (TMA) 

� Average pH of the soil 

� Average temperature of biopile 

However, for the soil from Group 3, it was noted from the laboratory tests that the 

removal of the heavy metals is only significant when using high concentrations of 

lixiviants together with agitation of the soil lixiviant mixture with mechanical stirrers. 

This prompted the idea of preparation of the feed material from the Group 3 soil for 

bioremediation by washing it in a mechanically stirred vessel. Two biopiles were 

made from this material while one was washed with a flooding 0.001M oxalic acid 

and the last one washed with flooding 0.1M oxalic acid. The different amount of 

heavy metals and microbial growth in the four biopiles were noted and compared. The 

results will be presented later in this chapter. 
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6.4 Results from the Pilot Scale Tests 

As discussed in Chapter 5, oxalic acid was selected for use during the pilot scale tests. 

This decision was taken after considering the performance of all the lixiviants. 

Although EDTA leached more of the Zn and Ni, the most critical contaminant was 

Mn (refer to section 1.2). Unfortunately, EDTA had less affinity for the Mn as 

compared to sulphuric acid and oxalic acid. Hence the choice has to be between 

sulphuric and oxalic acid. Oxalic acid has the advantage of being biodegradable 

compared with sulphuric acid. 

6.4.1 Effect of Flow Rate on leaching of the heavy metals 

The results from the pilot scale tests show that flooding has a slight advantage over 

dripping (refer to Figure 6-9). This variation can be explained by acknowledging the 

fact that the two jets from the flooding set-up caused some ‘erosion’ in the biopile. 

This physical force on the soil particles obviously resulted in an increased mass 

transfer of the heavy metals from the soil to the solution. It should, however be noted 

that the dripping set-up also has a counter-advantage over the flooding i.e. the 

increased leaching time since the dripping tests lasted approximately three times the 

leaching time the flooding set-up averaged. From this, it can be concluded that that 

the physical force imparted on the soil had a greater effect on the leaching of the 

heavy metals than the increased leaching time. Figure 6-10 shows that flooding the 

soil with the lixiviant increased the leaching of the nickel from the soil from the group 

1 and group 2 soils. The possible reason for this difference has been explained already 

as the existence of a physical force imparted on the soil by the lixiviant jets in the 

flooding set up. The flooding also resulted in relatively higher zinc recoveries as 

compared to the dripping set up. This is shown by Figure 6-11. 
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 Figure 6-9: Graph showing the effect of flow rate and soil depth on the leaching 

of manganese from the Group 1 and Group 2 soil 
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 Figure 6-10: Graph showing the effect of flow rate on the leaching of Ni from the 

Group 1 and Group 2 soils 
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Figure 6-11: Graph showing the effect of flow rate on the leaching of Zinc from 

the Group 1 and Group 2 soils 

6.4.2 Effect of bioremediation on the leaching of the heavy metals 

Bioremediation had a positive effect on the leaching of heavy metals. Figure 6-12 and 

Figure 6-13 shows that for the bioremediated Group 1 soil, there was an increase in 

leaching of heavy metals as compared to the control experiment i.e. soil that was only 

continuously leached with equivalent volume of lixiviant but with no bioremediation. 

There are a number of possible explanations to this observation. Firstly, there could be 

direct or indirect interaction of the heavy metals and the microorganisms such that the 

heavy metals are either oxidised or reduced into an oxidation state that is soluble. 

Secondly, the microbial action could have improved soil properties such as porosity 

and cation exchange capacity thereby enhancing heavy metal leaching. This was also 

noted for the Group 2 soil as shown in Figure 6-14 and Figure 6-15. Ni and Zn also 

showed significant increases in the amount leached due to the bioremediation and the 

results and graphs are presented in the Appendix A in the Pilot Scale Folder. 
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Figure 6-12: Mn leached from Group 1 soil after flooding and bioremediation 
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Figure 6-13: Mn leached from Group 1 soil after dripping and bioremediation  
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Figure 6-14: Mn leached from the Group 2 soil after washing (flooding) and 

bioremediation 
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Figure 6-15: Mn leached from the Group 2 soil after dripping and 

bioremediation 

6.4.3 Effect of Microbial Population on the leaching of the heavy metals 
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Generally, there is a direct proportionality in the relationship between the amount of 

manganese leached after bioremediation and the population of the microorganisms. 

This relationship is best shown in Figure 6-16, Figure 6-17 and Figure 6-18. This is 

because the soil from the Group 1 is suitable for both bioremediation and soil washing 

due to its low silt and clay composition. However, the same cannot be said for the 

other two groups as high silt content hindered effective bioremediation and soil 

washing.   
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Figure 6-16: Relationship between Mn leached and the microbial population 
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Figure 6-17: Relationship between the Ni leached and the microbial growth 
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Figure 6-18: Relationship between Zn leached and microbial growth 
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6.4.4 Bioremediation of Group 3 soil 

Recovery of heavy metals from the Group 3 soil was relatively difficult. However, 

soil washing with mechanical stirring proved better than the heap washing. Figure 6-

19 shows the amount of manganese leached from the respective biopiles. The 0.001M 

oxalic acid wash is clearly not effective. It should be noted that for the mechanical 

agitated soil, not much more of the manganese was leached after bioremediation. This 

can be explained by the fact that there is a breaking down process of lumps from the 

soil during stirring and the ‘slurry’ produced resulted in close packing of particles 

after drying to the required moisture level. This greatly affected the bioremediation 

process and the rinsing of the soil. The same can be said for the leaching of nickel as 

shown by Figure 6-20. However, the same cannot be said for zinc as its leaching 

seemed constant in the four biopiles as shown by Figure 6-21. 
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Figure 6-19: Various amounts of manganese leached after using different soil 

washing methods and bioremediation 
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Figure 6-20: Ni leached from the Group 3 soil using different soil washing routes 
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Figure 6-21: Zn leached from the Group 3 soil using different soil washing routes 
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6.4.5 Effect of Soil Depth on Microbial Growth 

As shown in Chapter 4, the silt content of the soil increase as the depth increases. In 

other words, the crud content also increases as the depth increases. This greatly 

affected the physical properties that affect bioremediation such as porosity hence the 

huge decrease in the microbial growth in the soil from the Group 2 and Group 3 soils 

as shown in Figure 6-22. The decrease can also be speculated to the increased heavy 

metal concentration in the Group 3 soil that can be toxic to microorganism.   
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Figure 6-22: Microbial growth in the respective soil depths 
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6.5 Summary 

The pilot scale soil washing process was on average 70% efficient as compared to the 

laboratory column tests. However, the technology proved to be relatively effective in 

treating the soil from the East Paydam slimes dam. The flooding system was found to 

be marginally better as compared with the dripping system. The leachate from the 

flooding system requires extensive filtration as soil particles are washed away into the 

collection drums. Bioremediation, on the other hand proved to increase the heavy 

metal leaching from the soil. However poor microorganism growth was experienced 

in the Group 2 and Group 3 soil. Addition of nutrients, bulking agent and moisture 

increased the amount of microorganism. The C: N: P ratio of 100:20:2, which is 

higher than the recommended C: N: P = 100: 10: 1 performed satisfactorily. The 

reason for adding extra nutrients than required was to counter the effects of 

unaccounted carbon sources such as dissolved carbon dioxide which can be utilised 

by some microorganisms. However, the mechanism to which the microorganism and 

heavy metals interact is not clear and hence needs to be investigated further in future 

work. 
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7. Heavy Metal Precipitation   

 

The generation of the leachate poses another disposal problem because the 

contaminants have literally been transferred from the solid to the liquid phase. 

Recovery of the heavy metals from the leachate ensures the resultant waste solution 

can be disposed without any environmental risks. Precipitation is a common and 

attractive method of removal of the heavy metals from solutions because of its 

simplicity and low cost. This chapter looks at the feasibility of recovering the heavy 

metals from the acidic solution by precipitation.  

7.1 Precipitation Reactions 

Solution samples from the experimental work in the soil washing experiments that 

was conducted earlier were used for this study. Three alkalis, one hydroxide (NaOH) 

and two carbonates (Na2CO3 and CaCO3) were investigated. A 100ml sample was 

filtered to remove the slurry and soil aggregates that were present in the sample after 

sampling. The reagent (either the hydroxide or the carbonates) was added as droplets 

while stirring the content of the container to ensure homogeneity of the solution. The 

pH was noted as the precipitating reagent was being added. At pH of 7, the solution 

was filtered, precipitate collected and subsequently the first solution sample was 

collected. The pH of the filtrate was then increased to a pH of 8. The solution was 

filtered and a second sample collected. The same procedure was repeated for a pH of 

10 and a pH of 12 for the NaOH. A maximum pH of 10.86 was achieved using 

Na2CO3 whilst only a pH slightly over 8 was achieved by adding limestone. The 

collected samples were analysed for the heavy metals using the Varian Spectra AA 

250 Plus. The effect of temperature was also investigated by conducting the 

precipitation reaction in a water bath with the temperature maintained at 60oC. 
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7.2 Results of Precipitation of Heavy Metals from Solution  

7.2.1 Effect of pH on the precipitation of the metals from solution  

The results from the precipitation reactions (refer to Figure 7-1, Figure 7-2 and Figure 

7-3) clearly show that the heavy metals are removed from the solution by increasing 

the pH. There is no significant difference in the performance of the three reagents that 

were investigated. It can be seen that the precipitation is highly dependent on the pH. 

If the pH is raised to ranges of pH 10-12, the heavy metals are precipitated from the 

solution regardless of the alkali or salt used.  
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Figure 7-1: Shows the amount of heavy metals precipitated from the leachate  
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 (b) Precipitation of heavy metals using Sodium Carbonate 
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Figure 7-2: Heavy metals precipitated using sodium carbonate  

(c) Precipitation of heavy metals using limestone (CaCO3) 
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Figure 7-3: Heavy metal precipitated from solution using limestone 
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7.2.2 Effect of Temperature 

Figure 7-4, Figure 7-5 and Figure 7-6 show that temperature has only a slight positive 

effect on the precipitation of the heavy metals. Temperature basically affects the 

reaction rate and hence the chemical equilibrium (SME Mineral Processing 

Handbook, 1985). It was noticed during the experiments that sodium carbonate 

(Na2CO3) and sodium hydroxide (NaOH) reactions with the acidic solution proceeds 

pretty fast and dramatic changes in pH are noticed as soon as the alkali is added to the 

leachate whilst limestone (CaCO3) reacts slowly with the acidic solution. 

However, the gain in increasing the temperature might not be economically 

favourable since at a pH of about 8.5 only a 1% increase is achieved. However, the 

cost of the required energy to increase the temperature to 60oC and maintaining it at 

that level are relatively high. The same trend was noted for nickel and zinc (refer to 

Appendix A). 
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Figure 7-4: The effect of temperature on the precipitation of Mn using limestone 
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Figure 7-5: Effect of temperature on manganese precipitation using NaOH 

0

10

20

30

40

50

60

70

80

90

100

0 2 4 6 8 10 12

pH

M
n

 p
re

ci
p

it
at

ed
 (

%
)

Mn Precipitated (%) at 60 degress C

Mn Precipitated (%) at ambient conditions 

 

Figure 7-6: Effect of Temperature on manganese precipitation using Na2CO3 
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7.3 Summary 

The precipitation of the heavy metals depends greatly on the pH of the solution. 

Although temperature is also thought to affect the precipitation process, it is without 

doubt that pH is the most critical parameter. NaOH was effective in increasing the Ph 

since it is a strong base. It is also difficult to increase the pH of the solution using the 

limestone and sodium carbonate because of the production of a weak acid. Large 

amounts of limestone and sodium carbonate were required to increase the pH of the 

solution as compared to sodium hydroxide.  

However, the choice of the alkali to be used for the precipitation reaction should be 

based on availability and cost. The efficiency of the precipitation reaction is 

approximately 98%. Increasing the temperature to improve on the reaction kinetics 

increases the precipitation marginally hence doesn’t justify the high cost of energy 

required.  
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8. Conclusions and Recommendations 

 

8.1 Conclusions 

The hypothesis that soil washing technology in series with bioremediation can be 

effectively implemented to treat the contaminated slimes dam material from the East 

Paydam appears to be true if the following parameters and conditions are met: 

Soil Washing 

Results from the column tests showed that the leaching of heavy metals is easier from 

the Groups 1 and 2 soils. This shows that the particle size distribution is a very critical 

factor in the soil washing process. Particle size distribution affects other properties 

such as Cation Exchange Capacity and Water Holding Capacity.  

The soil from Group 1 and Group 2 can be treated by excavating it, layering it onto a 

prepared surface. Oxalic acid of concentration 0.001M at a solid: liquid ratio of 1:5 

should be used as the leaching agent. However it is very important to determine the 

amount of heavy metals in the soil after treatment and compare with the expected 

amounts. 

However, Group 3 material, which contains visibly large quantities of crud, is difficult 

to treat and the 0.001M lixiviant requires very high volume to leach any significant 

heavy metal because of the poor mass transfer that is experienced. This can be 

countered by stirring the soil: lixiviant mixture using mechanical stirrers that break up 

the soil lumps and enhanced the mass transfer.   
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Bioremediation 

Bioremediation has been found to be favoured by high moisture content, nutrient 

availability and aeration. The soil texture was also found to affect the growth of the 

microorganisms hence bioremediation is also affected. The Group 1 soil can be 

bioremediated effectively as the highest microbial activity was achieved in this group. 

Group 3 soil cannot be effectively bioremediated because there wasn’t any significant 

growth of microorganism in the soil over the thirty day period. 

Although the mechanism of the bioremediation was not determined, it can be 

speculated that the heavy metals were either reduced or oxidised to soluble forms. It 

can also be suggested that the physical interaction of the microorganisms and the 

mineral particles might also have weakened the binding of the metal ores on the soil. 

Determination of the mechanism in which the bioremediation resulted in the increased 

leaching of the heavy metals is an area that is open for further research in the future.    

Heavy Metal Precipitation 

All of the three (3) reagents that were used were effective in the precipitation of the 

heavy metals. Increasing the temperature slightly increases the precipitation of the 

heavy metals. By increasing the pH of the solution to a pH of 10, results in 

precipitation of  ≥   90% of the heavy metals. This can be achieved by using any of 

the any of the three reagents i.e. NaOH, CaCO3 and NaCO3. However, much more 

quantities of the CaCO3 and NaCO3 are required to increase the pH as compared to 

NaOH. pH is the most critical parameter in the precipitation of heavy metals. 
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8.2   Recommendations for treating East Paydam slime dam 

material 

1. From the work that was conducted and in compliance with the EPA’s 

procedure for conducting treatability studies, the final stage of remedy design 

should be implemented on site. This involves the setting up of a mobile or 

constructing a small plant to confirm the results before a full scale process is 

initiated. The treatment procedure together with the parameter that are 

recommended are shown in Figure 8-1  

 

Figure 8-1: Proposed treatment procedure for the East Paydam slimes dam. 
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From Figure 8-1, it can be seen that to treat the soil from the East Paydam slime dam 

effectively, there is need to treat the various soils separately. The soil from the top 

layer to the a depth just before the 4.5m depth can be treated by heap washing it with 

0.001M oxalic acid followed by bioremediation over a period of at least 30 days. The 

soil from the 4.5m level to the bottom of dam requires mechanical agitation in more 

concentrated lixiviant concentration of 0.1M.  

 The leachate from the leaching can be treated by increasing the pH of the solution to 

a pH of 12. NaOH is recommended to precipitate the heavy metals. 

8.3 Other recommendations 

There is need to carry out more work for academic purposes on the mechanisms by 

which the heavy metals interact with the microorganism that resulted in increased 

leaching. Extra work is also recommended for the precipitation of heavy metals from 

leachate.
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APPENDIX A: Important Original Results and 

Graphs 

 

The original column tests and pilot scale results together with some of the processed 

results can be found on the attached CD-R. Below is a description of each folder to 

help to access any required information quickly. 

Folder ‘Column Test Data’ basically gives the raw analytical data for the 144 column 

tests runs that were carried out. The data shows the readings from the AA instrument 

per given sample.  

Folder ‘Graphs for Colum Tests’ gives the graphs from the column tests. The graphs 

just show the leaching curve of each run. The graphs are similar to Figure 5-16 to 5-

19, except that the graphs were plotted using the original values and not percentages, 

however the profile of the graph do not change even if percentages are used since a 

common factor is used.  

Folder ‘Pilot Scale’ gives all the raw data from the pilot scale. It comprises of the 

graphs from soil washing, the TMA from the bioremediation and the other factors that 

were monitored i.e. temperature of biopile and the pH.  

Folder ‘Precipitation Reactions’ gives raw data and graphs from the precipitation of 

heavy metals reactions. All the graphs and data are found in this folder. 
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APPENDIX B: Characterisation of CRUD 

 

Species Head, mg/kg    TCLP, mg/l ARLP, mg/l HG ARL,mg/l 
Ag 2.76 0.05 <0.005 3 2 
Al 26000 0.74 <0.005 3 or 4 10 
As 386 <0.05 <0.05 2 0.43 
B 36.2 0.12 0.08 3 or 4 2.7 
Ba 19.9 0.11 0.12 3 7.8 
Be 5.3 <0.005 <0.005 3 1.2 
Bi <0.03 <0.03 <0.03 - - 
Ca 63500 836 687 Not Toxic Not Toxic 
Cd <0.004 <0.004 <0.004 1 0.031 
Cl 687 <0.05 31.85 Not Toxic   
Co 122 1.08 <0.008 2 6.9 
Cr 113 <0.005 <0.005 3 4.7 

Cr(VI) N/A <0.005 <0.005 1 0.02 
Cu 90.4 <0.003 <0.003 2 0.1 
F <2 <0.20 N/A 3 1 
Fe 23100 <0.004 <0.004 3 9 
Hg <0.02 <0.02 <0.002 1 0.22 
K 6400 32.5 7.88 4 43.5 
Li 26.3 0.007 <0.001 3 1.7 
Mg 5900 297 110 Not Toxic Not Toxic 
Mn 19900 617.5 73.3 2 0.3 
Mo <0.008 <0.008 <0.008 4 3.7 
Na 2700 281 88.5 Not Toxic Not Toxic 
Ni 402 1.56 <0.0013 3 1.2 

Nitrate 248 65 - 3 1 
O 216 <0.07 <0.07 4 10 
Pb 41.5 <0.03 <0.03 2 0.1 
S 62700 1161 668 Not Toxic   
Sb <0.034 <0.034 <0.034 3 1 
Se 13.6 0.26 0.06 2 0.26 
Si 50.5 18.4 6.5 Not Toxic   
Sn <0.03 <0.03 <0.03 3 2.99 
Sr 50.1 0.63 0.27 Not Toxic   
Ti 85.8 <0.0006 <0.006 2 0.73 
U 182.8 0.21 - 2 0.55 
V 19.3 <0.0035 <0.00035 3 1.3 
Zn 520 0.66 <0.003 2 0.7 
Zr 25.6 0.003 <0.003 3 2 

pH 6.05         
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APPENDIX C: Pictures 

 

The pictures of the equipment that was used in this research project can be found on 

the CD attached under the folder name Appendix C. 
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APPENDIX D: IMPC Paper 

 

Some parts of this thesis were submitted and accepted for oral presentation at the 

XXIV International Mineral Processing Congress in Beijing, China. The paper is 

attached as Appendix D.  

 


	Declaration
	Synopsis
	Opsomming
	Acknowledgements
	TABLE OF CONTENTS
	LIST OF FIGURES
	List of Tables
	List of Abbreviations and Symbols
	Chapter 1: Introduction
	Chapter 2: Overview of Soil Contamination
	Chapter 3: Literature Review
	Chapter 4: Soil Characterisation
	Chapter 5: Soil Washing in Laboratory Reactors
	Chapter 6: Pilot Scale Experiments
	Chapter 7: Heavy Metal Precipitation
	Chapter 8: Conclusions and Recommendations
	References
	Appendix



