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ABSTRACT 
 

The mining industry in South Africa has a huge potential to impact negatively on the environment. 

Negative impacts include generation of reactive tailings and acid mine drainage (AMD). AMD is 

highly acidic (pH 2-4), sulphate-rich and frequently carries a heavy metal burden. South Africa 

uses more than 100 million tonnes of low grade bituminous coal annually to produce cheap 

electricity. The associated mining operations result in millions of tonnes of polluted water and in 

turn coal burning power stations produce vast amounts of waste ash such as fly ash. The highly 

soluble CaO occurring as sub-micron fragments on the fly ash particles is highly reactive and can 

be utilized in the neutralization of acid mine drainage.  

Acid mine drainage (AMD) was reacted with two different South African fly ashes in a batch set-

up in an attempt to evaluate their neutralization and inorganic contaminants removal capacity. The 

concentrations of major constituents in the AMD were found to determine the final pH attained in 

the reaction mixture and the reaction time of breakthrough to circum-neutral and alkaline pH. 

Efficiency of elemental removal in the AMD by the FA was directly linked to the amount of FA in 

the reaction mixture and to the final pH attained. Most elements attained ≈ 100 % removal only 

when the pH of minimum solubility of their hydroxides was achieved.  

In the second part of the study, Acid mine drainage (AMD) was reacted with coal fly ash in a 24 

hour equilibration time using 1:3 and 1:1.5 FA: AMD ratios by weight to produce neutral and 

alkaline process waters. The capacity of the fly ash to remove the major inorganic contaminants 

from AMD was examined with time. The geochemical computer software PHREEQC and 

WATEQ4 database were used for geochemical modeling of the process water chemistry at selected 

reaction times. The collected solid residues were analyzed by X-ray diffraction, scanning electron 

microscopy (SEM) and scanning electron microscopy-energy dispersive X-ray spectroscopy 

(SEM-EDX). At both ratios the reaction mixture was at saturation or oversaturated with alunite, 

basaluminite, jurbanite, boehmite, gibbsite, diaspore, gypsum, barite, K, Na-jarosites, ettringite, 

amorphous Fe (OH)3 and goethite at specific contact times. The precipitation of the many inorganic 

contaminants was established in terms of the mineral phases at saturation or over-saturation. 

Sequential extraction revealed the amorphous fraction to be the most important in retention of the 

major and minor inorganic contaminants at pH > 6.32 which implies that the concentration of total 

Fe and Al in the AMD being treated has a direct effect on the clean-up efficiency of the process. 

In the third part of the study, a column leaching of the solid residues (SR) blended with varying 

amounts of fly ash (5 %, 25 %, 40 %) and 6 % Ordinary Portland Cement (OPC) was carried out to 
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assess the contaminant attenuation with time. The columns were drained with synthetic acid mine 

drainage (SAMD) over a period of 165 days. In addition the solid residues were modified with 1-6 

% OPC and their strength development monitored over a period of 365 days. The column solid 

cores were observed to acidify in a stepwise fashion, exhibiting three buffer zones. The SR alone 

and SR blended with fly ash exhibited strong buffering capacity at pH (7.5-9) for an extended 

period of time (97-110 days). Encapsulation of solid residue particles by the calcium silicate 

hydrate gels (CSH) in OPC blended solid residues obscured the appearance of the sustained 

buffering at pH 7-9.5. The fly ash and OPC blend solid residues exhibited decontamination 

efficiencies of (82-99 %) for Al, Fe, Mn and SO4
2- over the study period. However the OPC blend 

SR exhibited high attenuation efficiency even as the pH dropped to below 4. SR + 6 % OPC core 

was observed to be the most efficient interms of retention of highly mobile elements such as B and 

Mo. pH was observed to be the main determining factor in contaminants attenuation. Geochemical 

modeling results revealed that pH and SO4
2- concentrations in the leachate had a significant impact 

on the mineral phases controlling Fe and Al concentration in the leachates. In the SR + 6 % OPC 

solid cores, EDX analysis revealed that CSH gels and calcium aluminate hydrate gels were being 

precipitated. These gels were either incorporating Fe, Mg, Mn in their matrix or encapsulating the 

solid residue particles that were rich in these elements.  

Sequential extractions of the leached solid cores revealed the amorphous fraction to be the most 

important in retention of the major contaminants and were most enhanced in the OPC blend solid 

residues.  

The OPC blend solid residue slurries developed unconfined compressive strength (UCS) (2-3 Mpa) 

comparable to paste formulated from sulphidic rich mine tailings confirming that the solid residues 

can be used for backfilling. Therefore the solid residues (SR) can successively be applied for a dual 

purpose in mined out areas namely, to remediate acid mine drainage waters and also provide 

support for the overburden. 

 

Keywords: Acid Mine Drainage; Fly Ash; Neutralization; Sulphates; Metal ions; Solid Residues 

(SR); Column Leaching; Geochemical Modeling; Sequential Extraction; Buffering. 
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Chapter One 
 

Introduction 
 
1 Introduction 
 

The mining industry in South Africa has a huge potential to impact negatively on the 

environment. Negative impacts include generation of reactive dam tailings and acid mine 

drainage (AMD). Sources of water related pollution are underground and opencast mining, 

metallurgical plants, mining infrastructure and mine residual deposits. On infiltration by 

rainwater, mine spoil heaps leach highly acidic mine drainage to groundwater as a result of 

pyrite oxidation that form sulphuric acid, which in turn mobilizes toxic metal species. 

 

South Africa uses more than 100 million tonnes of low grade bituminous coal to produce 

cheap electricity (Willis, 1987). The associated mining operations result in millions of tonnes 

of polluted water and inturn vast amounts of waste ash created by the power plants that burn 

coal to produce electricity. Coal combustion activities generate a total of 27.7 MT of fly ash 

annually (Table 1.1). These two pollutants cause major environmental problems and are 

expensive to dispose safely. Pulverized fly ash (PFA) is the non-combustible material (ash) 

leaving the furnaces when pulverized coal is combusted to power the steam turbines that 

make electricity. It is the sum of bottom ash and fly ash (FA). 
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Table 1.1: The production of FA by pulverized coal fired power stations in South Africa 
(Krüger, 2003). 
 
Power station Locality Production (tons) 

Arnot Middleburg (Mpumalanga) 550 000 

Duhva Witbank 400 000 

Hendrina Hendrina 1575 000 

Kendal Witbank 3500 000 

Kriel Bethal 2000 000 

Matla Bethal 2700 000 

Lethabo Sasolburg 5300 000 

Matimba Ellisras 4950 000 

Tutuka Standerton 1765 000 

Majuba Amersfoort 213 000 

SASOL1 Sasolburg 750 000 

SASOL1 and 2 Secunda 4000 000 

Total  27 703 000 

 

Fly ash is the fraction of waste that enters the flue gas stream and is usually collected by 

means of electrostatic precipitators, bughouses or mechanical collection devices such as 

cyclones. It is a fine-grained powdery particulate material which is predominantly spherical 

in shape, either solid or hollow. It is a ferro-alumino silicate material made up of particles 

with sizes ranging from 20 to 80 μm with elements Si, Al, Fe, Ca, K and Na being 

predominant within the matrix (Adriano at al., 1980; Mattigod, 1990). The mineralogy of fly 

ash is greatly influenced by the parent coal from which it was derived. The principal 

components of bituminous coal fly ash prevalent in South Africa are silica, alumina, iron 

oxides and calcium oxide with varying amounts of unburned carbon. Fly ash has a high 

degree of alkalinity due to the presence of a lime fraction. It has been shown that many 

inorganic contaminants are also present (Mattigod et al, 1990; Eary et al., 1990). 

 

Fly ash is normally pumped in slurry form to ash heaps and hardens to a rock like 

consistency over time. Dry ash disposal is also currently being carried out at several South 
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Africa’s power stations. The wastewater in the disposal slurry as well as rainfall leaches out 

toxic metals, anions and cations from the ash heaps, which pose an environmental hazard. 

 

Acid mine drainage (AMD) is an unavoidable by-product of the mining and mineral industry. 

It is produced when water and oxygen come into contact with sulphide minerals. This occurs 

primarily in coal and gold mines and their tailings. It may also occur in soils that are close to 

the sea or contained in drained marshlands. Acid mine waters typically contain high 

concentrations of dissolved heavy metals and sulphate. They can have pH as low as 2 

(Bigham et al 1990). Azzie (2002) carried out a large scale chemical classification of waters 

draining collieries on the South African Highveld. The dominant anion was SO4
2- with no 

obvious dominant cation. A bimodal distribution of the pH of the mine waters was observed 

with the waters being either acidic or near-neutral. These conditions prohibit discharge of 

untreated acid mine waters into public streams, as they have a detrimental effect on aquatic 

plant and animal life. Groundwater pollution caused by the drainage of acid mine water is an 

equally serious problem. Coal mining in South Africa is estimated to produce 175 ML of 

AMD per day in the Pretoria-Witwatersrand-Vereening (PWV) area alone (Van Niekerk, 

2001) and a further 120 000 ML is stored. Due the extremely low pH of AMD, metals such 

Fe, Al and Mn are present in high concentrations. Sulphate is also present at unacceptably 

high concentrations (Petrik et al., 2005). The current legislation requires the mines to carry 

out neutralization and clarification of all AMDs before allowing it to rejoin natural water 

streams. 

 

Usually acid mine water is neutralized by treatment with lime, limestone, or sodium 

hydroxide. This results in precipitation of metal hydroxides (Cravotta et al., 1999) and 

sulphides in the case of biological treatment using sulphate reducing bacteria (SRBs). Since 

the minimum solubility for the sulphide precipitates made with the different metals found in 

the polluted water occur at different pH values, and the hydroxide precipitates are amphoteric 

in nature, maximum removal efficiency of mixed metals cannot be achieved at a single pH 

level. For this reason acid mine water has to be treated in multiple stages. For example the 

Savmin process (Smit and Sibilski, 2003) involves five stages of heavy metal and magnesium 

precipitation, gypsum desupersaturation, ettringite precipitation for the removal of calcium 

and sulphate, carbonation and recycling of aluminium hydroxide.  
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The main advantages of using calcium carbonate for neutralizing acid mine waters over lime 

or sodium hydroxide are its lower price, sustained generation of alkalinity and production of 

smaller sludge volumes (Maree et al., 1996). However compared with hydrated lime Ca 

(OH)2, limestone requires a longer reaction time to treat acid mine water.  Sulphide 

precipitation with Na2S, NaHS or CaS is a more effective process for the treatment of 

industrial waste containing highly toxic metals. Its main advantages are the attainment of a 

high degree of metal removal over a broad pH range, an effective precipitation of certain 

metals even at low pH levels and a short reaction time (Van et al., 2004). However sulphide 

precipitation has a tendency to form toxic H2S at low pH values. Another important 

disadvantage of these chemical treatments of acid mine water is the high cost of treatment 

chemicals. The precipitated poorly crystallized minerals (Murad et al., 1994) called ochres, 

are classified as hazardous waste and must be disposed of in dump sites. 

 

In South Africa most of the power stations are built in close proximity to the mines that 

supply them with coal. Figure 1 shows the collieries and Eskom power stations where Acid 

Mine drainage and Fly Ash samples for this work were collected. These results in two major 

environmental pollutants being produced adjacent to each other. The proximity of these 

wastes suggests that the problem of effective remediation may be solved through co-disposal. 

The highly soluble CaO occurring as sub-micron fragments on the fly ash particles is highly 

reactive and can be utilized in the neutralization of the acid mine drainage. This has 

prompted studies of the possible co-disposal of the two pollutants with the benefits of 

neutralizing the acid mine water and producing less polluted process waters. The 

neutralization of AMD using various methods and various uses of fly ash has been studied 

extensively (Cravotta et al., 1999; Hodgson et al., 1982; Jenke et al., 1983; Maree and 

Todder, 2000; Thomson, 1980). The application of fly ash to control acid generation from 

sulphidic wastes such as mine tailings and coal spoils has also been studied (Xenidis et al., 

2002). Karapanagioti and Atalay (2001) carried out a laboratory evaluation of ash materials 

as acid-disturbed land amendments. 
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Figure 1.1: A Map showing the collieries (marked in red) and Eskom power stations 

(marked in pink) where Acid Mine Drainage and Fly Ash samples were taken from. Other 

Eskom power stations are marked in blue (Eskom 2000; Bullock and Bell., 1997), Navigation 

AMD was sampled at Landau, Brugspruit AMD at Brugspruit. 

 

The alkalinity of the fly ash may not be as high as that of lime or limestone (Klink, 2004; 

Maree and De. Beer, 2000) but the availability of large quantities at no extra cost offers a 

cost effective method of neutralizing acid mine drainage. Moreover the possible formation of 

stable mineral phases with trace metal co-precipitation and adsorption could result in solid 

residues that are suitable for disposal than the unreacted fly ash. A method of utilizing the 

reactivity of the fly ash and modifying the solid residues to be suitable for coal mine 

backfilling is sought. 

 

 

 

 

 



 

6 

Chapter Two 
 
Generation, characteristics and environmental impacts of fly ash and acid 
mine drainage (AMD): Chemistry and mineralogy of the precipitates 
formed on increasing the pH of the AMD. A literature Review. 
 

2 Introduction 
 

This chapter describes the generation, properties and environmental impacts of fly ash 

disposal and the various application of fly ash. The chemistry of acid mine drainage and the 

environmental impacts and the methods that have been employed for the ameroliation of this 

waste water will also be discussed. The chapter also introduces the reader to the various 

studies that have tried to use fly ash to ameroliate acid mine drainage and the chemistry 

involved in these processes. A description of the mineral precipitates identified on raising the 

pH of the AMD is presented. The chemistry of the Portland cement as a stabilizer of fly ash 

with respect to fixation of heavy metals and SO4
2- is discussed.  

 

2.1 Coal and coal combustion by-products 
 

Coal is an easily combustible rock that contains 50 % or more by weight and 70 % by 

volume of carbonaceous material (Schopf, 1956). It is formed in environments that promote 

plant growth and under depositional conditions that favor preservation of the dead plants. 

Two mechanisms are involved in the conversion of organic debris into peat, allochthonous 

and autochonous deposition. Allochthonous deposition occurs when the vegetation is 

transported and redeposited by means such as moving water or wind while autochonous 

formations occur when the vegetative material is deposited where it grows and dies without 

any transportation. Autochonous formations are the most common in coal beds. 

Allochthonous formations contain a much greater amount of mineral matter that gets 

deposited along with the plant material when it is transported (Teichmuller and Teichmuller, 

1975). 

The mineralogy of the constituents of coal is dependent on the geology of the surrounding 

environment of the coal formation. The most common mineral constituents are the clay 

minerals, illite ([OH]4K2[Si6Al2]Al4O20) and kaolinite ([OH]8Si4Al4O10); sulfides such as 

pyrite (FeS2) and marcasite (FeS2); carbonates like dolomite [CaMg(CO3)2], ankerite 
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[CaMgxFe(1-x)(CO3)2], calcite (CaCO3) and siderite (FeCO3) and quartz (SiO2). Clay minerals 

make up 60-90 % of the total mineral matter and quartz is found in almost all coal and can 

comprise from 1 to 20 % of the inorganic compounds present in the coals (Rao and 

Gluskoter, 1973). Many trace elements are present within coal deposits, ranging from a few 

percent of the total composition to a fraction of a part per million (ppm). 

There are several types of inorganic residues arising from coal combustion processes: these 

include fly ash, bottom ash and boiler slag (Fig 2.1). They are generated from the combustion 

of pulverized coal in thermal power plants. Bottom ash and boiler slag settle to the bottom of 

the combustion chamber and consist of coarse particles (19-75 mm). Fly ash is a fine residue 

composed principally of spherical micron-sized particles collected from dust collection 

systems (Table 2.1). It is normally transported from the boilers by the flue gas streams where 

it is trapped by means of electrostatic precipitators. Another byproduct of coal combustion 

are the flue–gas–desulfurization (FGD) products which consists mainly of calcium sulfate 

(CaSO4) or gypsum (CaSO4.2H2O). These products arise due to the need for the power plants 

using high sulfur (2-3.5 %) bituminous coal to reduce their SO2 gas emissions. FGD products 

result from a chemical process which involves chemically combining the sulfur gases 

released in coal combustion by reacting them with a sorbent, such as limestone, lime or 

ammonia which is normally in slurry form. As the flue gas comes into contact with the slurry 

of calcium salts, sulfur dioxide (SO2) reacts with the calcium to form hydrous calcium 

sulphate (Kalyoncu, 1999). 
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Figure 2:1: Flow diagram of coal combustion and related processes leading to the formation 

of the various coal combustion products. 

 

2.1.1 Fly ash: Physical, Chemical and Mineralogical characteristics 
 

The physical, chemical and mineralogical properties of fly ash depend on the composition of 

the parent coal, the conditions during coal combustion (temperature, air/fuel ratio, coal 

pulverization size and rate of combustion) efficiency of emission control devices, the storage 

and handling of the by-products and the climate (Eary et al., 1990; Xenidis et al., 2002) 

South African Bureau of standards (SABS) (2002) defines fly ash as the powdery residue 

obtained by separation of the solids from the flue gases of furnaces fired with pulverized 

coal.  

Fly ash consists of many small (0.01-100 μm diameter) glass-like particles of a generally 

spherical character. The fineness of fly ash particles depends largely on the combustion 

temperature, the grinding size of introduced coal and whether the resultant particle is 

spherical or irregular. Watt and Thorne, (1965) produced synthetic fly ashes and compared 

them to 14 industrial ashes. They were able to show that each primary fly ash particle is 

produced by the burning out of a single coal particle containing at least two mineral species. 

The spheres that make fly ash include solid glass spheres, hollow glass spheres (cenospheres) 

and hollow glass spheres containing other glass spheres (plerospheres). The spherical, glassy, 

 

 

 

 



 

9 

and transparent appearance of fly ashes indicates the melting of silicate minerals during coal 

combustion. The Fe-oxide content of the spheres can influence their color which ranges from 

water-white to yellow, orange to deep red, or brown to opaque (Fisher et al., 1978). These 

spheres are believed to be formed as a result of the high temperature reached during the 

instantaneous burning of coal, where most of the mineral components in the coal melt and 

form small fused drops. The ash particles generally vary in size from 1.0 to 300 microns and 

are frequently finer than 74 microns (Helmuth, 1987).  

 

Mehta (1994) found that fly ash particles containing high amounts of CaO are finer than 

those containing low quantities. A higher CaO content in the parent coal results in a higher 

degree of melting and subsequently an increase in concentration of smooth glass spheres. 

Some of the physical properties of fly ash are shown in Table 2.1. Fly ash has a high specific 

surface area and small particle size which offer a high potential reactivity. The specific 

gravity varies depending on the rank of coal from which it was derived. Measurement of 

specific gravity of 18 fly ashes from the United Kingdom established that they lie in the 

range of 1.97-2.58 g/cm3 (Cabrera et al., 1986). Natusch et al., (1975) reported a mean 

particle density of a midwestern U.S. fly ash of 2.7 g/cm3 for non-magnetic and 3.4 g/cm3 for 

magnetic particles. The great surface area ensures that the elements volatilized during 

combustion condense on the surface of fly ash particles in high concentrations. These 

elements can be mobilized under disposal conditions (Mattigod et al., 1990; Phung et al., 

1979) 
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Table 2.1: Physical properties of fly ash (Summers et al., 1983). 
 

Physical property  Fly ash 

Specific gravity (no units) 1.59-3.1 

Dry bulk density (g/m3) 1.01-1.43 

Specific surface area (m2/kg) 200-3060 

Mean particle diameter (μm) 20-80 

 

Willis (1987) found significant variations in the composition of South African fly ash (Table 

2.2). These variations reflect the differences in the parent coal composition from different 

coal fields and coal seams. Bituminous coal comprises 98 % of South African fly ash 

production (Morris, 1997) and gives the ashes produced in South Africa their physical, 

mineralogical and chemical properties.  

Table 2.2: Major element composition (weight %) of Arnot and Sasol fly ash. (Willis, 1987) 
Fly ash/element Arnot Sasol 

SiO2 53-63 61-67 

TiO2 1.3-1.5 1.2-1.4 

Al2O3 25-27 23-27 

Fe2O3 4.8-5.4 3.1-4.8 

MnO 0.4-0.5 0.30 

MgO 1.7-2.0 1.4-1.7 

CaO 6.3-7.0 6.1-7.1 

Na2O 0.16-0.21 0.76-1.3 

K2O 0.48-0.51 0.31-0.48 

P2O3 0.38-0.89 0.22-0.51 

SO3 0.15-0.34 0.11-0.26 

 

Fly ash is a ferro-alumino-silicate compound containing considerable quantities of Ca, K, and 

Na with traces or none of C and N (Carlson and Andriano, 1993). The most common 

minerals found in fly ash are quartz and mullite (Al6Si2O13) with lesser amounts of 

magnetite, maghemite, anhydrite and lime (Bezuidenhout, 1995). Mullite is formed by the 

decomposition of aluminosilicate phases of coal such as kaolinite. A number of studies 

(Mattigod et al., 1990; Reardon et al., 1995) confirm that the three compounds reported most 

 

 

 

 



 

11 

frequently, quartz, glass, and mullite constitute the principal matrix of the majority of fly 

ashes. The principal Fe-bearing compounds are hematite (Fe2O3), magnetite (Fe3O4) 

anhydrite (CaSO4) and lime (CaO) are the main Ca compounds and periclase (MgO) is the 

principal crystalline compound of Mg (Mattigod et al., 1990). Lime occurs as particles on the 

surface of the glass spherules and is thought to originate from the decarbonation of limestone 

or dolomite impurities in the coal (Warren and Dudas, 1984).  

Depending on the coal sources, iron may also be a major component, occurring both as a 

separate matrix of magnetic spinels (variations of Fe3O4) and other oxides, and as an element 

incorporated in the aluminosilicate matrix. In addition to the elements present at high 

concentration, which constitute the matrices, there are numerous trace elements which are 

considered detrimental to the environment.  

The presence of major elements in fly ashes can be explained on the basis of thermal 

transformations of minerals present in the source coals (Mattigod et al, 1990). For silicate 

minerals, phyllosilicates such as mica, kaolinite, chorite, and montmorillonites are the most 

common forms in coals. Fe-bearing sulphides, carbonates, sulfates and oxides also occur in 

coals. Quartz and feldspars are the main framework silicates present in the inorganic 

fractions of coals. The transformations these minerals undergo during coal combustion are 

indicated in Table 2.3. The reported frequency of various inorganic phases in coals 

corresponds with the reported frequency of the resulting combustion products in fly ashes. 

The dominance of phyllosilicates and quartz in coals is reflected in the observed 

predominance of glass, mullite and quartz in fly ashes. The Fe-sulphides, carbonates, 

sulphates and oxides in coals account for the Fe-oxides in fly ashes. The presence of alkaline 

earth carbonates in coals account for the presence of Ca- and Mg-oxides in fly ashes. 
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Table 2.3: Thermal transformation of major inorganic phases during coal combustion 

(Mattigod et al., 1990). 

 

Minerals in coal Transformation products in fly ashes 

Phyllosilicates Glass, mullite (Al6Si2O13), quartz 

(SiO2) 

Quartz Glass, quartz (SiO2) 

Pyrite (FeS2), siderite 

(FeCO3), iron sulfates 

Hematite (Fe2O3), magnetite (Fe3O4) 

Calcite (CaCO3) Lime (CaO) 

Dolomite [CaMg(CO3)2] Lime (CaO), periclase (MgO) 

Gypsum (CaSO4.2H2O) Anhydrite (CaSO4) 

Ankerite[CaMgxFe(1-x) 

(CO3)2] 

Calcium ferrite (CaFe2O4), periclase 

(MgO) 

 

Two major classes of fly ash are specified in American Society for Testing and Materials 

(ASTM C618) on the basis of their chemical composition resulting from the type of coal 

burned. These are designated Class F and Class C. Class F fly ash is normally produced from 

the burning of anthracite or bituminous coal [(SiO2 +Al2O3 +Fe2O3) ≥ 70 %]. Class C is 

normally produced from the burning of sub-bituminous coal and lignite [(SiO2 +Al2O3 

+Fe2O3) ≥ 50 %]. Class C fly ash has cementitious properties in addition to pozzolanic 

properties due to free lime, whereas Class F is rarely cementitious when mixed with water. 

 

Most existing chemical elements can be found in fly ash (Kaakinen et al., 1975; Klein et al., 

1975). In their review of utilization and disposal trends of fly ash and other coal residues 

(Adriano et al., 1980) noted that although the elemental composition of fly ash vary widely, 

it usually contains higher concentrations of essential plant nutrients, except N, than do 

common cropland soils. C and N are likely to be oxidized into gaseous constituents during 

the combustion of coal, thus they are usually present in fly ashes in negligible quantities. 

Several research workers have noted that the most salient features of fly ash are the gradation 

effects of particle size on elemental concentration. Davison et al. (1974); Kaakinen et al. 

(1975); Klein et al. (1975), observed that As, Cd, Cu, Ga, Mo, Pb, S, Sb, Se, Tl and Zn tend 
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to increase in concentration with decreasing fly ash particle size. Bosch (1990) investigated 

some fly ashes from South African coal-burning power stations and noted that there was a 

tendency for higher concentrations of trace elements in fly ash to be associated with smaller 

particle sizes. It has been hypothesized that this is as a result of volatilization of elements 

upon combustion, followed by surface condensation and deposition as the ambient 

temperature drops and greater surface area in the smaller particles. These elements are 

preferentially enriched in a thin layer (~ 1.000 Å) at the particle surface and are readily 

extractable (5 to 40 %) in water (Linton et al., 1975; Smith, 1980). The most volatile 

elements, which are the last to condense, are partitioned to the smaller particles. Eary et al. 

(1990) observed that chalcophillic elements (As, Cd, Cu, Pb, Hg, Se, V and Zn), which tend 

to be present as sulphide minerals or associated with organic fraction in coal, are generally 

more strongly volatilized during combustion and tend to become more enriched on particle 

surfaces than elements associated with silicate and oxide minerals in colas. The less volatile 

elements (Al, Ba, Ca, Ce, Co, Eu, Fe, Hf, La, Mg, Mn, Rb, Sc, Si, Sm, Sr, Ta, Th and Ti) 

show little tendency to partition according to particle size. There are also elements such as 

Be, Cr, K, Na, Ni, Sc, U, and V that would exhibit an intermediate behavior. Other research 

workers such as Campbell et al. (1978); Lee et al. (1975) reported similar effects of particle 

size on elemental concentrations. 

 

Fly ash from bituminous and sub-bituminous coals are characterized by high S contents and 

hence produce low pH when dissolved while those from lignitic coals are low in S but higher 

in Ca and Mg and produce high pH when dissolved (Furr et al., 1977; Page et al., 1979). 

 
2.1.2 Chemistry of fly ash Leachate and Geochemical factors Controlling the 

Mobilization of Inorganic constituents in Fly Ash Leachate. 

 
Most of the fossil fuel wastes, including fly ash, are currently being disposed of in landfills 

and surface impoundments (Mattigod et al., 1990). Since these wastes are being introduced 

into an aqueous environment they can be a major source of water pollution  (Rohrman, 

1971). The geochemical factors here refer to the thermodynamics of specific 

dissolution/precipitation, adsorption/desorption, and redox reactions that occur during 

weathering of the fly ash and can be applied in understanding the leachate chemistry.  
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Several studies have been carried out to assess the possible effects of fly ash disposal on 

water quality, these studies involved characterizing the chemical composition of the waste 

solids and involved short-term batch-leaching tests (Alberts et al., 1985; Mattigod et al., 

1990; Van der Sloot et al., 1985). The extractability of various elements is influenced by a 

number of factors, such as the type and concentration of extractant, the solid-solution ratio, 

the duration and temperature of extraction, and the intensity of agitation during extraction 

(Soltanpour et al., 1976). As a result, elemental concentrations in laboratory extracts of fossil 

fuel ashes are not reliable indicators of leachability under field conditions hence most 

researchers use the chemistry of equilibrium extracts as an indicator of the solubility-

controlling solid phases in weathering wastes (Mattigod, 1983; Roy and Griffin, 1984).  

 

The most common extraction procedures involving fossil fuel wastes can be grouped into 

two general types (i) water extractions and (ii) acid extractions (Eary et al., 1990). Water 

extractions provide a qualitative estimate of the most readily leachable components in the 

waste. Acid extractions provide a rough estimate of the total quantity of an element that 

could eventually be leached from a waste. Acid extractions mobilize greater fractions of both 

major and minor constituents in the waste than water extractions. Ca, Na and S are mobilized 

from these wastes in concentrations ranging from tens to thousands of mg L-1. K and Mg 

concentration may reach several hundred mg L-1. Al3+ and Si are generally less than 70 mg L-

1, and dissolved Fe concentration is < 3mg L-1. These trends suggest that significant fractions 

of Ca, K, Mg and Na in fossil fuel combustion wastes exist in highly soluble oxide and 

sulfate forms (Mattigod et al., 1990). Eary et al. (1990) observed that elements reported to be 

enriched on particle surfaces and predicted to exist as soluble oxides and salts in unweathered 

wastes, such as B, Cd, Cu, Mo, Se and Zn, appear to be dissolved more readily than other 

minor elements. The rates and amounts of the minor elements released during leaching of 

fossil fuel wastes are influenced by (i) the total concentrations of the minor elements in the 

wastes, (ii) the distributions of those elements in the waste solids, and (iii) the in-corporation 

of the minor elements into secondary solids as a result of weathering reactions. 

 

Mattigod et al. (1990) have shown that leachates derived from various fossil fuel wastes have 

a wide range of pH values. The pH of waste solutions depends on the waste composition and 

may change over time as a function of weathering. The pH is a master variable that controls 
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the solubility’s of many solids and hence the leaching characteristics of fossil fuel wastes. 

Fly ash water extracts tends to have alkaline pH values (pH 11-12). Theis and Wirth (1977) 

have suggested that the initial pH of water extracts of fly ashes may be related to the ratio of 

oxalate-extractable Fe to soluble Ca. Based on studies of 10 fly ash samples, they observed 

that fly ashes with Fe/Ca ratios over 3 produced acid extracts, whereas those with Fe/Ca 

ratios less than 3 generated alkaline extracts. Ainsworth and Rai (1987), in their study of 

bituminous, subbituminous and lignitic fly ashes concluded that Ca/S ratios of less than about 

2.5 generated acid extracts, whereas fly ashes with Ca/S ratios higher than 2.5 produced 

alkaline extracts. Roy et al. (1984) observes that the initial pH values of water extracts of fly 

ashes have been known to change over time in response to the changing chemistry of the 

weathering wastes. They observed that over time the acidic extracts increased in pH, whereas 

the alkaline extracts decreased in pH. Bezuidenhout (1995) investigated the dissolution 

characteristics of fly ash particles and the changes associated with leachate produced at the 

Kriel power station ash dam in South Africa. The leachate composition was found to have a 

lower pH than fresh ash and decreased concentrations of Ca and SO4
2-. Calcium 

concentrations were controlled by exposure to atmospheric CO2 and the formation of calcite. 

Sulphate was postulated to be controlled by the formation of ettringite. Metal concentrations 

were high in leachates having a low pH. Elements such as Mn, Mo, Cu, Mg, Fe and Ba were 

associated with the formation of ferrihydrite. It is evident from these studies that the Ca 

content of a fly ash determines the equilibrium pH of the ash water extracts.  

 

Several column leaching studies have been conducted to evaluate the leaching chemistry of 

fly ash samples. Different leachants have been used which include water (Dudas, 1981; 

Humenick et al., 1983), dilute acid (Warren and Dudas, 1984). These studies indicate that the 

leaching patterns of major elements fall into two categories. In the first category, initial 

leachates have high concentrations of the element, with subsequent leachates showing rapidly 

declining concentrations that tend to reach steady-state concentrations. In the second 

category, the element is below detectable concentrations in initial leachates but is 

subsequently being mobilised, as shown by increasing concentrations. The concentration may 

decline during prolonged leaching. The studies also indicate that among major elements, Ca, 

Na, K and S follow the first pattern. Al exhibits delayed leaching, hence follows the second 

pattern. Warren and Dudas (1984) observed delayed leaching of Mg and Fe which 
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corresponded with the pH of the leachate becoming more acidic. These studies further 

indicate that great fractions of Ca and S (as SO4
2-) are mobilized from fly ashes during 

leaching, while negligible fractions of Si, Al, Fe and Mg are released. These authors further 

observed that, in fly ashes, Ca and S are associated with more soluble solid phases and Si, Al, 

Fe, and Mg are mainly recalcitrant phases. Studies of leachates and effluents from fly ash 

ponds indicate that they contain Ca and SO4
2- as their principal cationic and anionic 

constituents and concentrations of other major elements are orders of magnitude smaller 

(Theis et al., 1979). 

 
2.1.3 Major Elements in Fossil Fuel waste. 
 
Past studies of the environmental aspects of fossil fuel waste disposal have focused on 

determining elemental concentrations, elemental distributions, and empirical rates of 

extraction. Studies have provided empirical information on short term leaching behavior that 

is relevant to a specific waste but do not provide information on the dominant weathering 

reactions that will control the long term distribution of these elements. Eary et al. (1990) 

argue that understanding the leachate chemistry involves the consideration of the 

thermodynamics of specific dissolution/precipitation, adsorption/desorption, and redox 

speciation reactions that occur during weathering in addition to empirical data (Fig 2.2). This 

approach can be used to describe the reaction paths governing the alteration of the high-

temperature solids to assemblages of secondary solids and aqueous species that are stable in 

weathering environments. In addition Rai et al. (1988) have shown that an approach based on 

thermochemical data and principles can be applied in predicting the upper limits of elemental 

concentrations in pore waters and leachates generated from the waste. This approach 

determines the chemical behavior of an element based on its total concentration in the solid 

waste and its accessibility to solution, the different types of solid phases and their 

solubility’s, the kinetics of precipitation/dissolution reactions, the chemical parameters such 

as pH, Eh, the ionic strengths and concentration of other elements. If a solubility-controlling 

phase of an element that has rapid dissolution/precipitation kinetics is present in the waste, or 

if a secondary phase forms that dissolves and precipitates quite rapidly, then the solid phases 

will be in equilibrium and adsorption needs not be considered in predicting solution 

concentrations. The aqueous element concentrations of the element can be predicted from 

precipitation/dissolution reactions defined by thermo chemical data. A few studies 
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(Ainsworth and Rai, 1987; Mattigod, 1983; Talbot et al., 1978) have evaluated leaching and 

extraction data as a reflection of precipitation/dissolution reactions in wastes and the 

presence of solid phases in weathering wastes was noted. These studies also illustrated the 

application of these principles to predicting the upper concentration limits of various 

elements leached during the weathering of these wastes. For instance data presented by 

Ainsworth and Rai (1987) and Fruchter et al. (1988) showed that dissolution/precipitation 

phenomena could explain the observed dissolved concentrations of a number of major and 

minor elements. Available laboratory data from the same authors indicate that the aqueous 

concentrations of Al, Ca, Fe, S and Si may be explained by solubility equilibria, whereas 

concentrations of alkali cations K and Na appear to be due to kinetically controlled 

dissolution phenomena. However, this approach may be limited by the absence of solid 

phases with rapid dissolution/precipitation kinetics in the waste matrix or by lack of thermo 

chemical data for potential secondary solid phases. 

 
Figure 2.2: Reaction types dictating the leachate composition of fossil fuel wastes (adapted 

from Eary et al., 1990) 

 

2.1.4 Reactions controlling major elements chemistry in waste leachate  
 

Ainsworth and Rai 1997; Rai et al. (1998) have demonstrated the application of thermo 

chemical principles in predicting the upper concentration limits of various elements leached 

during the weathering of fossil fuel wastes. This is achieved by evaluating the equilibrium 
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solubility’s of all potential secondary minerals that may form during weathering by using the 

solubility product data. A number of solids have been predicted to exist, such as ettringite, 

calcite, gypsum, portlandite, amorphous silica, imogolite, amorphous oxyhydroxide and Ca-

aluminate in weathering fly ashes. These calculations give a limiting set of the most stable or 

metastable minerals which are then used to delineate the solubility constraints for each 

element as a function of selected variables, such as pH, partial pressure of gases and ligand 

activities. These computations are then used to indicate the upper limits of elemental 

concentrations attainable in leachates. Mattigod et al. (1990) used the ligand activities 

typically found in weathering fossil fuel combustion wastes at 25oC and 1 atm, to show 

which free and complex species of major elements are expected to be dominant in the 

aqueous phase. These authors observed that free ionic species of alkali and alkaline earth 

cations are predicted to predominate at lower pH values and carbanato complexes at high pH. 

Sulphato complexes of alkaline earth elements predominate up to pH 9.0, beyond which 

carbanato complexes become the dominant species. Neutral silicic acid was predicted to be 

dominant up to pH 9.5. At high pH values, silicate ion would be the significant species. For 

Al and Fe, hydrolytic species dominate at high pH values. At low pH values dominant Al and 

Fe species are AlSO4
+ and FeSO4

+ complexes. 

 

Gypsum, calcite, Al-hydroxide and Fe-hydroxide have been observed in weathered fly ashes 

and have rapid dissolution/precipitation kinetics. Mattigod et al., (1990) found it appropriate 

to use these minerals in setting the upper limits on aqueous concentrations of Ca, S, Al, and 

Fe. Calculation of Ca2+ activities from data points derived from laboratory experiments 

(Ainsworth and Rai, 1987) and pore waters from fly ash lysimeters at a field site (Fruchter et 

al., 1988) were in agreement with the predicted equilibrium dissolution of gypsum and 

calcite. These data also suggested that Al3+ activities are controlled by AlOHSO4 at low pH 

values, by amorphous Al (OH)3 at pH values of 6-9, and by gibbsite at higher pH values. 

Other studies by Roy and Griffin (1984) suggest that the concentrations of major elements 

(Al, Ca, Fe, and Si) in fly ash leachates were controlled by anhydrite, mullite, aluminum, and 

iron hydroxides. These studies further conclude that the aqueous concentrations of Al, Ca, 

Fe, S and Si may be explained by solubility equilibria, whereas concentrations of alkali 

cations K and Na appear to be kinetically controlled by dissolution. 
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However equilibrium between major elements solid phases and pore water may not exist in 

certain fossil fuel combustion waste disposal environments as a result of factors such as 

differing leaching rates and elemental distribution in the matrix. In such situations, the 

kinetically controlled reactions will result in pore-water concentrations that are lower than 

predicted equilibrium concentrations. It can be concluded that total concentrations of major 

elements in pore waters, as predicted from thermo-chemical principles, are affected by 

factors such as the kinds of solid phases, the types and concentrations of ligands and the 

strengths of complexation.  

 

2.1.5 Minor elements in fossil fuel waste leachate 
 

The rates and amounts of the minor elements released to solution during the leaching of 

fossil fuel wastes are influenced by (i) the total concentrations of the minor elements in the 

wastes, (ii) the distributions of those elements in the waste solids, (iii) the incorporation of 

the major elements into secondary solids as a result of weathering reactions (iv) the presence 

of ligands and ionic strength of the solution (Eary et al., 1990). The distribution of a specific 

element in solid phases can be important for controlling its initial rate of leaching. Elements 

that are enriched on particle surfaces will be more accessible to solution. Consequently, they 

will be more leached initially than elements that are uniformly distributed within the waste 

matrix. Several studies have reported that many minor elements are not uniformly distributed 

throughout fossil fuel wastes but are enriched in the smaller particle sizes and on the particle 

surfaces (Hansen and Fisher, 1980; Smith, 1980; Wadge et al., 1986). The rates at which 

minor elements are leached from unweathered fossil fuel wastes such as fly ash are 

dependent on the abundances, surface morphologies, accessibility to solution, and dissolution 

kinetics of the primary solids containing those elements. Fly ash suspension in water can 

have varying pH depending on source. Various studies of fly ash leaching behavior show that 

pH is the principal control on trace element leachability (Eary et al., 1990; Hjelmar, 1990; 

Theis et al., 1979). Eary et al. (1990) further observes that the rates and amounts of the minor 

elements released to solution during the leaching of fly ashes are also influenced by their 

incorporation into secondary solids as a result of precipitation reactions following the 

addition of water. Depending on their rate of formation, secondary solids will also affect 

long-term leaching rates. Adriano et al. (1980) observes that stockpiled fly ash undergoes 

weathering and leaching processes that stabilize the pH and precipitate soluble minerals. 
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The dominant primary phases containing the major elements in coal ashes include various 

refractory solids, such as silica-rich glass, mullite, iron oxides, and in lesser amounts, alkali 

and alkaline earth oxides and carbonates (Mattigod et al., 1990). Due to the low 

concentrations of minor elements in fossil fuel wastes, it is difficult to identify discrete 

primary solid phases or solid solutions that contain specific minor elements. The 

volatilization-condensation mechanism of elemental partitioning during combustion, which 

has been used to account for the enrichment of many minor elements onto the surfaces of fly 

ash particles (Smith, 1980), has resulted in the prediction that portions of most minor 

elements are present as oxides or ionic salts on the surfaces of the major refractory phases 

formed during the cooling of combustion gases. 

 

Minor elements may also be incorporated into the structures of the major phases comprising 

fossil fuel wastes. For example, most of the first row transition elements (Cr, Cu, Mn, Ni, V, 

and Zn) have been reported by Hullet et al. (1980) to be distributed preferentially to the 

magnetic fraction of fly ashes. The magnetic fraction consists of spinel-type solids such as 

magnetite and ferrite and iron oxides such as hematite. These minor elements are probably 

present as solid solution substitutes in the spinel structure with the formula Fe3-x MxO4 where 

M is the transition metal (Hullet et al., 1980). The more volatile chalcophilic elements such 

as As, Hg, Pb and Se and alkaline earth elements such as Ba and Sr were reported to be 

associated most strongly with the glassy fraction of fly ash (Hullet et al., 1980). 

 

Phases such as magnetite, hematite and silica-glass are sparingly soluble and minor elements 

incorporated in them will be released to solution only as fast as those solids dissolve, 

assuming congruent dissolution. Alkali and alkaline earth elements that are enriched on 

particle surfaces as salts and oxides are likely to dissolve rapidly upon exposure to water or 

acidic media. These released elements can be reprecipitated as secondary solids or adsorbed 

to solid substrates, depending on the solubility limits of the secondary solids and solution 

conditions (Eary et al., 1990). 

 

The low concentrations of many of the minor elements in wastes and possible solid-solution 

formation involving the pairing of minor elements with major constituents make detection of 
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secondary solids difficult. These solids will control the long-term leaching behaviors of the 

minor elements in disposal environment. These secondary solids can be identified by 

inference from comparisons of equilibrated solutions with the solubility products of specific 

solids (Ainsworth and Rai, 1987). Ainsworth and Rai (1987) and Rai et al. (1988a) in their 

solubility studies, demonstrated that most of the Cu, Mo, Se, Sr and V contained in fly ashes 

is readily accessible to solution. The concentrations of these elements remaining in solution 

were equal to or significantly less than the concentrations that could theoretically be leached 

if the ash had dissolved completely. The consistency of the pH dependent relationships for 

the concentrations remaining in solution with the solubility’s expected for various secondary 

solids implied the formation of those secondary solids. 

 

2.1.6 Effects of redox state and reactions affecting minor element leachate chemistry 

 

In a waste-leachate environment in a state of chemical equilibrium, many secondary solids do 

precipitate rapidly upon reaching saturation, including hydroxides, carbonates, sulfates and 

sulfides. For conditions under which solubility-controlling secondary solids are absent or are 

slow to precipitate because of kinetic factors, dissolution rates and adsorption/desorption 

reactions of the primary solids will be the major processes affecting concentrations. 

 

If the element is stable in more than one oxidation state in the environment, then the redox 

conditions or causes of redox transformations must also be known because the secondary 

solids that could form and the adsorption/desorption reactions that could occur are dependent 

on the oxidation state. Table 2.3 shows the geochemical grouping, dominant redox states and 

types of solubility-controlling solids in weathering environments for minor elements. The 

possible redox and precipitation/dissolution reactions involving the minor elements are 

complicated by the diverse chemical behaviors of the minor elements. Solution properties 

such as pH, ionic composition, gas fugacity and types of waste solids affect the geochemical 

behaviors of the minor elements. Thermodynamic calculations of solubility relationships and 

knowledge of kinetic factors can be used to determine the most probable set of 

precipitation/dissolution and redox speciation reactions affecting the concentrations of the 

minor elements in waste leachates (Eary et al., 1990). The redox state of a system affects 

both the types of solubility-controlling solids that can form and the adsorption/desorption 
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possibilities of the minor elements. Eh-pH diagrams provide excellent depictions of the 

stability relationships for various redox species but are only varied for equilibrium 

conditions. 

 

Table 2.4: Geochemical grouping, dominant redox states and types of solubility-controlling 

solids in weathering environments for the minor elements in fossil fuel  

Wastes (Eary et al., 1990). 
  Dominant oxidation state Ionic character Solubility-controlling solids 
Element -3 -2 -1 0 1 2 3 4 5 6 Cation Anion Oxide Sulfide Sulfate Carbonate Other 

Calcophile                  

Cu     Cu Cu     Cu1+/2+  Cu1+/2+ Cu1+/2+ Cu+2 Cu+2  

Pb      Pb     Pb2+   Pb Pb Pb  

Se Se Se  Se    Se  Se  Se  Se-2   Se(+4,+6) a 

Zn      Zn     Zn2+   Zn  Zn  

Lithophile                  

Ba      Ba     Ba2+    Ba Ba  

B       B     B B    B (b) 

Cr       Cr   Cr Cr+3 Cr+6 Cr+3    Cr+6 (c) 

Mn      Mn  Mn   Mn+2  Mn+4   Mn+2  

Sr      Sr     Sr2+    Sr Sr  

Siderophile                  

Mo       Mo Mo  Mo Mo+3 Mo+6 Mo+6 Mo+4   Mo+6
 (d) 

Ni      Ni     Ni+2  Ni Ni    

(a)-Se, Metal selenites, metal selenates, and in solid-solution with sulfur 

(b)-Borates and possible incorporation into calcite and aluminium hydroxides 

(c)-Ba(Cr,S)O4 

(d)- Metal molybdates 

 

2.1.7 Application of thermo chemical principles to process water chemistry for acid 

mine drainage neutralized with fly ash. 

 

In the fly ash/AMD neutralization reactions the highly soluble CaO from the fly ash is 

expected to increase the pH of the AMD. As pH increases, Fe3+, Al3+ and Mn concentrations 

are expected to decrease primarily due to precipitation of hydrous oxides such as amorphous 

Fe(OH)3, ferrihydrite, schwertmannite, or goethite and amorphous Al(OH)3 or poorly 

crystalline gibbsite. Most of these solid phases incorporating major elements have not been 

positively identified but have been predicted to form in the solutions (Burgers, 2002; O’ 
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Brien, 2000). Predicted equilibrium concentrations of these solid phases combined with the 

process water concentrations at a given contact time can be used to determine the most 

probable precipitation/dissolution reactions involved in this process. A parallel can be drawn 

from the reactions and chemistry of interaction between fly ash and water with that of 

neutralization of acid mine drainage with fly ash except that in the reactions of AMD with fly 

ash, reactive components in AMD are present in high concentrations unlike in the water.  

 

2.1.8 Disposal and Environmental Impacts of Fly Ash 
 

Fly ash produced in most coal combustion power plants is mainly disposed off in holding 

ponds, lagoons, landfills, stockpilling and slag heaps (Adriano et al., 1980; Iyer, 2002). 

Sluicing to holding ponds, where most solids settle and accumulate until they are removed 

for land filling or stockpiling, is by far the most common method. High-rate land application 

of fly ash is also a potential disposal method (Adriano et al., 1980). The fly ash produced in 

South Africa’s coal fired power plants is disposed off mainly by two methods: in ash dams 

and tailing ponds. The disposal in ash dams is gaining popularity due to strict disposal 

regulation in most industrialized countries, coupled with the increased costs for liners 

associated with wet disposal (Campbell, 1998). The disposal in ash dams involves mixing the 

fly ash with effluent water in the ash conditioners to attain 20 % moisture content and thus 

produce a consistency suitable for discharge onto conveyors. With the 20 % moisture 

content, the ash is still in a dry lump state and is normally suitable for dumping in the mined-

out open cast workings which are then rehabilitated and restored for agricultural use (Eskom, 

2002). The main disadvantage of this method is the possible dispersion of the fine particles 

by wind hence the ash dams have to be constantly conditioned by spraying with water before 

they are finally compacted. Several authors have noted that when inhaled, particles <1μm in 

diameter may be deposited in the pulmonary tissue of the respiratory tract and gain entry into 

the bloodstream (Davison et al., 1974). The disposal of fly ash in tailing ponds involves 

transporting it in slurry form to holding ponds where the solids are allowed to settle and the 

water is recycled for more slurry formulation. The fly ash is then stockpiled. 

 

Fly ash disposal presents an environmental problem due to the concentration of trace 

elements and the increased mobility of these elements in weathering environments (Adriano 

et al., 1980; Eary et al., 1990; Mattigod et al., 1990). Environmental impacts of fly ash are 
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best exemplified in its application in soils and its effects on plants. Field and greenhouse 

studies have indicated many chemical constituents of fly ash may benefit plant growth and 

improve agronomic properties of soil (Chang et al., 1977). The effects on plants are primarily 

due to a shifted chemical equilibrium induced by the fly ash added to soils. The 

concentrations of S, Mo, and B in plant tissues have been shown to increase consistently with 

ash application to soil. Al, Se and Sr were also consistently increased (Adriano et al., 1980). 

Fly ash applied on acidic strip mine soils in several states increased the yields of many crops. 

This was attributed to increased plant nutrient availability (Ca2+, Mg2+). The increase in soil 

pH caused by ash application led to the deficiencies of Mn, Zn, Cu and Fe. Mo and Se form 

anionic species in fly ash amended soils and their uptake by plants is increased tremendously. 

Boron is considered a major limiting factor for successful cropland utilization of ashes due to 

its phytotoxic effects. Selenium concentrations in plant tissues consistently increased with fly 

ash treatment and the rate of increase was found to be proportional to either the rates of 

application or Se content of fly ash (Furr et al., 1978). 

 

Fly ash application to soil was found to reduce its bulk density and increased the water 

holding capacity. Soil hydraulic conductivity was also improved but only with fly ash input 

of below 20 % by volume in calcareous soils and 10 % in acidic soils (Chang et al., 1977). 

The reduction of hydraulic conductivity at high application rates was thought to be caused by 

the pozzolanic reaction of fly ash which tends to cement soil particles when wetted. Fly ash 

was also found to reduce the modulus of rapture (cohesiveness of soil particles). 

 

2.1.9 Utilization of coal fly ash 
 

When coal is combusted, mineral matter transforms into fly ash and is thermally altered into 

different forms, many of which are by themselves chemically very reactive or can be 

chemically activated. Fly ash has found many uses based upon both its bulk chemical and 

mineralogical make-up and upon the physical size distribution and shape of its particles 

(Barry and Russell, 1998). Some of the processes and applications of fly ash include addition 

to cement and concrete products, structural fill and cover material, waste 

stabilization/solidification, roadway and pavement utilization, addition to construction 

materials as a light-weight aggregate, infiltration barrier and underground void filling, and 
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soil, water and environmental improvement. A brief description of the uses most relevant to 

this study will be presented. 
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2.1.10 Reclamation of wastelands 
 

Other disposal methods of fly ash include reclamation of wastelands resulting from strip 

mining of coal. These acidic spoils are infertile and support only sparse vegetation, 

subjecting them to severe erosion (Fail and Wochok, 1977). Application of fly ash has 

demonstrated its effectiveness in reclaiming these areas. The quantities of fly ash required to 

reclaim spoil areas depend upon the pH of the fly ash, the degree to which it’s weathered, 

and the pH of the soil and spoil heaps to be reclaimed (Fail and Wochok, 1977). Fly ash has 

been added as an alkaline amendment to coal mine spoils and refuse banks to permit their 

reclamation for plant growth (Bhumbla et al., 1998). Amendment of acid soils with fly ash at 

rates of 0.05, 0.1, 0.5 and 1 % by weight, containing 30 – 40 % Ca, increased pH and reduced 

the water solubility and diethylene-triamine-pentacetic acid (DTPA) extractability of Fe, Mn, 

Ni, Co and Pb (Phung et al., 1979). It was demonstrated that the alkalinity of fly ash plays a 

significant role in regulating the availability of trace elements in the amended soils. 
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2.1.10.1 Infiltration barrier and underground void filling 
 

This process involves dry fly ash injection or slurry injection. Dry fly ash injection involves 

drilling boreholes into the mine void. The slurry injection is done at a higher pressure than 

the dry injection (Ziemkiewicz and Skousen, 2000). 

 

Several case studies of underground void filling have been carried out in the United States of 

America with the main aim of recycling the coal combustion by-products in mines. Many of 

the initiatives have been developed to find an environmentally sound alternative to the 

current practice of disposing of (coal combustion by-pyroducts) CCBs in landfills and to 

demonstrate the beneficial and economical use of alkaline CCBs to abate AMD from 

underground coal mines (co-disposal insitu). CCBs includes fly ash, bottom ash, boiler slag 

and flue-gas-desulphurization (FGD) products. The keystone of these initiatives is that 

alkaline CCBs generated by clean coal technologies can be mixed with water to form a grout, 

which will harden into a cement-like material when pumped into an underground mine 

(backfilling). Once this material hardens, it seals the mine from oxygen and water, preventing 

the formation of acid mine drainage (AMD). Any acid that does form will be neutralized by 

the alkaline material. Other objectives of these case studies included reduction of subsidence 

problems, finding economical CCB disposal methods, and exploring methods to increase the 

amount of coal extracted from working mines. In the PPRP (1997), project the behavior of 

grouts made with combinations of CCBs were investigated to find how they flowed, 

hardened and strength developed on setting up. The mine was then monitored to assess the 

impact on groundwater and on the acid drainage. Ziemkiewicz and Skousen (2000) noted that 

filling of mine voids has the potential to dispose of substantial quantities of CCBs, and 

beneficial uses include acid drainage control, subsidence control, and soil reconstruction. 

CCBs are typically used in the following beneficial applications at coal mines: 

Barriers to acid mine drainage formation/transport 

Alkaline amendment to neutralize acidic leachates producing rock and mine wastes. 

Subsidence control in underground mines 

Filling underground mine voids to control acid drainage 

Pit filling to reach approximate original contour in surface mines 
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Rafalko et al. (1999) demonstrated the use of CCBs for acid mine drainage abatement in an 

underground mine in Maryland (USA). The strategy was to completely fill the mine voids 

and replace mine water with CCBs grout. The grout was placed with the intention of 

minimizing contact between groundwater and pyrite remaining in the mine. They developed 

a grout consisting of solid phase CCBs with acid mine water for slurry makeup. The grout 

was formulated from flue gas desulphurization (FGD) material, class F fly ash and fluidized 

bed combustion (FBC) ash. They used the FGD consisting mostly of calcium sulfite and 

calcium sulfate with no free lime as inert filler. The class F fly ash was used as the pozzolan, 

while the FBC was used as the cementing agent. The final mix consisting of 60% FBC, 20% 

FGD and 20% class F fly ash yielded 8 inches of spread using ASTM PS28-95 and a 28-day 

unconfined compressive strength of 520 pounds per square inch (psi) as determined by 

American Standards and Testing Materials Society (ASTM) C39-94. The grout did not 

exceed the Toxicity characteristic leaching procedure (TCLP) limits for a hazardous waste. 

The mine discharge pH remained around 3.0 during and after grouting. Ca, Na and K 

concentrations increased by an order of magnitude while SO4
2-, Cu, Ni, Zn and Cl nearly 

doubled. However after two years, concentration of Ni and Zn were at or nearly above pre-

injection levels. Grout samples drilled from the grouted mine showed little sign of insitu 

weathering. The grout cores yielded permeabilities between 1.89×10-6 and 6.02×10-8 cm/sec. 

However the project was unable to occlude all the mine voids and the grout was subjected to 

a high flow, chemically aggressive mine water leading to some grout dissolution. 

 

Metikki Coal Corporation (1996) injected a mixture of non-hardening and low lime content 

FGD solids, acid mine drainage metal precipitates and fine coal refuse into an underground 

mine in slurry form. The slurry was injected into the mine at about 15 % solids content. Post 

injection analysis of water samples indicated below limits concentrations of Cl (Maryland 

limit of 860 mg/L), 30 % increase in sulphate while Al and Fe dropped substantially. The pH 

of the mine water increased from 3 to 4.5 (Ziemkiewicz and Skousen, 2000). 

 

Ray D et al. (1995) used fly ash grout as a flowable fill into a groundwater-saturated haul 

tunnel beneath a state highway. The flowable fill consisting of fly ash and 16 % water was 

gravity fed. The initial impact was elevation of pH, dissolved solids and sulphate. Analysis of 

water samples six months after injection indicated sulphate and dissolved solids were several 
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hundred mg/L above background concentrations. Drilled cores of the grout had 

permeabilities of 10-5 cm/sec and average compressive strengths ranging from 96 to 485 psi 

which was evidence of lack of cementitious reactions in some parts. This was attributed to 

possible pH buffering and interference of the cementitious reactions by sulphate. Benzaazoua 

et al. (2002) observed that sulphate-rich water slows hydration reactions of cementitious 

materials. 

 

The above case studies illustrate that flowable mixtures of fly ash can be pumped into 

underground mine voids to control acid mine drainage while helping to dispose of large 

volumes of fly ash but there seems to be a mix of success. The studies do not indicate the 

benefits in terms of trace metals and SO4
2- levels. Ca, Na, Cl, SO4

2-, Cu, increased by an 

order of magnitude in the post process waters. Comprehensive data on the trends for release 

of major and trace elements, anions like SO4
2- and mineralogical transformations of the fly 

ash under the disposal conditions is lacking once the placement of the slurries was done. 

 

2.1.11 Cement and concrete products  
 

Research has indicated that fly ash as an additive to Portland cement has a number of positive 

effects on the resulting concrete. It decreases the water demand of the concrete. An 

improvement of the particle size packing (due to the smaller size of the fly ash particles, in 

comparison to the aggregate) thus decreases the air entrainment in the concrete. Fly ash 

further increases resistance to corrosion and ingress of corrosive liquids by reacting with 

calcium hydroxide in the cement to form a stable, cementitious compound of calcium silicate 

hydrate. The less soluble calcium silicate hydrate reduces the possibility of calcium 

hydroxide leaching from the concrete. The reaction products also lead to the filling of 

capillary voids in the concrete mixture, thereby reducing the permeability of the concrete 

(Halstead, 1986). The fly ash acts as tiny ball bearings and improves the workability of the 

concrete. Addition of fly ash, when used in the correct proportions, ultimately results in a 

greater strength concrete than straight Portland cement (Halstead, 1986). 

The beneficial blending of fly ash with Portland cement arises from the fact that hydration 

reactions of the cement generate portlandite, Ca (OH)2 and other hydrates (Taylor, 1998). 

The fly ash reacts with the Ca (OH)2 to produce more of the cementitious hydrates and 

contributes to higher strength concrete. Portland cement consists of four main compounds 
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which react with water, to form products involved in cementation reactions. The four 

reactants are tricalcium silicate (alite, Ca3SiO5), dicalcium silicate (belite, Ca2SiO4), 

tricalcium aluminate (Ca3Al2O6), and tetracalcium aluminoferrite (Ca4Al2Fe2O10). The 

hydration reactions of Portland cement generate portlandite according to the following 

reactions (Taylor, 1998): 

22.723253 )(3362 OHCaOHOSiCaOHSiOCa +→+ ……………….……………..…. (2.1) 

22.723242 )(342 OHCaOHOSiCaOHSiOCa +→+ ……………………………...…...(2.2) 

It is this portlandite from reactions 1 and 2 that reacts with fly ash to produce more of 

calcium silicate hydrate, that adds more strength to the concrete.  

 

2.2 Acid Mine Drainage 

 

2.2.1 Introduction 
 

Acid mine drainage (AMD) is generally regarded as the principal environmental problem 

caused by the mining of the sulphide ore deposits. AMD is extremely acidic (as low as pH 

2.0) and enriched with iron, manganese, aluminium, sulfate, and heavy metals such as lead, 

mercury, cadmium, zinc. When sulphide minerals such as pyrite (FeS2), its dimorph 

marcasite and pyrrhotite (Fe1-xS) are exposed to oxygen and water, an oxidation process leads 

to the formation of acidic waters. The geochemical processes of weathering leading to mine 

related acid water may be similar in terms of mineral oxidation and dissolution but the rates 

of reaction and environmental consequences can be quite different. Geochemical reactions in 

mined areas are more rapid because of: 1)-greater accessibility of air through mine workings, 

wastes, and tailings. 2)-greater surface areas for sulphides in mine workings wastes, 

especially tailings. 3)-different composition of tailings as a result of mineral processing. 

 

In South Africa coal mining is the main source of AMD and an estimated 200 ML of AMD 

are produced per day in the Pretoria-Witwatersrand-Vereeniging (PWV) area (Maree et al., 

1996). This water requires treatment before disposal. In this section the generation of AMD, 

available treatment methods and environmental effects will be discussed 
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2.2.2 Generation of Acid Mine Drainage 
 

Acid mine drainage results from the reaction of pyritic material with oxygen and water. The 

overall reaction is often written as: 
+− ++→++ HSOsOHFeOHOsFeS 42)()(5.375.3)( 2

43222 …………………….…..(2.3) 

 

However reaction (2.3) is an oversimplification. The reaction does not explain geochemical 

mechanisms; it also doesn’t reflect the slow oxidation of aqueous ferrous iron in acid 

solutions that often results in high ferrous iron concentrations in acid mine waters 

(Nordstrom, 1982). Factors such as microbial catalysis, neutralization reactions, sorption 

reactions, and climatic effects have an important influence on pyrite weathering. 

 

2.2.3 Dissolution of pyrite 
 

When pyrite oxidizes there are two species that can be oxidized: the ferrous iron and the 

sulfidic sulphur. When pyrite is exposed to large quantities of oxygenated waters, ferrous 

iron easily leaches out of the pyrite but tends to stay in solution (equation 2.4). 
+−+ ++→++ HSOFeOHOsFeS 225.3)( 2

4
2

222 ……………………………………(2.4) 

The sulphide is oxidized to elemental sulphur which thereafter dissolves in the oxygenated 

waters to form sulphate and acidity (equation 2.5). The sulphidic sulphur in pyrite oxidizes 

more quickly than iron but due to the large number of electrons (14) involved there are 

several possible side reactions and sulfur intermediates may occur during oxidation. 
+− +→++ HSOOHOS 42232 2

422 ………………………………………………….(2.5) 

2.2.4 Role of Ferric iron in oxidation of pyrite and contribution to acidity 
 

On forming SO4
2- from elemental sulphur (equation 2.5) the pH drops. This reaction known 

as the initiator reaction leads to the development of acidic conditions. When the pH is 

initially >4.5 the ferrous iron formed in equation 2.4 is spontaneously oxidized in air to ferric 

iron and then precipitated to a ferric hydroxide [Fe (OH)3] (equations 2.6 and 2.7) 

(Evangelou and Zhang, 1995). 

OHFeHOFe 2
3

2
2 5.025.0 +→++ +++ ….……….…………………………………..(2.6) 

++ +→+ HsOHFeOHFe 3)()(3 32
3 ……..……………..………………….…………(2.7) 
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+−++ ++→++ HSOFeOHFeFeS 16215814 2

4
2

2
3

2 ….…………………………….(2.8) 

The oxidation of pyrite by ferric iron accounts for the greatest production of acidity (equation 

2.8). This reaction drives the pH to < 4.5. Consequently the ferrous iron becomes more 

stable, with an inorganic oxidation rate of 3 x 10-12 mol/L/s. Ferric iron also becomes more 

soluble at low pH and as its concentration increases with increased acidity, and its role 

becomes more important as an oxidizing agent. At pH < 3 ferric iron oxidizes pyrite much 

more rapidly than oxygen and more rapidly than dissolved ferrous iron can be oxidized by 

dissolved oxygen. At neutral pH values, the rate of ferrous iron oxidation rises rapidly, but 

the dissolved ferric iron concentration decreases rapidly due to the precipitation of ferric iron. 

This implies that pyrite oxidation is initiated by oxygen at circum-neutral pH (equation 2.4) 

but as pH values reduces to < 4, the rate of oxidation becomes governed by equation 2.8, but 

oxygen is still required to replenish the supply of ferric iron (equation 2.6). The figure 2.3 

below shows the model summarizing the reactions for the oxidation of pyrite. 

 

 
Figure 2.3: Model for the oxidation of pyrite (Stumm and Morgan, 1981).  
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Steps a through d correspond with reactions 2.4, 2.6, 2.8 and 2.7, respectively, in the text. 

Steps d’ and d" represent the formation of iron-sulfate minerals, which can be stores of 

acidity, ferric ions, and sulfate. 

 
2.2.5 Microbial oxidation: role of bacteria 
 

Under acidic conditions, the ferrous iron oxidation rate becomes very slow and independent 

of pH (Nordstrom and Alpers, 1999). Singer and Stumm (1968) reported an abiotic rate of 

2.7 x 10-12 mol/L/s at pH values below 4. Such a rate is considerably slower than the rate of 

oxidation of pyrite by ferric iron. Hence equation 2.6 would be the rate-limiting step were it 

not for the catalytic effect of bacteria. 

 

It has been known for sometime that microorganisms are involved in the formation of acid 

mine drainage (Carpentor and Herndon (1933); Chapelle, 1993.) suggested that pyrite 

oxidation and the consequent acid mine drainage from coal deposits may be catalyzed by 

bacteria. Colmer and Hinkle (1947) isolated a chemoautotropic and acidophilic bacterium, 

Thiobacillus ferrooxidans and showed that microbial degradation of pyrite was an important 

factor in the production of acid mine waters. 

 

The catalytic effect of Thiobacillus ferrooxidans on the aqueous oxidation of ferrous to ferric 

iron is well established. Singer and Stumm (1968, 1970) found that bacteria increased the 

ferrous iron oxidation rate by a factor of 105 over the abiotic rate, from about 3 x 10-12 

mol/L/s to about 3 x 10-7 mol/L/s. Being soluble the ferric iron formed under these 

conditions, can readily react with more pyrite to form soluble ferrous iron. The ferrous iron 

formed this way is again oxidized to ferric iron by the bacteria with consumption of oxygen 

and the process goes on. Thus there is a progressive, rapidly increasing rate at which pyrite is 

oxidized.  
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2.2.6 Effect of temperature 
 
Rates of reactions that form AMD increase with increasing temperature, so that AMD is 

formed faster if the pyritic material is warm. An exception to this trend is the rate of Fe 

oxidation by Thiobacillus ferrooxidans above 35oC. These bacteria thrive at optimum 

temperatures of 25 to 35oC, but they become inactive or die as temperatures increase to 

about 55oC (Cathles, 1979). Measurements indicate that oxidizing sulfide-rich materials can 

warm internally to temperatures at least as high as 60oC because of the heat released by the 

oxidation reactions (Cathles and Apps, 1975). Some sulfide-rich material actually 

undergoes spontaneous combustion. 

 

2.2.7 Deleterious Effects of Acid Mine Drainage: Impacts of Mine Drainage on 

Aquatic Life, Water uses, and Man-Made structures. 

 

The influx of untreated acid mine drainage (AMD) into streams can severely degrade both 

habitat and water quality, often producing an environment devoid of most aquatic life. The 

severity and extent of damage depends on a variety of factors including the frequency of 

influx, volume, and chemistry of the drainage, and the buffering capacity of the receiving 

stream (Kimmel, 1983). Drainage from underground mines, surface mines and refuse piles is 

the oldest and most chronic industrial pollution associated with coal mining. 

 

Ferric iron, when discharged to surface water, is hydrolyzed to produce hydrated iron oxide 

and more acidity (equation 2.7). As a result the pH of the water is lowered, making it 

corrosive and unable to support many forms of aquatic life. Acid formation is most serious in 

areas of moderate rainfall, where rapid oxidation and dissolution of exposed minerals occur. 

Various impacts range in severity from isolated nuisance type problems to severe water 

quality impacts affecting large volumes of groundwater and miles of watercourse. Impacted 

uses include agricultural, industrial and portable water supplies, along with recreational uses, 

scenic resource appreciation, and aquatic organism habitat. The aggressive nature of mine 

drainage may also result in corrosion and incrustation problems with respect to such 

manmade structures as pipes, well screens, dams, bridges, water intakes, and pumps. Acid 

 

 

 

 



 

35 

mine drainage can also be toxic to vegetation when recharging to the shallow groundwater 

system.  

Acid mine drainage is a complex mixture of compounds that interact to cause a variety of 

effects on aquatic life that are difficult to separate into individual components. Toxicity is 

dependent on discharge volume, pH, total acidity, and concentration of dissolved metals. The 

pH is the most critical component since the lower the pH, the more severe the potential 

effects on aquatic life. The effect of AMD is also dependent on the alkalinity or buffering 

capacity of the receiving stream. The higher the concentration of bicarbonate and carbonate 

ions in the receiving stream the higher the buffering capacity and the greater is the protection 

of aquatic life from adverse effects of acid mine drainage (Kimmel, 1993). In addition to 

chemical effects of AMD, physical effects such as increased turbidity from soil erosion, 

accumulation of coal fines, and smothering of the stream substrate from precipitated metal 

compounds may also occur (Parsons, 1968; Warner, 1971). AMD can also cause a reduction 

in the diversity and total numbers of macro invertebrates and changes in community 

structure. 

 

Heavy metals are generally less toxic at circum-neutral pH since this represents the range of 

minimum solubility of most metal hydroxides. Trace metals such as zinc, cadmium, and 

copper present in AMD are toxic at extremely low concentrations and may act synergistically 

to suppress algal growth and affect fish and benthos (Hoehn and Sizemore, 1977). 

Precipitated iron or aluminum hydroxide may form in streams receiving mine discharges 

with elevated metal concentrations. These hydroxides decrease oxygen availability as they 

form.
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2.2.8 Durability of concrete structures 
 

Sulfates and acidity are two principal aggressive factors that affect the durability of concrete. 

Problems resulting from acid attack on concrete are dependent on the following variables: 

(1)-total acidity and pH of water and (2)-groundwater replenishment rate. When in contact 

with Portland cement concrete, acid will attack the exposed surface and be neutralized by the 

alkalinity of the concrete. Sulfates in AMD effluents or groundwater combine with certain 

constituents of the concrete, principally tricalcium aluminate (Ca3Al2O6), to form calcium 

sulfoaluminate. This reaction is accompanied by expansion and eventual disruption of the 

concrete. The higher the sulfate concentration, the more active is the corrosion (Bealy, 1980). 

 

2.2.9 Treatment of AMD 
 

Treatment techniques of AMD are usually reactive rather than pro-active, and are generally 

designed to: 

(i) raise pH, 

(ii) lower toxic metal concentrations (example by precipitation, adsorption) 

(iii) lower aqueous sulphate concentrations, 

(iv) lower the toxicity / bioavailability of metals in solution (example by oxidation, 

reduction) 

(v) oxidize the elements in solution (example Fe (II)-Fe (III), Mn (II)-Mn (IV), As 

(III)-As (V), 

(vi) reduce the species in solution (example SO4-H2S) 

(vii) collect / dispose / isolate the metallic sludge generated. 

Acid drainage control and treatment techniques can be broadly classified into physical, 

chemical and biological, and those using combinations of these processes. Within these two 

major groups (chemical and biological) there are processes that may be described as either 

active or passive. 
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Figure 2.4: Summary of biological and abiotic technologies for remediating acid mine 

drainage (Johnson and Hallberg, 2005). 

 

2.2.9.1 Active chemical treatment methods 
 

Active treatment methods incorporate the use of mechanized procedures for the addition of 

alkaline materials and require constant monitoring and maintenance. Basic chemicals are 

used as additives to increase the pH and cause the precipitation of metals, such as Fe, Mn, 

and Al. The chemicals commonly used are Ca (OH)2 (hydrated lime), NaOH (caustic soda), 

NH3 (ammonia), CaO (pebble quicklime) and Na2CO3 (soda ash) (Robb and Robinson, 

1995). The chemicals used on a particular site are dependent on mine drainage characteristics 

and site accessibility. Other active treatment methods include dissolved air flotation and ion 

exchange devices, flocculants, coagulants, and oxidants (Skousen and Ziemkiewicz, 1995). 

Skousen et al. (1996) provided a detailed discussion of the benefits and disadvantages of the 

neutralizing chemicals commonly in use. The active treatment of AMD generally involves 

several basic steps: (1) aeration, (2) addition of alkalinity, (3) oxidation and precipitation, (4) 

clarification and sludge disposal. The most cost effective, and therefore the most commonly 

used reagents are the lime based reagents which include quicklime (CaO), hydrated lime 

(CaOH), and limestone (CaCO3). Hydrated lime is the most widely used of the three lime 

based reagents in the treatment of acid drainage. It is easily handled and suitable in high flow 
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and acidity conditions. However extensive mechanical mixing of hydrated lime in water is 

required because it is hydrophobic. Limestone or calcium carbonate can also be used in 

certain circumstances. It has the lowest material cost and is safe and easy to handle.  

However, its use is limited due to its low solubility and its tendency to develop an external 

coating (armoring). Armoring is the strong adhesion or encrustation of limestone particles 

with hydrous Fe3+ and Al3+ compounds as the pH increases. This phenomenon has the 

consequence of decreasing the neutralization efficiency of limestone.  

 

The acid mine drainage is aerated by stirring or by other mechanical agitation procedures. 

This promotes oxidation of ferrous iron. It is followed by addition of neutralizing agents that 

raise the pH and metal hydroxides precipitate out. The next step involves the separation of 

the neutralized process water and the sludge. Sludge consists of material removed from 

physical, biological and chemical treatment of wastewater. In case of chemical treatment the 

sludge is mainly composed of heavy metal precipitates. The separation of process water and 

sludge is done in a clarification tank where the sludge is allowed to settle at the bottom and 

then pumped to the disposal site or recirculated to the neutralization tank. The recirculation 

of the sludge is important in case of limestone since dissolution of limestone is slow hence 

the sludge has residue alkalinity (Maree et al., 1996). Chemical coagulants and flocculants 

are added at the clarification stage to remove suspended material (Gazea et al., 1996; 

Geldenhuys et al., 2003). 

 

Addition of lime consumes acidity according to the following reactions, where water and 

insoluble calcium sulphate are produced. 

( )2OHCa OHSOCaSOH 2
2
4

2
42 ++→+ −+ ………………………………………….(2.9) 

Iron, aluminium, manganese and other metals precipitate as hydroxides or basic sulphates 

(Jenke et al., 1983). 

( ) ( ) ( ) −+ ++⇔+ 2
4

2
33422 332 SOCaOHFeSOFeOHCa ……………………………..(2.10) 

 

The benefits associated with lime treatment of AMD are its ability to remove metal and its 

lower transport cost. Its disadvantage is the need for accurate dosing and lack of any residual 

alkalinity (Maree et al., 1996). Metals like manganese and magnesium can be removed with 

lime due to its ability to raise pH of water to 12. A pH of 9.3 is needed for manganese 
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removal and 11.2 for magnesium removal. Lime treatment can also remove sulphate to low 

levels of 1200 mg/L due to the removal of magnesium and the high calcium concentration 

generated. Presence of Mg2+ ions increases the solubility of gypsum (CaSO4. 2H2O(s)) by 

forming magnesium sulphate (MgSO4) pairs hence its removal promotes gypsum 

precipitation (Evangelou, 1998). The high calcium concentration leads to precipitation of 

gypsum hence low levels of sulphate are attained. 

 

The treatment of AMD by limestone involves the dissolution of calcite, which is the principal 

component of limestone. Dissolved calcite can neutralize acidity, increase pH, increase 

concentrations of HCO3
-
, OH- and Ca2+ in mine water by the following reactions: 

32
2

3 2)( COHCaHsCaCO +↔+ ++ …………………………………………...…….(2.11) 

−+ +↔+ 3
2

323 2)( HCOCaCOHsCaCO …………………….…………………..…....(2.12) 

−−+ ++↔+ OHHCOCaOHsCaCO 3
2

23 )( ………………………………………….(2.13) 

The overall rate of calcite dissolution depends on the pH, the partial pressure of CO2 (Pco2) 

and activities of Ca2+ and HCO3
- near the calcite surface (Arakaki and Mucci, 1995; Morse, 

1983). The use of limestone for neutralization of AMD in surficial environments has been 

limited because of its low solubility and slow dissolution rate relative to other alkaline 

reagents. 

The major advantages of active treatment of AMD are the small area occupied by the plants 

and the large quantities of AMD that can be treated. The major setbacks are that the reagents 

are expensive, and the process generates an iron-rich sludge that need to be disposed of and 

has the potential to cause environmental damage. 

 

2.2.9.2 Passive treatment methods 
 

Passive treatment systems do not require continuous chemical inputs and take advantage of 

naturally occurring chemical and biological processes to cleanse contaminated mine waters. 

The treatment depends on the dynamic biogeochemical interactions as contaminated water 

travels through the system. In addition the systems have lower operation and maintenance 

cost. The disadvantages include long retention time and large treatment areas (Hedin et al., 

1994). 
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The first passive systems described were natural Sphagnum wetlands that were improving 

AMD as discharges flowed through them. The primary passive technologies include 

constructed wetlands; anoxic limestone drains (ALD), successive alkalinity producing 

systems (SAPS), limestone ponds, and open limestone channels (OLC) 

 

2.2.9.2.1 Constructed wetlands 
 

Constructed wetlands are designed to encourage oxidation processes to precipitate unwanted 

metals and in turn increase the pH (Robb and Robinson, 1995). Constructed wetlands 

function by precipitating metal hydroxides, forming metal sulfides, and adsorbing small 

amounts of metals to the plant community (Skousen and Ziemkiewicz, 1995). There are two 

types of wetlands that are constructed, aerobic and anaerobic. 

Aerobic wetland systems are designed to encourage metal precipitation through oxidation 

processes and are therefore normally shallow, vegetated, and have surface flow 

predominating (Robb and Robinson, 1995). They are used to collect water and provide 

sufficient residence time and aeration so that metals in the water can precipitate. The water in 

this case usually has net alkalinity. Fe and Mn precipitate as they are oxidized, and the 

precipitates are retained in the wetland or downstream.  

The extent of metal removal depends on dissolved metal concentrations, dissolved oxygen 

content, pH and net alkalinity of the mine water, presence of active microbial biomass, and 

retention time of the water in the wetland. The pH and net acidity/alkalinity of the water are 

particularly important because they influence both the solubility of metal hydroxide 

precipitates and the kinetics of metal oxidation and hydrolysis. Metal hydrolysis produces 

H+, but alkalinity in the water buffers the pH and allows metal precipitation to continue. 
Aerobic wetlands are best used with water that contains net alkalinity to neutralize metal 

acidity.  

Anaerobic wetland systems require that the mine water flow through an organic layer under 

anaerobic conditions. The organic material most commonly used is spent mushroom 

compost. This organic material must contain sulfate-reducing bacteria for metal sulfide 

precipitates to form (Robb and Robinson, 1995). These systems are used when the water has 

net acidity, so alkalinity must be generated in the wetland and introduced to the water before 

dissolved metals can precipitate. The wetland substrate may contain a layer of limestone in 
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the bottom or limestone may be mixed among the organic matter. Wetland plants are then 

transplanted into the organic substrate.  

Insoluble precipitates such as hydroxides, carbonates, and sulfides represent a major sink for 

metal in wetlands. About 50 to 70 % of the total Fe removed from AMD by wetlands is 

found as ferric hydroxides (Calabrese et al. 1991; Henrot and Wieder 1990; Wieder 1992). 

Ferric hydroxide formation depends both on the availability of dissolved oxygen and on the 

initial oxidation state of Fe in the AMD. Wieder (1993) reported significant retention of 

ferric hydroxides in surface sediments of anaerobic wetlands.  

 

2.2.9.2.2 Anoxic limestone drains 
 

Anoxic limestone drains (ALD) are buried cells or trenches of limestone into which anoxic 

water is introduced before its exposure to atmospheric O2. The limestone dissolves in acid 

water, raises pH, and adds alkalinity. Under anoxic conditions, the limestone does not coat or 

armor since Fe2+ is not oxidized and cannot precipitate as Fe(OH)2 at pH <6.0. Once the 

water containing excess alkalinity reaches aerobic conditions at the ground surface, Fe2+ is 

oxidized and precipitated together with Mn2+ and Al3+ while the water remains near pH 6 

(equation 2.16) (Brodie et al., 1990). Solid Fe (OH)3 is produced by the oxidation of Fe2+ and 

consequent hydrolysis (equation 2.6): 

( ) 233
3 3)(3 COsOHFeHCOFe +→+ −+ ………………………………...……………(2.16) 

It has been observed that, if appreciable dissolved Fe3+ and Al3+ are present, clogging of 

limestone pores with precipitated Al and Fe hydroxides occurs (Faulkner and Skousen 1994; 

Watzlaf et al., 1994). For waters with high sulfate concentration (>1,500 mg/L), gypsum 

(CaSO4.2H2Os) may also precipitate (Nairn et al., 1991).  

 

2.2.9.2.3 Successive alkalinity producing systems (SAPS) 
 

Successive alkalinity producing systems (SAPS) combine the use of an ALD and an organic 

substrate into one system (Kepler and McCleary, 1994). Oxygen concentrations in AMD are 

often a design limitation for ALDs. In situations where dissolved oxygen (DO) 
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concentrations are >1 mg/L, the acidic water has to be de-oxygenated before it is introduction 

into the anoxic limestone bed. In SAPS, acid water is ponded from 1 to 3 m over 0.2 to 0.3 m 

of organic compost, which is underlain by 0.5 to 1 m of limestone. Below the limestone is a 

series of drainage pipes that convey the water into an aerobic pond where metals are 

precipitated. The hydraulic head drives ponded water through the anaerobic organic compost, 

where oxygen is consumed and ferric iron is reduced to ferrous iron. Sulfate reduction and Fe 

sulfide precipitation can also occur in the compost. Water with high metal loads can be 

passed through additional SAPS to reduce high acidity generated from oxidation. 

Wieder (1992) documents that the mechanism and efficiency of AMD treatment varies 

seasonally and with wetland age. Aerobic and anaerobic wetlands are most successful when 

used to treat small AMD flows of moderate water quality. 

 

2.2.9.3 Treatment of acid mine drainage with fly ash 
 

Fly ash has been investigated for a number of years for its ability to remove metals from 

solution (Erol et al., 2005; Panday et al., 1985). This property of fly ash has also been 

investigated by several researchers (Hequet et al., 1999; Ricoh et al., 1999). The fly ash has 

also been investigated for heavy metal removal from contaminated water with a view to 

developing unconventional sorbents (Apak et al., 1998). Several case studies have been 

undertaken on using fly ash to control AMD generation within abandoned coal mines. This 

involves injection of fly ash slurries, pure or blended with ordinary Portland cement (PPRP, 

1997).  

 

Earlier fly ash reactivity studies evaluated the neutralization potential of fly ash using dilute 

mineral acids such as sulphuric acid or hydrochloric acid (Doye and Duchesne, 2003; 

Hodgson et al., 1982). A major objective of these studies was to establish the neutralization 

characteristics and the effect of acid weathering on cation dissolution from fly ash and 

secondary mineral formation. The studies involved drainage of the dilute acid leachants 

through columns filled with ash or agitation of a FA/AMD mixture in a shaker. Column 

leaching experiments by Warren and Dudas (1984) used a weak sulphuric acid eluant to 

simulate fly ash weathering by acid rain. This study showed two buffering reactions 

associated with the fly ash, one at pH 12, and another one at between pH 10 and pH 8.5. A 
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major aspect of this study involved characterization of elements release from the fly ash. 

Hodgson et al. (1982) used hydrochloric acid as a leaching medium and obtained similar 

results: the neutralization reaction exhibited three distinct buffer zones: a high pH region (pH 

12.0-10.5) accompanied by release of Ca, a second region (pH 9.2-8.5) accompanied by 

release of Mg and a third region (below pH 4.2) in which Al was released from the fly ash 

matrix. Stewart et al. (1997) took a different approach and looked at the co-disposal of fly 

ash with coal mining spoil. Their study involved column leaching experiments of the mine 

spoil blended with varying percent of fly ash over a four year period. The study established 

that the fly ash mixed with the mine spoil, successfully maintained the pH of the leachate at 

between 7.0 and 8.0, preventing the mobilization of the majority of toxic metals. 

 

Karapangioti and Atalay (2001) titrated fly ash with different volumes of sulphuric acid 

solutions at pH 1 and 4.0. Ph changes were monitored with time and volume added. The 

experiments indicated a pattern whereby Ca and Na were released at high pH and Fe and Cr 

at low pH. They also established that limestone had twice as much buffering capacity but a 

lower initial pH, than ash materials.  

 

Warren and Dudas (1985) leached an alkaline fly ash with 0.005 mol L-1 H2SO4 in a series of 

leaching columns for a period of 90 days and evaluated the chemical, mineralogical and 

morphological nature of the precipitation products. Three types of precipitation products 

were identified. Calcite was formed through dissolution of Ca from the ash and subsequent 

reaction with CO2 absorbed by the initial alkaline leachate. Iron dissolved from the ash under 

acidic conditions, precipitated as amorphous coatings on fly ash particles. Al and Si, 

dissolved from the glass of the ash were translocated and precipitated as an amorphous 

alumino-silicate material. The results suggested that the weathering of fly ash disposed in a 

terrestrial environment would likely occur by processes and sequences similar to those 

documented for alkali soils of volcanic origin. 

These studies successively evaluated the leaching characteristics of fly ash in acidic media. 

Patterns of toxic elements release were established and the acid buffering characteristics 

revealed. 

Other studies have used synthetic AMD to investigate the potential of fly ash as a liming 

agent. O’Brien (2000) reacted Sasol and Arnot fly ash and their leachates with SAMD. The 
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neutralization curves were characterized by four distinct regions. He observed the formation 

of ettringite at pH 10.0-12.0 and gypsum at pH 5.6. Ettringite was converted to gypsum as 

the pH was lowered. Geochemical modeling confirmed the formation of ettringite and 

gypsum. Kinetic studies showed that the reaction of SAMD with fly ash continued for at least 

72 hours. However, the major pH and EC changes were observed within 30 minutes, due to 

the hydration of free lime.  

 

Cornell and Schwertmann (1996), using synthetic Fe (II) solutions observed formation of 

ferrihydrite which transformed readily into hematite with some goethite at neutral pH and 

principally to goethite at pH>12. Two-line ferrihydrite was observed to form rapidly in 

solutions of Fe (II) on oxidation in laboratory controlled conditions or during treatment of 

ash from municipal waste incinerators, (Stipp et al., 2002). 

Burgers (2002) reacted synthetic AMD with Fe: Al ratios of 7.3, 0.8 and 2.5 and fly ash 

leachate. The upscale titration showed a near complete metal removal and substantial SO4
2-  

removal from solution. The characterization of the precipitates revealed poorly crystalline, 

highly Al-substituted goethite, and ferrihydrite with large amounts of SO4
2- included in the 

structure. Calcite was observed in precipitates made by adding synthetic acid mine drainage 

(SAMD) to fly ash leachate in downscale titrations. Campell (1999) noted an accumulation 

of calcite in weathered Kriel fly ash, South Africa. Warren and Dudas (1985) also reported 

an accumulation of calcite in the alkaline sections of their leaching columns.  

 

Van den Berg et al. (2001) carried out a site specific study of use of fly ash to control water 

quality in opencast coal mines on the Highveld region (South Africa). The study investigated 

Matla, Hendrina and Duvha fly ash and water from Rietspruit, Optimum and Middleburg 

South collieries. The study involved column leaching tests, samples from the ash dams, 

groundwater samples and historical records. A major finding was that the safe application of 

fly ash depended on the relationship between the acid generating capacity of the mine spoil 

and the base potential of the fly ash. If the pH of the combined leachate from the fly ash and 

mine spoil was sufficiently high, then elements contained within the fly ash were not 

mobilized. The report also indicated that ash should be placed above the final decant level of 

the mine. Otherwise, heavy metal mobilization would occur. The report contained a review 

of overseas experience which indicates possibility of using fly ash to remediate AMD 
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underground, or as a barrier to control AMD at reclaimed surface sites, or as an ameliorant 

mixed with mine spoil and deposited above the decant point.  

 

Most of the cited studies were undertaken in the USA. For example Canty (2003), carried out 

a test which involved the injection of 418 tons of fluidized bed ash (FBA) into an acidic 

(pH=4.4), flooded mine void. After injection alkalinity from the FBA was imparted to the 

system and neutralized the existing acid.With elevated pH levels, metal species precipitated 

within the mine as hydroxides and carbonates. Consequently, the AMD had an elevated pH, 

increased alkalinity, and a reduced metal load. Aluminum levels were reduced to below 

1mg/L. Alkalinity levels were increased greatly (>138 mg/L). Some iron precipitation was 

observed (15-20 %), and the H+ concentration increased by almost 100 times (pH change 

from 4.4 to 6.3). Gurdeep and Bradley (2001) characterized fluidized bed combustion (FBC) 

products, bed ash and lime-based scrubber sludge that were to be placed in an underground 

mine to control subsidence and found low concentration of heavy metals in the leachates. 

The leachates were however found to be high in dissolved solids and sulphates. 

 

The main significant feature of these studies is that they considered in situ mixing of fly ash 

with AMD, and did not investigate the use of fly ash as a chemical treatment for AMD in 

near conventional ‘liming’ type plant. 

 

Klink (2004) carried out a series of neutralization reactions of AMD with fly ash, lime and 

limestone. He compared the neutralization potential of fly ash, lime and limestone. He found 

that a given amount of lime or limestone had a higher neutralization potential than the same 

amount of fly ash. However this study did not clearly show the mechanisms involved in the 

removal or release of major and minor elements during the neutralization process. A better 

understanding of the interaction of the fly ash and the AMD in the neutralization process 

would greatly aid in optimizing this treatment. Moreover, the fate of trace metals removed 

from the AMD as precipitates in the solid residues will probably dictate their long term 

behavior on disposal. 
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2.3 Leaching Studies and Backfilling of Mine voids 

 

2.3.1 Introduction 
 

Both acid mine drainage and fly ash pose substantial environmental and economic problems 

for South Africa. The reaction of fly ash and acid mine drainage produces neutral or alkaline 

process waters with heavy metals being immobilized in the resulting solid residues by 

precipitation, complexation, adsorption. A desired method of disposal of fly ash has been to 

return it to the mined out areas, but the concern has been the probable impact on the 

groundwater quality.  

Backfilling of mine workings with ore wastes is a current practice. Tailings or mill waste are 

generated after processing the mineral rock to extract the precious mineral, this involves 

crushing, grinding followed by physical or chemical processing. Benzaazoua et al. (2004) 

explained that backfilling with mill waste; in mines that produce considerable quantities of 

sulphidic waste in their milling process is a current practice for most underground mine 

operators. The backfill of underground openings reduces the amount of problematic tailings 

that have to be stored in surface impoundments. Chugh et al. (1998) noted that backfilling 

has the potential to increase mine productivity, reduce mining costs and promote beneficial 

use of large volumes of coal combustion by-products. Depending on the actual and perceived 

environmental risks of fly ash and other coal processing products disposal, different groups 

are promoting disposal, either on surface or underground (Chugh et al., 1998; PPRP, 1997; 

Ziemkiewizc et al., 2000). The keystone of these initiatives is that the alkaline coal 

combustion by-products (CCB) can be mixed with water to form a grout, which will harden 

into a cement-like material when pumped into an underground mine. Once this material 

hardens it seals the mine from oxygen and water, thus preventing the formation of acid mine 

drainage. This explains the tendency to blend mine tailings or CCB with lean amounts (1-7 

%) of ordinary Portland cement (OPC) (Benzaazoua et al., 2004). In addition to alkalinity the 

OPC also serves to increase the final compressive strength of the backfilled material. The 

main shortcoming of these initiatives is the reactivity of fly ash under the aggressive 

conditions presented by acidic mine drainage which eventually leads to the leaching of toxic 

elements such as Mo, Cu, Ni, Zn, Cl- and SO4
2- (Rafalko et al., 1999). 
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In all these CCBs applications for underground placement, emphasis is on the flowability and 

hardening characteristics of the resulting formulations without due consideration for the 

chemical and mineralogical transformations that will result after placement. The literature 

lacks of studies looking at the leaching characteristics of fly ash/cement mixtures on a long -

term basis to evaluate their possible impact on groundwater quality. 

 

By reacting fly ash with acid mine drainage, it is believed that most of the soluble salts are 

dissolved by the initial “acid shock” of the AMD and thereafter precipitated again as stable 

phases as the pH increases with contact time. Reardon et al. (1995) observed that when fly 

ash is brought into contact with water, most of the unstable phases dissolve. The more stable 

and less soluble secondary phases precipitate. Some of the primary phases of fly ash, 

especially the glass and crystalline aluminosilicate particles, dissolve very slowly. In 

addition, secondary hydrous aluminosilicate products are very insoluble and build up as 

alteration rinds on the surfaces of the primary phases. This further impedes the dissolution of 

the primary phases as the flux of ions and water between these phases and the porewater 

becomes diffusion controlled.  

 

2.3.2 Column leaching 
 

Column leaching procedure (sometimes referred to as trickle leaching) is used to study the 

weathering of coal combustion by-products, waste rock, ore or tailings or to determine the 

kinetic behavior of such materials (Mills, 1998). In either case the objective is to monitor 

water (leachate) quality with time by periodic sampling. The experiment consists of the 

following aspects: 

 Subjection of sample to periodic leaching 

 Collection of drainage for analysis 

 Calculation of acid generation and neutralization capability depletion 

 Calculation of rates of metal release 

 Identification of mineral phases dictating metal release 

 Prediction of water quality 

 

The procedure helps in monitoring the weathering of a solid material sample such that the 

weathering products can be collected and quantified. Soluble products are mobilized by a 
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fixed-volume of an aqueous leachant. Prior to the commencement of the procedure, the 

material to be tested must be weighed, characterized chemically and mineralogically. Some 

materials are known to undergo complex mineralogical changes during the extended period 

of leaching. 

Of major concern in the leaching procedure is the possible presence of particles whose size is 

less than 2 μm because samples containing significant quantities of such particles will 

produce a leachate that will require filtration before dissolved metals can be analyzed. In the 

column set-up, the test material is normally supported by a grid, which is covered with a 

filtering medium, to prevent loss of fine particles during the leaching cycles. This filtering 

medium must be chemically inert and non-retentive to water. It must also be porous enough 

for easy flow of leachate while retaining the test material. Stewart et al. (1997) used filter 

paper (Whatman no 42) for the leaching of either coal refuse or coals refuse blended with fly 

ash. Warren and Dudas (1984), used plexglass columns lined at the bottom with glass wool 

to hold back the fine particles during their fly ash leaching experiments. Stewart et al. (2001) 

used a combination of a 60-mesh (0.25mm) nylon sieve cloth and Whatman no. 42 filter 

paper to retain the fine material. 

 

Columns may be of laboratory, pilot plant or site scale with sample size ranging from a few 

kilograms to hundreds of kilograms. There are generally two types of column set-ups, for 

sub-aerial and sub-aqueous testwork procedures. They are typically 76, 102 or 152 mm in 

diameter, and from about 1 m to more than 3 m in height. There is little if any standardization 

of column test work procedure, thus allowing considerable flexibility in size and material for 

fabrication of columns (Mills, 1998). 

 

Price (1997) argued that leaching column tests have some disadvantages over other leaching 

methods such as humidity cells. These include the retention of the primary weathering 

products. Therefore leachate chemistry cannot be used as a measure of the relative rates of 

acid generation and neutralization and of times to mineral depletion. Humidity cells  are 

designed to accelerate the natural weathering rate of a solid material. They are not intended 

to provide leachates that are identical to the actual leachate produced from a solid material in 

the field. 

 

 

 

 



 

49 

 
Figure 2.5: Schematic arrangements of humidity cell and sub-aerial and sub-aqueous 

columns (Lawrence, 1995). 

 

Sub-aqueous column network is conducted to simulate the leaching effects of water 

infiltration to and ex-filtration from material stored under water cover with no physical 

exposure to the atmosphere. In case of tailings or waste rock stored under water where water 

flow or displacement is not influenced by seepage, but by thermal or density gradients, the 

simulation of flow /leaching may be achieved by slow upward movement of de-oxygenated 

water through the column, so that anoxic conditions are maintained within the rock sample 

and its environment. In the case of tailings or waste rock stored under water in a natural or 

man made impoundment, infiltration of oxygenated water from the supernatant replaces any 

water lost by seepage to groundwater. In a column set-up this is simulated by the slow 

downward displacement of pore water by freshwater from above (Figure 2.5). Column set-

ups are formulated and conditions adjusted to approximate those of the site as much as 

possible. 

Sub-aerial column (trickle leaching) test work is conducted to simulate the leaching effects of 

precipitation infiltration to, and drainage from, material stored at the surface and exposed to 
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the atmosphere. Water addition to the column may be either fixed (certain volume per cycle) 

or varied to simulate the seasonal variations on site. Stewart et al. (1997) stopped leaching 

the columns for a given period of time to simulate drought conditions. The column is open to 

the atmosphere, so that there is no oxygen barrier, but there is usually no forced oxygenation, 

unlike with humidity cells (Figure 2.5). The column is operated without aggressive flushing, 

so that oxidation products may accumulate at particle surfaces in addition to being removed 

in the leachate. This behavior resembles field conditions and, as a result, leachate analyses 

are a better indicator of expected water quality than in humidity cells. Sample 

characterization before and after the test is important for the interpretation of the results. 

Many column studies encountered in the literature involve the determination of oxidation of 

sulphide materials. For example Elberling et al. (1994) and Nicholson et al. (1988) 

performed experiments of sulphide oxidation in an unsaturated medium. Nicholson et al. 

(1988) used a 0.08m length column and 0.057m in diameter filled with a mixture of a finely 

crushed quartz (80 wt %) and pyrite (20 wt %). Elberling et al. (1994) used columns of 1m in 

length and 0.11m in diameter to determine the oxidation rates of pyrrolite. The columns were 

irrigated with water every 1 or 2 weeks. Stromberg and Banwart (1999) performed long-term 

column experiments with complex sulphide waste rock to study sulphide oxidation. They 

used several columns of 2 m in height and 0.8 m in diameter, under a continuous flow of 

water.  

From these studies it emerges that column leaching can be used to accelerate weathering of 

solid waste disposed of in the environment. However it will be difficult to simulate all the 

factors that are in play in real disposal scenario such as variation in gas fugacity, complex 

mineralogical changes that can take long to attain equilibrium and also the role of 

microorganism in the weathering processes. 

The thrust of the current work is that the fly ash is first used to treat AMD to produce less 

reactive solid residues which can be disposed alone or blended with unreacted fly ash or 

OPC. The unreacted fly ash is expected to balance/modify the alkalinity of the solid residues 

and thereby maintain a circumneutral pH, so as to precipitate any metals that would be 

released during leaching. The unreacted fly ash is expected to lower the hydraulic 

conductivity of the co-disposal solids at the advanced stage of leaching.  
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2.3.3 Column set-up 
 

Leaching columns have been used by many researchers (Dudas, 1981; Kanungo and 

Mohapatra, 2000; Simonton et al., 2000; Stewart et al., 1997; Warren and Dudas, 1984) to 

study acid mine drainage generation, weathering of fly ash, stability of contaminants 

immobilized by microbial reduction in an inert substrate, performance of reactive barriers 

(Komnitsas et al., 2004) and environmental stability assessment of OPC stabilized industrial 

waste (Catalan et al., 2002). Price (1997) argues that if the column infiltration rate is varied 

to simulate site conditions, then leachate analysis from a column testwork gives a better 

indication of the expected water quality. Dudas (1981) observes that although a number of 

short-term leaching, extraction, and equilibrium studies have demonstrated many of the 

initial dissolution characteristics of fly ash, the information obtained may not accurately 

represent the long-term dissolution behavior and concomitant environmental hazards or 

benefits of fly ash. Bradham and Carrucio (1990) and Perry (1985) agree that leaching 

column tests give the best approximation of field weathering conditions.  

 

Column set-up, design, diameter and length differ for different researchers and for different 

tested materials. Simonton et al. (2000) used large columns (10 cm diameter by 1m length) 

constructed of PVC to immobilize metals on kg quantities of sand. They subsequently used 

small polycarbonate columns (1cm diameter by 10cm length) to test the stability of the 

immobilized metal by leaching over a 6 month period. They leached the sand by passing 

simulated ground water through the columns and measuring the concentration of 

contaminants in the leachate. They intended to simulate the passage of uncontaminated 

groundwater through the contaminated sand in a sub-surface environment. Stewart et al. 

(1997) used plastic pipe (18 cm diameter by 60 cm length) to leach coal refuse, alone or 

blended with fly ash. The columns were hand packed with the test material. To maintain mix 

uniformity they used small batches of test material which were mixed frequently by tumbling 

during packing. The columns were packed with small increments with packing density being 

monitored during packing. The packing was made in triplicate for each mix tested. Xenidis et 

al. (2002) used plexi-glass columns with a diameter of 160 mm and a height of 100 cm to 

evaluate the potential use of lignite fly ash for the control of acid generation from sulphidic 

wastes. Wazlaf (1992) run a study using 5.1 cm diameter columns in triplicate. Dudas (1981) 
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used small lysimeters of 6.9 cm internal diameter prepared in triplicate and gently packed 

with 250 g of fly ash for his leaching experiments. He continuously leached the fly ash with 

distilled water over a 2 year period at a flow rate governed by the hydraulic conductivity of 

the fly ash cores.  

 

Warren and Dudas (1985) packed fly ash into a series of five leaching columns (lysimeters), 

prepared in triplicate and leached for 90 days. The columns were packed with increasing 

quantities of fly ash (50, 75, 100, 125, and 150 g of fly ash respectively). They used a 

leaching solution of 0.005 mol L-1 H2SO4 with an initial pH of 2.1. The leaching solution was 

passed sequentially through the columns beginning with the one containing 50 g of fly ash. 

The leaching solution was chosen to simulate natural anthropogenically affected rain waters. 

A solution similar to most rain waters was used to accelerate the weathering process (Cogbill 

and Likens, 1974). Kanungo and Mohapatra (2000) used glass columns of 57 and 38 mm 

internal diameter packed with 500 g and 350 g of fly ash, with a total length of 25 and 35 cm 

occupied by the fly ash samples respectively for their leaching studies. They used deionised 

water adjusted to the initial pH 4.85 with 0.1M HNO3, to simulate rainwater. The leachant 

was circulated through the columns repeatedly at the flow rate of 12.6 mL h-1. They observed 

that the pH of the leachate was controlled by the cyclic release of elements and Fe and Al 

hydrolysis. Bilski and Aiva (1995) used plexiglass columns (30 cm long, 7 cm inner 

diameter) packed in triplicates to study the transport and leaching of cations and heavy 

metals from a fly ash amended soil.  

 

Domenech et al., 2002 used a column of 85 mm in diameter filled with 652 g of soil and 

sludge mixture to evaluate the sludge weathering and mobility of contaminants in soils 

affected by tailing dam spill. They observed that the pH of the leachate dropped to values 

around 2 after 260 days. No efficient processes existed for retaining Zn, Cd and Co which 

formed soluble salts. When pH of the leachate was higher than 4.5, the concentrations of Fe 

and Al was very low. Saturation indices showed the solution was in equilibrium with 

amorphous Fe (OH)3 and Al(OH)3. Xenidis et al. (2002) used plexi-glass columns with a 

diameter of 160 mm and a height of 100 cm to investigate the potential use of lignite fly ash 

for the control of acid generation from sulphidic wastes, they set up five columns. This study 

involved the application of wet-dry cycles on a weekly basis and each cycle involved the 
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addition of 2 L of deionised water. They observed that addition of fly ash at 10-63 % w/w 

increased the pH of the leachate to values of 8.6-10.0. Decreased concentrations of Zn and 

Mn were observed. Addition of fly ash at amounts of 31 and 63 % w/w reduced the water 

permeability of the material from 1.2 x 10-5 m/sec to 3 x10-7 m/sec and 2.5x10-8 m/sec 

respectively. Catalan et al. (2002) used acrylic columns measuring 5.1cm internal diameter 

and 20.2 cm in height for a flow through leaching of crushed stabilized/solidified 

natrojarosite waste. They used a buffered acetic acid/sodium acetate solution at pH 4.93. 

They observed that evolution of pH was consistent with the movement of a pH front that 

broke through the outlet face of the sample. PH was observed to decrease from values 10.5-9 

to below 7.0 on breakthrough. They concluded that advancement of the pH front was 

controlled by the progressive depletion of alkalinity in the treated waste. Overall 

permeability of the material was observed to increase after pH front breakthrough. 

Geochemical modeling results showed that C-S-H gel coating on natrojarosite crystals 

provided an effective shield against direct contact with the leachant downstream of the pH 

front. Elevated concentrations of Cu, Pb and Zn were observed in the initial leachates but 

decreased as the leaching progressed. Heavy metal concentrations were observed to be 

oversaturated with respect to metal hydroxides.  

 

Komnitsas et al. (2004) used two 5cm inner diameter and 40cm long plexiglass columns set-

up in series to study the efficiency of limestone and red mud barriers to remove inorganic 

contaminants Fe, Zn, Mn, Al, Ni, Cu, Co and Cd from synthetic sulphate solutions simulating 

AMD. Tests were conducted under dynamic flow conditions. Both reactive barriers caused 

the development of conditions that favored removal of heavy metal ions mainly by 

precipitation, co-precipitation and adsorption. Fe was mainly removed as goethite and 

ferrihydrite, Al as boehmite and gibbsite, Cu, Mn, Zn, Co and Ni as metal hydroxides and Cd 

by sorption and co-precipitation. 

 

There doesn’t seem to be a standard way of setting a column assembly. The basic principles 

utilized in setting up the columns are similar but the main underlying factors are that the 

drainage regime and the leachant is chosen so as to approximate the field conditions where 

the waste is to be disposed or placed in case of reactive barriers. 
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2.3.4 Mine backfilling 
 

Mine backfill refers to materials, such as waste development rock, deslimed and whole mill 

tailings, quarried and crushed aggregate, and alluvial or eolian sand, which are placed in 

underground mined voids for the purposes of either disposal and/or to perform some 

engineering function. The disposal of mine tailings underground as opposed to surface 

dumps reduces their environmental impact and provides a material that can be used to 

improve both ground conditions and economics of mining (Weaver and Luka, 1970; 

Stromberg and Banwart, 1999). The waste materials are often mixed with very lean cement 

or other pozzolanic binders to improve their strength properties (Benzaazoua, et al., 2002; 

Benzaazoua et al., 2004). There are three types of backfill: hydraulic fill, rock fill and paste 

fill. The most common hydraulic binder added to backfill is Ordinary Portland Cement 

(OPC). Research around the world has looked into alternative binders and the most common 

solution has been to use pozzolanic products such as fly ash and blast furnace slags (BFS). 

Typical binder proportions are normally 3 % to 7 % by weight. Several research works have 

pointed out that the presence of soluble sulphates in the backfill material has a deleterious 

effects on the strength of the paste fill or hydraulic fill ( Benzaazoua, et al., 2002; Van der 

Sloot, 1996). Sulphates can be derived from groundwater, contamination on site, natural 

sulphate minerals in the contaminated soil (example, gypsum), oxidation of pyrite or 

contaminated aggregates. Sulphate in solution has the ability to attack concrete causing its 

expansion, deterioration and disintegration. Sulphates react with calcium hydroxide and 

calcium aluminate hydrate in the cement paste. The products of the reactions, gypsum and 

(ettringite) calcium sulphoaluminate, have a considerably greater volume than the 

compounds they replace. This leads to expansion and disruption of the cementitious matrix 

(BRE, 2001) and hence loss of strength of the backfill. For a given concentration of sulphate, 

the rate and the amount of deterioration increases with the amount of C3A (tricalcium 

aluminate) in the cementitious matrix, concentrations of calcium hydroxide and under acid 

conditions. A temperature of around 6oC and under conditions of high humidity, sulphate 

solutions can attack concrete to produce thaumasite, which has more serious consequences 

than the formation of ettringite. Thaumasite formation decomposes CSH (calcium silicate 

hydrate) in the cement and thereby completely destroys the binding capacity of the cement 

paste (Taylor, 1998). Benzaazoua et al. (2002) observed that the chemical composition of the 

binder and backfilling material, grain size distribution, density, percent of solids of the 
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backfill material and the mixing water chemistry play an important role in the final strength 

acquisition. They observed that the presence of sulphate inhibits the precipitation of hydrates, 

when using slag-based binders. In Portland based binders the formation of gypsum 

contributed to the strength acquisition of the backfill material. This is in contrast to the 

deleterious effects observed with other binders (Van der Sloot, 1996). Benzaazoua et al. 

(2002) further established that the water chemistry interferes with the cement chemistry and 

alters the hydration processes. Of the binders they used, they observed that the OPC and fly 

ash based binders had fast hydration reactions and were less affected by soluble sulphate in 

the mixing water. 

 

Significant gaps/questions exist regarding the use of fly ash for backfilling of coal mined out 

areas to reduce acid generation and to provide support for the overburden. The underground 

placement of fly ash reduces the amount that has to be disposed in surface dumps. Of 

particular concern is the long-term impact on groundwater quality if large amounts of fly ash 

are used for backfilling. Hence the chemical stabilization of contaminants in the fly ash is 

important.  

 

Campbell (1999) looked at the mineralogical properties associated with the hardening of fly 

ash in disposal dumps. He identified two minerals calcite and ettringite, which he associated 

with the hardening of ash in dumps. He also speculated the presence of thaumasite alongside 

ettringite. He attributed the hardening of fly ash in dumps to some of these minerals. Phung 

et al. (1979) amended soil using fly ash. They established that the application of fly ash 

increased the pH. DTPA (diethylenetriamine-pentaacetic acid)-extractable Fe, Mn, Ni, Co 

and Pb also decreased. Boron increased significantly with fly ash application. The data 

demonstrated that the alkalinity of fly ash plays a significant role in regulating the 

availability of trace elements in amended soils. Xenidis et al. (2002) blended sulphidic 

tailings with various amounts of fly ash ranging from 10 to 63 % w/w and monitored the 

drainage quality of the water over a test period of 600 days. This study established that the 

addition of fly ash to tailings at a low amount (10 % w/w) increased the pH of leachates to 

values of 8.6-10.0 and effectively inhibited the dissolution of Zn and Mn. Ca and SO4
2- were 

the major ions reported in the drainage of fly ash amended columns. Higher fly ash addition 

rates (31 and 63 % w/w) resulted in the production of monolithic solid materials with 

 

 

 

 



 

56 

reduced hydraulic conductivity, however higher reduction was observed for the higher fly 

ash addition. The mineralogical analysis of the column solid residues indicated that higher fly 

ash addition favored the formation of ettringite, which was associated with the volume 

expansion of material. Mylona et al. (2000) conducted long term column tests on partially 

oxidized pyrite amended with limestone.  

 

The performance of the pyrite-limestone mixtures was evaluated by monitoring the drainage 

quality of the columns. They observed dissolution of previously formed oxidation products in 

the control column, resulting in the release of significant amount of Fe, Zn, Mn, Cd, As and 

SO4
2- and Pb. At a period of 20 days 87.8 % Zn, 46.1 % Cd, 90.7 % Mn and 2.9 % SO4

2- of 

the cumulative metal load at 270 days had been leached. However, alkaline conditions 

prevailing in the limestone amended columns led to the precipitation of ferric hydroxides and 

gypsum. They observed reduction in permeability of the pyrite-limestone mixtures as 

compared to the pyrite. They attributed this to the filling of the pores by the secondary 

neutralization products (gypsum and ferric hydroxides).  

 

These studies underline the potential of fly ash and limestone to remediate sulphidic waste 

over a given period of time. Benefits include removal of inorganic contaminants from the 

acidic leachates and reduction of hydraulic conductivity of the blends. However leaching of 

previous neutralization and precipitation products may lead to release of a significant load of 

toxic elements if the pH is not maintained at alkaline values. 

 

2.3.5 Application of Binders in Waste Stabilization and their relevance in Backfilling. 

 

There are three existing backfill types: hydraulic fill, rock fill and paste fill. However, 

Benzaazoua et al. (2002) notes that the use of paste fill is becoming an increasingly 

important component of underground mining. Paste fill consists of total mill tailings (full size 

fraction of the tailings) thickened and filtered to around 80 % dry weight to which binder and 

water are then added. Several workers have proposed the use of paste fill for managing acid 

generating tailings (Cincilla et al., 1997; Grabinsky et al., 2002). Their rationale is that the 

addition of binding agents to the paste mixture assures the retention of leachable elements 

such as As, Pb, Mn, Sr, B, Mo and other metals due to the calcium silicate hydrate gels 
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generated. Common binder used is ordinary Portland cement but alternative binders such as 

fly ash and blast furnace slags have also been used (Xenidis et al., 2002). The cohesive 

strength, density and solid percentage are the determining factors in the use of paste fill. The 

backfill cohesion is dependent on binder quality and its potential to resist harmful chemical 

reactions such as hydration inhibition and sulphate attack that can occur within sulphide and 

sulphate rich backfill. Benzaazoua et al, (2002) investigated the effect of mixing-water 

chemistry on the unconfined compressive strength (UCS) of paste fills using various binders 

(fly ash, blast furnace slag and ordinary Portland cement). They used three different mixing 

water samples: mine water, lake water and municipal water. They concluded that the binder 

chemistry combined with the mixing-water chemistry affects the formation of primary and 

secondary hydrates during paste fill strengthening. The cohesion of the paste fill matrix was 

found to be directly dependent on the nature of the precipitated hydrates.  

 

It can be concluded that the binders have a dual purpose in paste fill formulations, insitu 

treatment of acidic leachates generated within the backfill and incorporation of toxic 

elements in the cementation matrix generated and strength development for mechanical 

support.  

 

2.4 Mineralogy of Precipitates formed on increasing the pH of the Acid Mine 

Drainage.  

 

2.4.1 Introduction 
 

Acid mine waters are highly reactive solutions that can dissolve most primary mineral phases 

when they are in contact with a solid material such as fly ash, with a consequent formation of 

a variety of secondary mineral phases. Treatment of AMD with alkaline material such as fly 

ash triggers processes such as neutralization, oxidation and metal hydrolysis which are 

frequently accompanied by the precipitation of metal-bearing hydroxide and hydroxyl-

sulphate minerals. The understanding of secondary mineral formation has important 

consequences for environmental management of wastes. Secondary mineral phases with 

large surface areas can effectively immobilize many of the minor contaminants in acid mine 

waters and fly ash leachate, providing an important attenuation and detoxifying mechanism. 
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The type of secondary mineral phases that form depends on the composition of the AMD, 

pH, type and composition of the fly ash leachate or any other solid material. The initial 

mineral phases that precipitate tend to be poorly crystalline, metastable and may transform to 

more stable phases over time. The mineral phases resulting from the neutralization of AMD 

with fly ash are expected to be of poor crystallinity since neutralization forces rapid 

precipitation (Murad et al., 1994).  

 

2.4.2 Saturation Indices (SI) and Mineral Solubilities 
 

When water analysis for major ions is available, a speciation computation can be done to 

determine the state of saturation with respect to any particular mineral for which 

thermodynamic data is available. One way of doing this is by calculation of saturation 

indices (SI). For a dissolution reaction SI is used as log (IAP/Keq) where (IAP) represents ion 

activity product and Keq the equilibrium constant for the reaction. This is done to achieve 

quantitative interpretations on the control of metal concentrations by mineral solubility. 

Computer codes such as MINTEQA2 (Allison et al., 1991) and PHREEQC (Parkhurst, 1995) 

are used to calculate the SI once a comprehensive water analysis is done. 

If solubility equilibrium is achieved and if it exerts the dominant control on the concentration 

of one or more elements, the SI values should show a linear and horizontal trend close to 

zero. Such a pattern signifies that the water chemistry reflects the stoichiometry of the given 

mineral. The values tend to plateau with the appropriate stoichiometry of the mineral but 

generally on the side of super saturation. This effect might be explained by the particle size 

effect on solubility. The solubility products reported in literature usually refers to coarse-

grained, well crystallized materials hence the variation.  It could also be due to solid solution 

substitution of trace components. The stoichiometry of a phase controlling the solubility of 

an aqueous constituent can be derived from an appropriately selected ion-activity plot. For 

example, if pure ferric hydroxide were controlling the solubility of ferric iron, the reaction 

(equation 2.16) and its log equilibrium constant expression (equation 2.17) would indicate 

that a plot of Fe3+ activity versus pH should have a slope of -3 showing solubility control by 

a pure ferric hydroxide having a molar Fe: OH ratio of 1:3. 

 

OHFeHOHFe 2
3

3 33)( +⇔+ ++ ……………………….………………………..…(2.16) 

 

 

 

 



 

59 

 

OHHFe
aaaK

23 log3log3loglog +−= ++ ……………………………..…………..…..(2.17) 

 

Natural waters and acid mine waters, are generally in equilibrium with respect to dissolved 

species in the aqueous phase but may be in varying stages of disequilibrium with respect to 

solid phases (Nordstrom et al., 1979). Nevertheless, thermodynamic equilibrium calculations 

have been applied to describe the water chemistries corresponding to the aqueous-solid phase 

interactions and the precipitation of certain compounds from the waters with encouraging 

results. 

 

2.4.3 Secondary Mineral Phases 
 

There are several processes that may lead to the formation of secondary mineral phases from 

acid mine waters. They include the mixing of acid mine waters with more dilute waters and 

reaction with alkalinity releasing materials. The secondary mineral phases discussed here are 

the ones likely to form in the acid mine waters and fly ash neutralization reactions. These 

include (a)-metal oxides, hydroxides, hydroxysulphates, (b)-soluble sulphates and less 

soluble sulphates and (c)-carbonates. 

 

Most divalent and trivalent metals exhibit amphoterism (have properties of both an acid and a 

base). They produce a solubility minimum at circumneutral pH values with enhanced 

solubilities under both acidic and alkaline conditions. The pH-specific solubility minimum 

varies for each metal. This behavior provides the basis for the removal of metals during rapid 

neutralization of acid mine drainage by alkaline treatment. This phenomenon also leads to a 

difference in the efficiency of metal removal for neutralization to a given pH (Barton, 1978). 

 

At metal concentrations greater than 10-6 mol L-1, metal hydroxides should precipitate in the 

following sequence with increasing pH: Fe3+, Pb, Al, Cu, Zn, Fe2+ and Cd. This sequence is 

closely followed by the pH-dependent sequence of adsorption of metals on hydrated ferric 

oxide surfaces (Nordstrom and Alpers 1994a). 
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The order of the precipitation of the hydroxides by the gradual addition of alkali has been 

investigated by Britton and Robinson (1932) and Hildebrand (1913). They observed that a 

definitive H+ concentration within narrow limits has to be attained before the precipitation of 

any particular hydroxide can take place. From a solubility product point of view, an insoluble 

hydroxide, MOH, attains equilibrium with undissociated molecules and ions in solution 

(equation 2.18) 
−+ +⇔⇔ OHMMOHMOH tedundissociasolid …………………………...……...……..(2.18) 

The solubility product is given by (equation 2.19) 

[M][OH-]=[M]Kw/[H+]……….……………………………………….……………..(2.19) 

where Kw=[H] [OH] is the ion activity product for water.   

 

The precipitation of the hydroxide thus depends on the concentration of both metal and H+ 

ions. The H+ ions concentration necessary for the precipitation of a large number of 

hydroxides have been determined and constitutes a suitable basis for the classification of the 

hydroxides (Table 2.5). The order is parallel with increasing magnitude of the solubility 

products. 
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Table 2.5: Ph of metal hydroxide precipitation from dilute solutions (Britton, 1956) 

 

Element pH range Element pH range 
Mg 10.5 Ni 6.7 
Mn2+ 8.5-8.8 Pb 6.0 
Zn 7.0 Fe2+ 5.5 
Co 6.8 Cu2+ 5.3 
Cd 6.7 Cr3+ 5.3 
Fe3+ 3.0 Al3+ 4.1 
 

In alkali precipitations the pure hydroxide of the metal is not precipitated, instead basic salt 

containing some unreacted metal salt is formed. The composition of such a basic precipitate 

depends on the rate at which the alkali is added. Calculations of solubility products for 

minerals prevailing during the course of titrations justify the belief that the separation of 

hydroxides is the chief-determining factor in causing precipitation. The solubility product 

should remain constant during the course of precipitation (Britton, 1956). However Britton 

(1956) further states that with exception of Ni, Cu and Pb the solubility products increase as 

the alkali is added. 

 
2.4.4 Ferrous, Ferric oxides, hydroxides and hydroxy-sulphates  
 
Ferrous hydroxide (Fe (OH)2) is considerably more soluble than its ferric equivalent at a 

given pH and it rarely appears in nature. When slightly oxidized, it takes on a green 

appearance and is also known as green rust. It occurs when a Fe (II) rich solution is mixed 

with a highly alkaline solution and allowed to oxidize slightly. It is not credited as a mineral 

because it is unstable and poorly characterized. 

 

Ferrihydrite is a poorly crystalline form of hydrous ferric iron oxide that seems to be the first 

phase to form upon neutralization of Fe (III)-bearing solutions at low temperature. This phase 

was first considered to be amorphous Fe (OH)3 but careful examination by X-ray diffraction 

(XRD) and Mossbauer spectroscopy has revealed that this material is commonly a poorly 

crystalline substance with a range of structural order, yielding an XRD pattern with two to 

six peaks (Carlson and Schwertmann, 1981). The nominal formula of ferrihydrite is given as 

Fe5HO8.4H2O although the composition may vary as a function of particle size (Murad et al., 

1994). 
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Hematite (Fe2O3) and goethite [α-FeO (OH)] are the most common and most stable forms of 

ferric iron oxide and oxyhydroxide respectively. The solubility and stability of hematite and 

goethite are sufficiently close that grain size and Gibbs free energy have important influence 

on the phase relations. Goethite occurs in a wide range of environments (Murad et al., 1994). 

It is much more stable than ferrihydrite, jarosite and schwertmannite (Bigham et al, 1996b; 

Nordstrom, 1982). Both goethite and hematite have slow growth kinetics at low 

temperatures, so the initial solid products from the hydrolysis of ferric iron are poorly 

crystalline metastable phases such as microcrystalline goethite or ferrihydrite. Ferrihydrite is 

known to convert to hematite if pH conditions are maintained between 5 and 9. Other factors 

that may influence the formation of these phases include humidity, Al content and presence 

of trace elements. Al has been observed to substitute Fe in goethite and hematite in certain 

soils (Nordstrom and Alpers, 1994a). 

 

Adsorption and precipitation of a given hydrolyzable metal ion tend to take place at pH 

values near the first hydrolysis pK for that metal. The first pK of hydrolysis for Fe3+ is 2.2 

and for Al is 5.0. The co-precipitation of Al in hydrous Fe3+ oxides formed at pH values less 

than 4.5 is unlikely. This fundamental difference between iron and aluminium chemistry 

leads to spatial and temporal separation of precipitating phases of hydrolyzed iron and 

aluminium during oxidation of mine waters. 

 

Schwertmannite (Fe8O8(OH)6SO4) (Bigham et al., 1996a) is a poorly crystalline iron-

hydroxysulphate mineral that is fairly common in mine drainage environments (Bigham et 

al., 1990; Murad et al., 1994). The tunnel structure of schwertmannite appears to be related 

to that of akaganeite (β-FeOOH), an iron oxyhydroxide with essential chloride (Murad et al., 

1994). The sulphate is believed to be located in the tunnels taking over the role of chloride in 

akaganeite. Schwertmannite or other sulphate-substituted hydrous ferric oxides are most 

likely to control ferric iron solubility in acid mine drainage. 

 

The jarosite-alunite group of minerals shares a common crystal structure and stoichiometry 

with many possible compositional substitutions. General jarosite-alunite formula is 

AB3(SO4)2(OH)6 where the B sites are occupied by Fe (III) to form jarosites and by Al to 
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form alunites. The site A is occupied either by a monovalent cation or by a divalent cation 

alternating with a vacancy to maintain charge balance. In natural alunites and jarosites the 

most common occupants of site A in order of abundance are K+ >Na+ >H3O+. The pure 

potassium endmember is jarosite and the pure potassium-aluminium endmember is alunite. 

 

2.4.5 Aluminium oxides, hydroxides and hydroxysulfate minerals. 
 

Common Al minerals include boehmite [(γ-AlO(OH)], gibbsite [(γ-Al(OH)3], bayerite α-

Al(OH)3, alunite KAl3(SO4)2(OH)6, natroalunite NaAl3(SO4)2(OH)6, ammonium alunite 

(NH4)Al3(SO4)2(OH)6, jurbanite Al(SO4)(OH).5H2O and basaluminite 

(Al4(SO4)(OH)10.5H2O) 

 

In acid mine waters, aluminium-sulphate and –hydroxysulphate minerals become more stable 

than common soil minerals such as gibbsite and kaolinite. At pH values lower than about 5.5 

(depending on sulfate and potassium activities) gibbsite becomes unstable relative to alunite 

(Nordstrom, 1982). 

 

Below pH values of about 4.0, jurbanite becomes more stable. Jurbanite has not been 

commonly found as a mineral precipitate from acid mine waters. It is suspected to have little 

significance as a solubility control towards Al despite the near-zero SI values commonly 

found. For waters with pH values lower than 4.5 to 5.0, dissolved aluminium tend to behave 

as a conservative ion (stays in solution). For pH values above 5.0 the solubility control of 

dissolved aluminium is mainly due to microcrystalline or amorphous Al (OH)3. When the pH 

in acid mine water increases to 5.0 or higher, because of rapid mixing with circumneutral, 

dilute waters or an alkaline releasing material, aluminium-hydroxysulphate compound 

precipitate. Precipitation rates for some of these aluminous minerals may be sluggish so that 

equilibrium conditions are not always reached in surface waters. 

 
2.4.6 Hydroxides of trace metals 
 

The absence of discreet trace-metal bearing hydroxides in most oxidized mine waste suggests 

that other mechanisms, such as adsorption or co-precipitation with hydrous iron oxides, limit 

the concentrations of dissolved trace metals in mining environments (Nordstrom,1982). The 

 

 

 

 



 

64 

behavior of nickel in tailings impoundments and acid mine drainage precipitates illustrates 

the fate of trace metals in mine drainage settings, being generally tied to the one of the major 

elements, particularly iron. Mineralogical analysis and microanalysis by Jambor and Owens 

(1993), as a part of a study on the copper cliff tailings area at Sudbury, Ontario, has indicated 

that nickel tends to be dispersed in hydrous iron oxides rather than as discreet nickel oxide or 

hydroxide phases. The behavior of copper in tailings impoundments and waste rock piles is 

similar to the one of nickel. Ribet et al. (1995) observed a strong association between Ni, Cr, 

Co, and Pb and ferric iron (oxy) hydroxides in Nickel Rim mine-tailings impoundment. They 

attributed this strong association to either co-precipitation with or adsorption to ferric iron 

oxy(hydroxides). Discrete secondary copper oxides are rarely formed, and the copper is 

rather transported away from the oxidized zone in solution or fixed in other secondary phases 

such as sulfates, carbonates and silicates, or is co-precipitated with, or adsorbed to hydrous 

iron oxides. 

 

2.4.7 Carbonates 
 

Many carbonates minerals occur as either primary or secondary mineral phases in mine 

wastes. Hydroxyl-bearing carbonates include mineral phases such as malachite 

Cu2(CO3)(OH)2, azurite Cu(CO3)2(OH)2, hydrocerussite Pb3(CO3)2(OH)2, hydrozincite, 

Zn5(CO3)2(OH)6 and aurichalcite (Zn, Cu)5(CO3)2(OH)6. Metal carbonate bearing mineral 

phases include rhodochrosite (MnCO3). 

 

2.4.8 Sequential Extractions 
 
Metals in soils and sediments may be present in several different physicochemical phases 

that act as reservoirs or sinks of trace elements in the environments (Becket, 1988; Jenne, 

1977; Sposito, 1993). These phases include broad categories such as: exchangeable; 

specifically adsorbed; carbonate; secondary Fe and Mn oxides; organic matter; sulphides and 

silicates. All of these may occur in a variety of structural forms. One of the approachs to 

understand the distribution of metals in the fractions is done by phase-selective chemical 

extractions involving multiple extracting agents (Shuman, 1985; Tessier et al., 1979; Ure et 

al., 1993). Selective sequential extractions have been used on contaminated  lake sediments 

(Tessier et al., 1985) and mine waste contaminated areas, soil contaminated with pyrite 
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sludge (Domenech et al., 2002; Kuo et al.,1983). The reagents utilized in sequential 

extraction are chosen such that they are selective and specific towards a particular physico-

chemical form. Hence the effectiveness of extractions depends on the degree of affinity and 

specificity of the extracting chemical for the target phase. The selectivity of a given reagent 

for a specific phase may be limited or an extracted element may readsorb during the 

extraction sequence (Bunzl et al., 1999). Redox sensitive elements may change oxidation 

states during an extraction sequence resulting in erroneous conclusion regarding its 

partitioning (Gruebel et al., 1988). There fore soil or sediments extractions are at best 

operationally defined (Kim and Fergusson, 1991; Tessier and Cambell, 1991). Despite these 

limitations, the sequential extraction schemes can be a very useful method, for characterizing 

solid phases associated trace elements in soils and sediments (Adamo et al., 1996; Ma and 

Rao., 1997).Despite these shortcomings selective sequential extractions provide: 

a) Valuable information regarding general elemental partitioning patterns (Shuman, 

1979). 

b) Provide semi-quantitative estimates of contaminants within soils (Lo and Yang, 1998; 

Shuman, 1985). 

c) Are useful for monitoring relative changes in contaminant partitioning as a 

consequence of changing physico-chemical conditions (Arey et al., 1999). 

The sequential extractions will be applied to semi-quantitatively identify the transformation 

of major and trace elements in the solid residues as the pH increases with reaction time. 
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2.5 Conclusions 

 

Acid mine drainage (AMD) is the principal environmental problem caused by the mining of 

sulphide ore deposits. It is extremely acidic and enriched with soluble Fe, Mn, Al, SO4
2-and 

trace metals such as Pb, Hg, Cd, Zn, Cu. This wastewater requires treatment before disposal. 

 

Active treatment methods of AMD include addition of alkaline materials such as quicklime 

(CaO), hydrated lime [Ca(OH)2] and limestone (CaCO3). Alternative liming materials that 

would decrease the cost of neutralization are constantly being sought. 

 

Fly ash is a ferro-alumino-silicate mineral with the elements Si, Al, Fe, Ca, K and Na being 

predominant within the matrix. Current surface disposal is of major environmental concern 

due to the dissolution of soluble salts on interaction with water during transport and after 

disposal. Leaching of this highly saline metal laden leachate to the groundwater is of major 

concern. 

 

Fly ash has chemically reactive mineral matter. Due to this property, it has found several 

applications which include rehabilitation of acidic mine spoils, soil amendments, addition to 

cement and concrete products, structural fill and cover material, waste 

stabilization/solidification, roadway and pavement base stabilization, infiltration barrier and 

underground void filling and soil, water improvement. All these applications utilize the 

alkalinity of fly ash.  

 

Studies have been carried out to assess the neutralization capacity of fly ash (Burgers, 2002; 

Doye and Duchesne, 2003; Hodgson et al., 1982; Klink, 2004; O’Brien 2000). A major 

observation of these studies is that fly ash has the capacity to neutralize acid mine water with 

removal of the major elements.  

All these studies have not shown clearly the mechanisms involved in the removal or release 

of the major and minor elements during the neutralization process and mineral phases 

controlling their concentration. Moreover no study has shown how the major and trace 

elements partition themselves in the solid residues resulting from the treatment process. 
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A desired disposal method of fly ash has been to return it to the mine voids but the concern 

has been the probable impact on the groundwater quality. In all the coal combustion by-

products (CCBs) application for underground placement, emphasis is on the rheological 

properties and strength development characteristics. The literature lacks of studies looking at 

the leaching characteristics of neutralized fly ash (referred to here as solid residues) alone or 

blended with binding materials. The leaching chemistry of the neutralized fly ash alone or 

blended with binders could provide a basis for utilization of the solid residues for backfilling 

of mine voids to provide strength and for insitu AMD treatment over time 

 

2.6 Aims of the study 

 

This study aims at understanding the chemistry of the neutralization of the acid mine 

drainage (AMD) with fly ash by considering the AMD: fly ash ratios that produce neutral 

and alkaline process waters. This will eventually provide details on the suitability of the fly 

ash as a suitable liming material for treatment of AMD. As the pH of the AMD is gradually 

increased due to alkalinity released from fly ash the Fe3+ and Al3+ concentrations are 

expected to decrease due to in situ precipitation of hydrous oxides such as amorphous 

Fe(OH)3, ferrihydrite, schwertmannite, or goethite and amorphous Al(OH)3 or poorly 

crystalline gibbsite. The fly ash is also expected to leach toxic elements during the initial 

acidic conditions and also as the pH increases. The interaction of these released elements and 

the species in AMD will be of importance in determining the quality of the process water. In 

addition the accumulation of the hydrous oxides will promote sorption and coprecipitation of 

dissolved elements like Mn, Cu, Co, Ni, Pb and Zn. It is hypothesized that the resulting solid 

residues (SR) are inert and can be used for backfilling of mined voids. However the stability 

of the mineral precipitates is of great concern if the solid residues were to be subjected to 

aggressive acidic conditions such as acidic mine drainage. An attempt will be made to 

modify the solid residues with unreacted fly ash and Ordinary Portland Cement (OPC) to 

monitor the effect on the leachate chemistry and heavy metal mobility. 

This study attempts to answer the following questions: 

Is fly ash a suitable liming material for AMD and at what FA: AMD ratios and reaction times 

will neutral and alkaline water be produced? 
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Which elements are effectively scrubbed from AMD and which ones are released from the 

fly ash and what mechanisms are involved? 

What associations if any exist between the trace elements and mineral phases precipitating in 

the neutralization process? 

Can amendment of the solid residues with unreacted fly ash or Ordinary Portland Cement 

(OPC) reduce the leachability of the precipitated or immobilized elements? 

Can FA and its derivatives (solid residues, FA and OPC blend solid residues) attenuate 

contaminants in AMD over an extended period of time? 

Can the OPC blended solid residues (SR) develop strength essential for the support of the 

overburden and passively remediate acid mine drainage over time? 

 

The chemistry of the neutralization reactions will be investigated by use of fly ash and AMD 

collected from the field. Removal or addition of elements in solution will be ascertained. 

Mineral precipitation processes responsible for removal of the major and minor elements will 

be investigated. Column leaching experiments will be used to study the stability of the 

mineral precipitates in the solid residues either alone or blended with unreacted fly ash or 

Ordinary Portland Cement. 
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Chapter Three 
 
Utilization of fly ash for remediation of coal mine waste waters: Removal 
of major inorganic contaminants and trace elements. 
 
Abstract 
 
Acid mine drainage (AMD) has been reacted with two South African fly ashes in a batch set-

up in an attempt to evaluate their neutralization and major, minor elements removal capacity. 

Different fly ash: acid mine drainage ratios (FA: AMD) were stirred in a beaker for a set time 

and the process water analyzed for major, minor elements and sulphate content. 

The chemistry of the AMD was found to determine the final pH attained in the final reaction 

mixture and the reaction time of breakthrough to circum-neutral and alkaline pH. Efficiency 

of the elements removal was directly linked to the amount of FA in the reaction mixture and 

to the final pH attained. Most elements attained ≈ 100 % removal only when the pH of 

minimum solubility of their hydroxides was achieved (i.e. Mg=10.49-11.0, Cu2+=6, Pb2+=6-

7). Significant leaching of B, Sr, Ba and Mo was observed as the reaction progressed and was 

observed to increase with quantity of fly ash in the reaction mixture. However B was 

observed to decrease at high FA: AMD ratios probably as result of increased co-precipitation 

with carbonate fraction. 

 

Keywords: Fly ash, Acid mine drainage, Sulphates, Metal ions, Neutralisation. 
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M.W. Gitari, L.F Petrik, D.L Key, C. Okujeni. 2004. Neutralization of acid mine drainage 

with fly ash: A laboratory investigation of metal and SO4 removal in the process waters. A 

poster presented at the 37th National Convention of the South African Chemical Institute 

(SACI) congress, July 2004, CSIR international conference centre. 

 

3 Introduction 
 

The principles and methods behind the passive and active treatment of AMD are well 

researched but alternative liming materials that would decrease the costs of treatment are 

constantly being sought. Electricity generating companies utilizing pulverized coal are in 

constant search of better and beneficial fly ash disposal methods.  

 

The aim of this part of the study is to evaluate the neutralization potential of fly ash, establish 

at what ratios and contact time maximum removal of contaminants is achieved. This study is 

employing an overhead stirrer reminiscent of liming type treatment of AMD by limestone or 

lime in most mining houses to agitate the reaction mixtures. 

 
3.1 Experimental Procedures 

 
3.1.1 Chemical characterization of fly ash, AMD and solid residues samples 
 
Coal fly ashes used in these experiments were obtained from two South African power plants 

(Matla and Arnot) which combust pulverized coal to generate electricity. The AMD samples 

used were collected from Navigation colliery, Bank colliery and Brugspruit liming plant in 

Highveld. The Brugspruit AMD samples were seepage from an old abandoned mine and 

were scooped from the seepage point while Navigation AMD samples consisted of acidic 

water pumped from underground old mine workings to a collection dam. Bank AMD was 

collected from underground mine voids. 

Raw AMD samples were filtered by using 0.45μm cellulose nitrate membrane to remove 

suspended particles and diluted with MilliQ (ultrapure) water to EC < 1.5 mS/cm and then 

stabilized with HNO3 for elemental analysis. Samples for anion/cation analysis were filtered 

by using 0.45 μm cellulose nitrate membrane and kept at 4oC until analysis.  

Neutralization experiments were designed to develop neutralization curves that would 

indicate buffer characteristics and show the contact time required for the breakthrough to 
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alkaline pH. The batch neutralization experiments were conducted by stirring a mixture of fly 

ash and AMD which was pre-determined to give a specific fly ash/AMD ratio (FA: AMD). 

All the experiments were done in triplicate. The AMD was stirred for 30 minutes for 

equilibration before the fly ash was added. An overhead stirrer was used for all the 

experiments. The progress of the reaction was monitored by measuring the pH and EC with a 

Hanna HI 991301 portable pH/EC/TDS/Temperature meter. 

 

 A second batch of experiments were repeated at selected FA: AMD ratios to determine the 

major, trace elements removal efficiency of the fly ash with increasing pH of the process 

water. The reaction time varied from 120-360 minutes. The solid residues were separated by 

filtration and the process water samples prepared for major, trace elements and sulphate 

analysis. 

 

Elemental analysis of the water samples was done by ICP-MS (ELAN 6000). The accuracy 

of the analysis was monitored by analysis of NIST water standards. Fe2+/Fe3+ analysis was 

done by the colorimetric method using 2,2-bipyridal as the complexing reagent. Sulphate 

analysis was done turbidimetrically by a portable datalogging spectrophotometer (Hach 

DR/2010) and ion chromatography.  

 

Chemical characteristics of the fly ash samples were ascertained by X-ray fluorescence 

spectroscopy (XRF) by fusing with lithium metaborate.  

 

3.2 Results and Discussion 

 

3.2.1 Composition of Fly Ash Samples 
 

The chemical characteristics of the fly ash samples used in these experiments are presented in 

Table 3.1 below.  

 

The three major phases Al2O3, Fe2O3 and SiO2 do not vary to a great extent (Table 4.1). 

Matla fly ash has higher Al2O3 content while Arnot fly ash shows higher Fe2O3 content. The 

American Society for Testing and Materials (ASTM, 1988) uses these three major phases to 

classify fly ashes based on source coal. From the analysis (SiO2 +Al2O3+Fe2O3≥ 70%) the 

 

 

 

 



 

72 

South African fly ashes are class F. The CaO content shows slight variation with Matla fly 

ash showing a slightly higher value. The total CaO content detected by XRF does not 

distinguish the free lime from that trapped within the glass matrix. The free CaO content of 

FA is important because of its availability for rapid dissolution, which has implications on 

the pH of the solution. 

 

Among the minor elements both fly ashes shows high concentrations of Sr, Ba, Cr, Zr and Ni 

(Table 3.1). Trace elements of Mo are also present. These concentrations are within the 

concentration ranges reported for fly ashes (Eary et al., 1990) which indicates that they are 

higher than values generally found in coals and soils indicating that the combustion process 

tends to enrich the fly ash with the minor elements. 

 
Table 3.1: Chemical characteristics of fly ashes used in these experiments 
 
Arnot fly ash  Matla fly ash  
element % (w/w) element ppm element % (w/w) element ppm 
SiO2 53.4 ± 2.4 Cu 47.3 ± 6.6 SiO2 53.8 ± 0.29 Cu 57.9 ± 9.9 
TiO2 1.34 ± 0.05 Mo 5.22 ± 0.14 TiO2 1.44 ± 0.11 Mo 6.56 ± 0.15 
Al2O3 23.4 ± 1.1 Ni 93.4 ± 6.5 Al2O3 26.2 ± 2.52 Ni 58.2 ± 1.2 
Fe2O3 4.72 ± 0.96 Pb 56.4 ± 13.6 Fe2O3 3.40 ± 0.24 Pb 29.1 ± 7.18 
MnO 0.06 ± 0.002 Sr 1463.9± 111.8 MnO 0.05 ± 0.02 Sr 2056.0 ± 205 
MgO 2.69 ± 0.05 Zn 57.3 ± 4.71 MgO 2.48 ± 0.58 Zn 25.4 ± 1.35 
CaO 8.43 ± 0.57 Zr 488.1± 125.7 CaO 8.50 ± 1.75 Zr 536.1 ± 131.3 
Na2O 0.35 ± 0.25 Co 18.3 ± 13.08 Na2O 0.49 ± 0.05 Co 10.4 ± 3.3 
K2O 0.49 ± 0.03 Cr 179.2 ± 1.14 K2O 0.86 ± 0.07 Cr 122.7 ± 27.8 
P2O5 0.35 ± 0.22 V 147.4 ± 38.9 P2O5 0.60 ± 0.22 V 145.8 ± 32.8 
Cr2O3 0.03 ± 0.009 Ba 928.0 ± 91.9 Cr2O3 0.03 ± 0.006 Ba 1559.2 ± 346.7 
NiO 0.011± 0.001   NiO 0.009 ± 0.002   
V2O5 0.019 ± 0.002   V2O5 0.02 ± 0.003   
ZrO2 0.052 ± 0.012   ZrO2 0.055± 0.003   
LOI 2.36 ± 0.19   LOI 1.33 ± 0.36   
  
Concentration reported as mean ± SD (n=3), LOI-loss on ignition 
 

3.2.2 Composition of Acid Mine Drainage Samples 
 

The characteristics of the AMDs used in the experiments are presented in Table 3.2 below. 
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The pH values of the samples ranged from 2.39 for Navigation to 2.92 for Brugspruit 

indicating strongly acidic waters (Table 3.2). The pH of mine water can be driven towards 

acidic or alkaline mode depending on the relative abundance and extent of weathering of 

pyrite and calcite neutralization. PH values in the acidic mode imply a deficiency of 

calcareous minerals and absence of carbonate buffering in these AMD samples. All the 

samples exhibit high electrical conductivity (10.02-11.36) mS/cm). Azzie, (2002) observed 

electrical conductivities ranging from (4.0-13.7) mS/cm in some South African coal mine 

waters, the sulphate correlated positively with the EC measurements for most of the acidic 

coal mine waters investigated. The sulphate recorded in these samples ranged from 6155 to 

14950 mg/L making this anion dominant in the wastewater samples. Major cations included 

Na, Ca, Mg, Al, Mn and Fe. Dissolution of silicate minerals such as feldspar, kaolinite, 

chlorite accounts for most or all of the dissolved K, Na, Mg, Al and Ca (Crouse and Rose, 

1976).  

 

The ferrous iron in these samples represented half or greater proportion of the total iron 

(Table 3.2). In most samples of coal mine waste water, an abundance of dissolved ferrous 

iron (Fe2+) indicates that the chemical reactions are at an intermediate stage in the series of 

reactions where pyrite is being directly oxidized by the Fe3+ (Equation 3.1) (Stumm and 

Morgan, 1981). 
+−++ ++⇒+ HSOFeOHFeFeS 16215814 2

4
2

2
3

2 ……………………………………(3.1) 
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Table 3.2: Chemical and physical characteristics of AMD samples used in the experiments 
 
Parameter Navigation Bank Brugspruit 
pH 2.39 ± 0.05 2.46 ± 0.03 2.91 ± 0.02 
EC(mS/cm) 10.83 ± 0.13 10.78 ± 0.15 10.02 ± 0.06 
Acidity(mg/l CaCO3) 6950 ± 70.7 7000 ± 70.7 500 ± 0.0 
TDS(mg/L) 16765 ± 50.5 19410 ± 76.8 8975 ± 60.5 
B 1.37 ± 0.163 1.51 ± 0.08 2.29 ± 0.221 
Na 358.7 ± 2.95 399.9 ± 21.3 4137.9 ± 233.0 
Mg 2661.7 ± 35.0 2844.2 ± 148.1 388.7 ± 19.7 
Al 1068.1 ± 11.28 1140.1 ± 61.58 60.0 ± 2.9 
Si 82.01 ± 1.24 87.8 ± 5.87 69.7 ± 3.5 
K 23.03 ± 2.86 19.3 ± 4.21 52.6 ± 3.6 
Ca 653.3 ± 10.6 1012.3 ± 75.9 842.1 ± 117.4 
Mn 226.3 ± 4.7 242.3 ± 12.9 31.6 ± 1.50 
Fe 5599.9 ± 80.9 6115.9 ± 327.5 250.8 ± 11.2 
Fe2+ 3725.1 ± 30.5 2886.3 ± 20.7 153.1 ± 9.5 
Fe3+ 1451.9 ± 45.2 3344.6 ± 50.5 126.1 ± 6.5 
Ni 6.95 ± 0.02 7.96 ± 1.16 2.35 ± 0.13 
Cu 0.355 ± 0.007 0.345 ± 0.018 0.116 ± 0.012 
Co 4.3 ± 0.11 4.57 ± 0.32 1.15 ± 0.063 
Zn 48.99 ± 30.63 17.7 ± 0.65 9.52 ± 0.49 
Sr 7.69 ± 0.226 8.39 ± 0.45 1.05 ± 0.058 
Mo 0.04 ± 0.002 0.044 ± 0.003 0.036 ± 0.004 
Ba 0.209 ± 0.002 0.189 ± 0.01 0.148 ± 0.018 
SO4

2- 11888.1 ± 20.6 14949.7 ± 28.3 6155 ± 54.3 
Cl- 729.3 ± 15.3 265.9 ± 10.6 720 ± 11.5 
NO3

- 163.2 ± 21.6 41.6 ± 5.7 BDL 
 

Elements concentration in mg/L except pH, EC and acidity (mg/L as CaCO3), BDL-below 

detection limits (0.1mg/L for anions), concentration reported as mean ±SD (n=3). 

 

3.2.3 Neutralization Reactions using different FA and AMD samples 
 

The pH and EC trends of the neutralization reactions at a FA to AMD ratio of 1:3 are shown 

in Figure 4.1. FA from Arnot and Matla both have the capacity to neutralize AMD at FA: 

AMD ratios of 1:3. A strong buffering region was observed at pH 6 in the neutralization of 

both Bank and Navigation AMD. It is associated with oxidation and hydrolysis of Fe2+ which 

releases H+ ions and delays the rise in pH. The buffering capacity is the result of high 

concentrations of Fe2+ in the AMD (≈ 3000 – 4000 mg/L). As Navigation AMD contains 

more Fe2+ than Bank AMD (Table 3.2), the time needed for Arnot FA to overstep the acidic 

buffering capacity is longer in the reaction with Navigation AMD than with Bank AMD. 

Eventually, both solutions were taken to a pH of ≈ 9, but it took more than 200 minutes for 

Navigation and only 150 minutes for Bank AMD. Matla FA appeared to have less free 

alkalinity than Arnot FA, judging by the pH curves during the reactions between both FA 
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sources and Bank AMD. To reach a given circum neutral or alkaline pH value, the time 

required with Matla FA was longer than with Arnot FA. The alkalinity is mainly provided by 

CaO in FA and the delay observed with Matla FA is due to a smaller CaO content than in 

Arnot FA (Table 3.1).  
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Figure 3.1. PH and EC for the reactions at a FA: AMD ratio of 1:3 between Matla, Arnot FA 

and Bank AMD; and Arnot FA and Navigation AMD. Values reported as mean ± SD (n=4), 

Error bars reflect 1 SD above and below the mean. 

 
The EC of Navigation and Bank AMD followed the same trend during the treatment with 

Arnot FA. While pH neutralization was faster in Bank AMD, EC was kept at higher levels in 

Bank than in Navigation AMD. This may be a consequence of the sulphate, which were 

initially high in Bank AMD (Table 3.2). As mentioned previously, this element is the most 

important contributor to conductivity in mine waters. During the first 60 minutes of the 

neutralization reaction, the EC of Bank AMD followed the same trend, whether Arnot or 

Matla FA was used. Then, as the buffering capacity of Bank acidic water was first 
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overstepped by Arnot FA, EC started to decrease in the corresponding solution earlier than in 

the Bank AMD: Matla FA reaction.  

 

These results indicate that the neutralization capacity of FA is combination specific and 

depends on the initial characteristics of the solution to be treated. 

 

3.2.4 Neutralizations reactions using different FA: AMD ratios 
 

The treatment of Brugspruit AMD with low ratios of Matla FA led to neutral pH values in 

the residual solution, after less than one hour of reaction time (Figure 3.2). This indicates that 

even low amounts of FA could be used to achieve neutralization in some cases. The reactions 

with ratios of FA: AMD between 1:3.5 and 1:8 allowed highly alkaline values of pH (pH 

>12) to be obtained. Only a few minutes were necessary for FA to neutralize Brugspruit 

AMD. The more FA was used, the lower EC was obtained (Figure 3.2). EC only reached a 

minimum of 8.5 – 9 mS/cm though. After 120 minutes the increase in EC observed in the 

reaction having the highest ratios of FA could be result of the presence of OH- ions. This pH 

increase stopped after 90-120 minutes in the case of the 1:3.5 and 1:5 ratios, when the pH 

was stabilized to ≈ 12.5 in the solution. For the 1:8 ratios, pH only reached and stabilized at 

12 after 150 minutes. The EC stabilized at around 9 mS/cm simultaneously. 
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Figure 3.2. pH and EC during neutralization reactions for different Matla FA: Brugspruit 

AMD ratios. Values reported as mean ± SD (n=4), Error bars reflect 1 sample SD above and 

below the mean. 

 

The treatment of Navigation AMD and Bank AMD at different ratios of FA: AMD revealed 

different pH and EC trends (Figs 3.3 and 3.4) from those of Brugspruit AMD. Despite the 

high ratios employed here the breakthrough to pH >10 was only observed after 210 minutes 

(Figs 3.3 and 3.4). The stepwise increase in pH with time is also lacking for the Brugspruit 

AMD. Stepwise and gradual decrease in EC is noted for the Navigation and Bank AMD 

(Figs 3.3 and 3.4). The initial decrease in EC for the Brugspruit treatment is not sustained. 

Uhlmann et al. (2004) observed that the buffering observed at pH 3.5-4 is due to hydrolysis 

of Fe3+ while oxidation and hydrolysis of Fe2+ contributes greatly to buffering at pH 5.5-6.5 

(Jenke et al., 1983). Comparing the duration of the buffering at pH 5.5-6.5, it’s longer for 

Navigation AMD reactions which corresponds to its higher Fe2+ concentration (Figure 4.3 

and 4.4 and Table 4.2). Al3+ could also contribute to buffering at pH 4.3-5.5 (Uhlmann et al,. 

2004). The Brugspruit AMD had very low concentration of Fe3+/Fe2+ and Al3+ as compared 

to Navigation and Bank AMDs (Table 3.2). This could account for the lack of stepwise 

decrease in pH and buffering during the treatment process. 
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Figure 3.3:. pH and EC for various FA:AMD ratios for reaction between Matla FA and 

Navigation AMD. Values reported as mean ± SD (n=4), Error bars reflect 1 SD above and 

below the mean. 
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Figure 3 4:. pH and EC for various FA:AMD ratios for reaction between Matla FA and Bank 

AMD. Values reported as mean ± SD (n=4), Error bars reflect 1 SD above and below the 

mean. 
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The hydrolysis of AMD constituents such as Fe3+, Al3+, Fe2+ releases protons and offsets the 

pH increase attributed to the dissolution of the oxide components (equation 3.2).  

++

++

+⇒+

+⇒+

HsOHAlOHAl

HsOHFeOHFe

3)()(3

3)()(3

32
3

32
3

…………………………………………………….(3.2) 

The relative quantities of soluble bases (oxides) in FA and hydrolysable constituents in AMD 

dictate whether the final solution at a given contact time will have a dominant acidic or basic 

character. The three factors that dictate the nature of the final solution in these neutralization 

reactions are the FA: AMD ratio, the contact time of the reaction and the chemistry of the 

AMD. Depending on the concentration of the major hydrolysable constituents in the AMD, 

FA: AMD ratios of 1:1.5, 1:2 and 1:3 would give final solution mixture of circum-neutral to 

alkaline pH after 360 minutes of contact. Navigation and Bank AMD had total Fe 

concentration > 5000 mg/L and this is probably reflected in the strong buffering exhibited at 

4.5-7. Al which is also a major hydrolyzable constituent was observed to be > 1000 mg/L for 

both Navigation and Bank AMD and could have similarly contributed to the strong buffering 

observed in this pH range. Al3+ hydrolysis at pH 4 (equivalent to first hydrolysis constant of 

Al 3+, pK1= 4) (Fillipek et al., 1987). This study did not go into the details of the specific 

contribution of each of the constituents in the buffering of the reaction mixture at this pH 

range. 

 
3.2.5 Major and Trace elements removal in the acid mine waters 
 
Acid mine waters are highly reactive solutions that can dissolve most primary minerals when 

reacted with an alkaline solid waste material such as fly ash with a consequent formation of a 

variety of secondary minerals. Dissolution of fly ash as it contacts AMD triggers several 

processes among them the increase in pH. Several authors observe that pH is the most 

important parameter in fly ash solutions and determines the predominant toxic elements 

removal mechanism (Cravotta and Trahan, 1999; M. Erol et al., 2005). Table 3.3 below 

shows the toxic elements removal efficiency as a function of solution pH for Brugspruit and 

Navigation AMD reacted with Matla fly ash at various FA: AMD ratios. The results are 

discussed with respect to pH of precipitation of the various metal species as determined from 

thermodynamic calculations and experimental observations from titration of solutions 

containing the stated species (Britton, 1956). 
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3.2.5.1 Matla fly ash and Brugspruit AMD reactions 
 

Major elements Fe, Mn, Al and Mg are significantly reduced in all the ratios investigated 

(Table 3.3). Fe and Al shows close to 100 % removal at pH 9.16 attained by the FA: AMD 

ratio of 1:30. Mn removal increases from an initial of 80 % at 1:30 ratio approaching 100 % 

at 1:20 ratio as the pH increases to 9.73. Jenke et al. (1983) observed that at the pH of 

minimum solubility of the hydroxides of Fe3+ (pH 3.0), of Fe2+ (pH 6.0-8.0), of Mn (pH 8.41-

9.0) and of Zn2+(pH 6.0-6.5) a significant proportion of the initial concentration should be 

precipitated out of solution. At pH 12.0-12.5 attained for ratios 1:8 and 1:5 the formation of 

hydroxy complexes probably explains the decreased removal. Al3+ hydroxide exhibits 

minimum solubility at pH 6-6.5 (Drever, 1997). at pH > 6.5 the hydroxy complexes become 

more important (Shum and Lavkulich, 1999). The high removal efficiency observed as pH 

increases suggests another mechanism of Al3+ removal apart from hydroxide precipitation 

could be involved.  
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Table 3.3. Major and trace element removal as a function of pH for Matla fly ash, Brugspruit and Navigation AMD reactions.  
 

Ratios Mn Fe Al Mg Zn Ni Cu Pb SO4
2-

Final Final Final Final Final Final Final Final Final Final
pH  conc conc conc  conc  conc conc conc  conc  conc

AMD 2.55 ±0.12 31.6 ±1.48 250.8 ±11.2 60.05 ±2.89 388.7 ±19.7 9.53 ±0.49 2.36 ±0.13 0.116 ±0.012 0.178 ±0.021 6155 ± 54.3
1:30 9.16 ±0.04 0.028 ±0.002 2.62 ±0.42 0.15 ±0.003 0.24 ±0.021 1.13 ±0.05 0.031±0.002 0.031±0.001 0.015 ±0.002 6137 ±7.0
1:20 9.73 ±0.13 0.066 ±0.013 3.5 ±0.42 0.99 ±0.06 1.46 ±0.21 9.19 ±1.19 0.051±0.002 0.04 ±0.002 0.017 ±0.002 5668 ±47.5
1:8 12.04 ±0.05 0.026 ±0.002 0.85 ±0.04 2.44 ±0.25 0.83 ±0.021 16.4 ±3.45 0.194 ±0.022 0.049 ±0.003 0.018 ±0.003 4601.8 ±3.37
1:5 12.64 ±0.14 0.339 ±0.004 4.23 ±0.15 0.15 ±0.01 297 ±21.4 1.21 ±0.05 0.332 ±0.002 0.044 ±0.002 0.011 ±0.005 NA
1:3.5 12.62 ±0.12 6.24 ±0.65 3.52 ±0.15 0.32 ±0.02 236.9±25.3 5.06 ±0.04 0.602 ±0.021 0.045 ±0.002 0.013 ±0.001 3709.8 ±59.0
Ratios Mn Fe Al Mg Zn Ni Cu Pb SO4

2-

Final Final Final Final Final Final Final Final Final Final
pH  conc conc  conc conc  conc  conc  conc  conc  conc

AMD 2.69 ±021 226.3 ±4.7 5599.9 ±80.9 1068.1±11.3 2661.7±35.0 49.0 ±30.62 6.95 ±0.018 0.355 ±0.007 0.314 ±0.107 11888.1 ± 20.6
1:3 6.33 ±0.15 56.65 ±5.68 293.3 ±19.6 2.85 ±0.05 636.9 ±80.4 1.30 ±0.012 0.58 ±0.04 0.045 ±0.003 0.019 ±0.002 5483.3 ±14.9
1:2.5 8.72 ±0.62 5.15 ±0.45 52.3 ±6.8 3.26 ±0.35 618.1 ±70.8 1.20 ±0.05 0.134 ±0.002 0.055 ±0.011 0.041±0.004 2414.3 ±28.1
1:2 9.47 ±0.43 1.11 ±0.005 43.2 ±4.6 2.35 ±0.56 200.0 ±34.5 1.26 ±0.02 0.088 ±0.004 0.073 ±0.005 0.03 ±0.005 2508.1 ±247.6
1:1.5 12.05 ±0.18 0.13 ±0.005 4.7 ±0.67 9.41 ±1.97 1.5 ±0.02 0.737 ±0.012 0.051 ±0.001 0.034 ±0.006 0.015 ±0.002 4570.7 ±110.3
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Concentration in mg/L reported as mean ±SD (n=3), AMD- stands for the initial concentration before treatment, NA-not analyzed. 
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Among the trace ions Ni, Cu, Pb show removal from solution in % ranging from 70 - 95 % as 

follows: 70-95 % for Ni, 55 –75 % for Cu and 85-90 % for Pb as the pH increases (Table 

3.3). The % removal for Ni increased with increase in pH reaching a maximum of 95 % at 

pH 12.62. The Cu and Pb removal efficiency was observed to decrease at FA: AMD ratio of 

1:8 which attained a pH of 12.04. The decrease in removal of these elements could be related 

to the formation of soluble hydroxo species at pH > 12.0. The tendency of metal species in 

solution to form hydro-complexes as pH increases can be depicted in the following equations 

(eq 3.3- 3.7): 
−+ +⇔ OHMsOHM 2)()( 2

2 ……………………………………………………...….(3.3) 
+−+ ⇔+ )(2 OHMOHM ………………………………………………………….…..(3.4) 

2
2 )(2 OHMOHM ⇔+ −+ ……………………………………………………….……(3.5) 

−−+ ⇔+ 3
2 )(3 OHMOHM …………………………………………………………….(3.6) 

−−+ ⇔+ 2
4

2 )(4 OHMOHM ……………………………………………………………(3.7) 

As long as the solubility product of the metal hydroxide is constant, the metal solubility 

decreases as the pH increases and increases with complex formation. As a result of this the 

metal species concentration in solution decreases until a certain pH value is reached and 

increases thereafter as the complex formation becomes important. Erol et al. (2005) observed 

that if the final pH of a mixture (fly ash- copper aqueous solution) exceeded 6 a sharp 

decrease in the Cu2+ was observed and at pH 8-9 the Cu2+ approached 100 %. Another reason 

for the increase could be reduced adsorption due to reduced formation of amorphous 

Fe(OH)3, MnOOH and Al(OH)3 due to the low concentration of Fe3+, Mn and Al3+ in 

brugspruit AMD 

 

Cr has maximum removal (80 %) at pH 9.16 attained for the ratio 1:30 followed by a 

decrease ranging from 30-50 % at pH> 9.16 (Table 3.4). Recent laboratory studies indicate 

that Cr is normally present in fly ash as Cr3+ and at pH 9.16 observed for FA: AMD ratio of 

1:30 Cr will precipitate as Cr(OH)3 but as pH increases the Cr(OH)4
- species become 

important.The presence of Cr(OH)4
- explains the decreased removal at 1:20 FA : AMD ratio.  

 

Mg2+ removal efficiency approaches 100 % at pH 9.16 decreasing as the pH increased at high 

FA: AMD ratios. At pH 12.62 attained with FA: AMD ratio of 1:3.5, Mg2+ removal 
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decreased to less than 40 % probably due to formation of soluble hydroxo species at the high 

pH. 

Table 3.4: % removal of Cr with increasing FA: AMD ratio and pH in process water. 
 
 Matla fly ash and Brugspruit AMD  
Ratios (FA: 
AMD) 

AMD 1:30 1:20 1:08 1:05 1:3.5 

Final pH 2.55 9.16 9.73 12.04 12.64 12.62 
Final 
conc(mg/L) 

0.775 0.176 0.525 0.375 0.526 0.502 

% removal 0.0 77.2 32.2 51.6 32.1 35.2 
 Matla fly ash and Navigation AMD  
Ratios(FA: 
AMD) 

AMD 1:3 1:2.5 1:2 1:1.5  

Final pH 2.69 6.33 8.72 9.47 12.05  
Final conc 
(mg/L) 

1.114 0.069 0.163 0.141 0.083  

% removal 0.0 93.8 85.4 87.3 92.5  
 

3.2.5.2 Matla fly ash and Navigation AMD reaction 
 

The pH increase as the FA: AMD ratio decreases is gradual for Navigation AMD reactions 

than for Brugspruit AMD (Figs 3.2 and 3.3). Consequently several metal removal trends are 

evident as the pH increases with increase of the FA: AMD ratio. 

At the initial pH 6.33 achieved for the FA: AMD ratio of 1:3 a sharp decrease in 

concentration is achieved for Fe, Ni, and Zn. With subsequent FA: AMD ratios the removal 

efficiency of a 100 % is attained. 

 

According to Britton, (1956) the pH of minimum solubility of the hydroxides of Fe3+, Fe2+, 

Zn2+ and Ni2+ are 3.0, 6.0-8.0, 6.0-6.5 and 6.66 respectively. Observation of the pH attained 

for FA: AMD ratio of 1:3 covers the optimum precipitation pH range of Fe3+ and Zn2+ and 

this explains the 100 % removal attained for Zn at this ratio (Table 3.3). The final pH of 6.3 

attained by this ratio means that a portion of the Fe2+ would still be in solution and this 

accounts for the 94 % removal of total Fe achieved. At FA: AMD ratio of 1:2.5 the removal 

of total Fe is achieved as the optimum precipitation pH of Fe2+ is achieved. Ni2+ removal is 

also observed to approach 100 % removal at this ratio. 

A sharp decrease in concentration for Cu and Pb was observed at FA: AMD ratio of 1:3. The 

pH attained for FA: AMD ratio of 3:1 covers the optimum hydroxide precipitation pH range 
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for both elements (Cu2+ pH 5.3, Pb2+ pH 6.0) as reported by Britton (1956).This explains the 

high % (87-94) removal attained. Erol et al, (2005) reported a sharp decrease in Cu2+ 

concentration when the solution pH of 6 was achieved and pH 6-7 for Pb2+ in aqueous 

solutions/fly ash mixtures. These two elements also show an increase in concentration at FA: 

AMD ratio 1:2 for Cu and 1:2.5 for Pb when pH is in the range 8.7-9.5 (Table 3.3). This has 

been extensively explained in the sub-section 3.2.5.1 that formation of hydroxo complexes 

for both elements at this pH range could account for decreased removal. 

Mg decreases in concentration gradually as the pH increases with a increase in FA: AMD 

ratios. At FA: AMD ratio of 1:3 a pH of 6.3 is attained and Mg removal is 75 %, the removal 

approaches 100 % at FA: AMD ratio of 1:1.5 when a pH of 12.05 was attained in the 

solution. This corresponds to the optimum precipitation pH of Mg(OH)2 reported in literature 

(10.49-11.0) (Britton, 1956). 

 

Cr removal is highest at (93 %) for 1:3 and 1:1.5 FA: AMD ratios when a pH of 6.33 and 

12.05 was attained respectively (Table 3.4). Removal at pH 6.33 is attributed to precipitation 

of Cr (OH)3, this corresponds to the pH region of minimum solubility of Cr3+ (Britton, 1956). 

Minimum removal efficiency occurs at intermediate FA: AMD ratios of 1:2.5 and 1:2 

corresponding to pH of 8.72 and 9.47 respectively.  

 

3.2.6 Water quality comparisons 
 

Compared to the department of water affairs and forestry (DWAF, 1996) water quality limits, 

treatments of Navigation AMD with Matla fly ash resulted in much cleaner water with Cu, 

K, Mo, Na, Zn being within the domestic water use limits for 1:3 FA: AMD ratio and Co, 

Cu, K, Na and Zn being within the domestic water limits for 1: 2.5 FA: AMD ratio. 

Treatment of Brugspruit AMD with Matla fly ash produced less cleaner water although 

breakthrough to alkaline pH was established within less than an hour. Only Cu, K were 

within the domestic limits for 1:30 FA: AMD ratio. This comparison includes only the FA: 

AMD ratios that resulted in process water in the pH range 6-9(Table B1-B3). 

 

3.2.7 Sulphate removal in the acid mine waters 
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The % removal of sulphate as the pH increases for different FA:AMD ratios is shown in 

Table 3.3.  

 

Both reactions exhibit an increased sulpate removal with increasing FA: AMD ratios. For 

Navigation reactions maximum removal is achieved at 1:2.5 thereafter lower removal rates 

are observed. The direct relationship of % sulphate removal and FA content in the reaction 

mixture suggests that dissolution of CaO and subsequent formation of gypsum accounts for 

the sulphate removal in both reactions. Increase in pH as the FA: AMD ratios increased was 

attributed to dissolution of CaO from fly ash. 

Although the lower FA: AMD ratios for Brugspruit AMD reactions achieve alkaline pH 

within a short contact time, they are not accompanied by high sulphate removal. On the 

contrary, high FA: AMD ratios used for Navigation AMD reactions result in circum neutral 

and alkaline pH after a longer contact time (Fig 3.3) and are accompanied by high sulphate 

removal. These reactions exhibit a large buffering at pH 5.5-6.5, oxidation and hydrolysis of 

Fe2+, formation of Al, Fe oxyhydroxysulphates, and Fe hydroxides with subsequent 

adsorption of sulphate accounts for the high removal rates. Uhlmann et al, (2004) observed 

strong buffering by Fe3+ with bound sulphate at pH 2.9 - 4.3 and buffering by Al with bound 

sulphate at pH 4.3 – 5.5 on titrating acidic mine water with NaOH. Moreover iron 

oxyhydroxides are known to sorb large quantities of sulphate (Seth and Ghazi, 1997). The 

chemistry of sulphate and its removal mechanisms is covered more fully in Chapter Four. 

 
3.2.8  Leaching of elements from fly ash 
 

Interaction of fly ash and acid mine drainage leads to dissolution of soluble salts on the 

surfaces of the fly ash and mineral precipitation may occur depending on the concentration 

achieved in solution. A stable solution composition is thereby achieved especially for 

elements whose hydroxides are highly soluble or exist as anions. Figure 3.5 below shows the 

concentration trends of Ba, B, Mo and Sr as function of FA: AMD ratios for Matla fly ash 

and Brugspruit AMD reactions while figure 3.6 shows the release of B, Sr and Mo as 

function of FA: AMD ratios for Matla fly ash and Navigation AMD reactions while figure3.7 

shows the variation of As and Se as a function of FA: AMD ratios for Matla fly ash, 

Brugspruit and Navigation AMD reactions. 
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Figure 3.5:. Variation of Ba, B, Mo and Sr concentrations as a function of FA:AMD ratios 

for Matla fly ash and Brugspruit AMD reactions. Values reported as mean ± SD (n=3), Error 

bars reflect 1 SD above and below the mean. 
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Figure 3.6:. Variation of B, Mo and Sr concentrations as a function of FA:AMD ratios for 

Matla fly ash and Navigation AMD reactions. Values reported as mean ± SD (n=3), Error 

bars reflect 1 SD above and below the mean. 

 

In both AMDs treatments similar trends are observed registering a peak in concentration at 

intermediate FA: AMD ratios. Ba, Mo and Sr are observed to increase steadily with 
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increasing fly ash in the reaction mixture (Fig 3.5 and 3.6). This suggests that dissolution of 

soluble salts of these elements from fly ash accounts for the increasing concentrations. High 

concentrations of Ba and Sr were observed in the Matla fly ash (Table 3.1) and its increase in 

solution with increasing fly ash in the mixture is expected. Trends for Mo also suggest 

dissolution of its soluble salt from fly ash particles. Eary et al. (1990) observes that the rates 

at which minor elements are leached from unweathered fossil fuel wastes are dependent on 

the abundances and dissolution kinetics. B increases steadily to a maximum at 1:20 FA: 

AMD ratio followed by a decrease with increasing fly ash. As the reaction mixture attained 

pH 9.47-9.73 for both ratios (Fig 3.5 and Table 3.3) B concentrations were observed to 

decrease. Hollis et al, (1988) observed that B concentrations are likely to be lowest in 

alkaline leachates that are actively precipitating CaCO3 (s). These reactions were carried out in 

open beakers and ingress of CO2 occurred and formation of CaCO3(s) was expected (more 

evidence for possible incorporation of B in carbonate fractions is presented from selective 

dissolution experiments in Chapter Four). 
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Figure 3.7: Variation of As and Se concentrations as a function of FA:AMD ratios for Matla 

fly ash and Brugspruit; Navigation AMD reactions. 

 
The As trends depict a near 100 % removal as the Ph increases in the process waters for both 

Brugspruit and Navigation AMD (Fig 3.7). Eary et al. (1990) points out that As (iii) and As 

(v) have been reported in fly ash and that in presence of ferric ions As(iii) is oxidized to As 

(v). These anions may combine with metal cations to form metal arsenites or metal arsenates 

depending on the oxidation state. It is predicted that the increased removal is due to increased 

formation of metal arsenites or arsenates as dissolution of the fly ash takes place. Juillot et 

al., 1999 observed formation of 1:1 Ca arsenates (weilite CaHAsO4, haidingerite 
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CaHAsO4.H2O and  pharmacolite CaHAsO4.2H2O) when acidic waters with arsenate species 

(0.961-3.149. 10-3 mol/l) interacted with Ca 2+ rich limestone substratum. These Ca arsenates 

are known to form at ph (3-6). This could probably explain the low levels of As observed as 

the FA: AMD ratio increased (Fig 3.7). The fly ash acted as a rich source of Ca 2+.  

Se shows a different trend from that of As, decreasing to a minimum at 1:30 FA: AMD ratio 

for Brugspruit AMD and 1: 2.5 FA: AMD for Navigation AMD respectively. Thereafter an 

increase corresponding to the increasing amount of fly ash in the mixture is observed. This 

implies that FA is the source of Se. Eary et al. (1990) observed that Se can exist as Se(iv) or 

Se (vi) depending on the oxidation conditions and will be removed as metal selenites or 

selenates. However if the removal mechanism was via metal selenites or selenates then the 

trends should be similar to As. As the amount of fly ash increase in the mixture the removal 

mechanism for Se seems to be exhausted. 

3.3 Conclusions 

 

The hydrolysis of AMD constituents such as Fe3+, Al3+, Fe2+ offsets the pH increase 

attributed to the dissolution of the oxide components of the fly ash. The three factors that 

finally dictate the nature of the final solution in these neutralization reactions are the FA: 

AMD ratio, the contact time of the reaction and the chemistry of the AMD. Depending on the 

concentration of the major contaminants in AMD FA: AMD ratios of 1:3,1:2.5 and 1:2 

resulted in neutral to circum-neutral waters after ≈ 360 minutes of reaction as a result of 

strong buffering at pH 4.5-6. FA: AMD ratios of 1:1.5 resulted in alkaline waters after the 

same time of contact (360 minutes). The fact that the concentration of the major 

contaminants contributed to the time of breakthrough to alkaline pH was evident with 

Brugspruit AMD reactions. Breakthrough occurred within 15 minutes of contact despite the 

low FA: AMD ratios used. 

 

Removal of major and trace elements was observed to be high (>75 %) for both Brugspruit 

and Navigation AMD reactions. Efficiency of the elements removal was directly linked to 

amount of FA in the reaction mixture and to the final pH attained. Most elements attained ≈ 

100 % removal only when the pH of minimum solubility of their hydroxides was achieved 

(i.e Mg=10.49-11.0, Cu2+=6, Pb2+=6-7). Elements such as Cu2+, Pb2+, Cr3+ and Mg were 
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observed to increase in solution at high pH; this was attributed to the formation of soluble 

hydroxo species. 

 

A direct relationship of % sulphate removal and FA content in the reaction mixture was 

observed suggesting that dissolution of CaO and subsequent formation of gypsum accounts 

for some of the sulphate removal in both reactions.  

 

The chemistry of the AMD was found to play a role in the removal of sulphate. Although 

Navigation AMD reactions resulted in circum neutral and alkaline pH after a longer contact 

time, this was accompanied by high sulphate removal. Formation of Fe oxyhydroxysulphates, 

Fe oxyhydroxides with subsequent adsorption of sulphate could have contributed to the high 

removal rates. 

Elements whose hydroxides are highly soluble or exist as anions in solution were highly 

leached and would be the limitation in using fly ash for treating acid mine drainage. B and Sr 

were found to increase by a factor of more than 10 as the fly ash increased in the reaction 

mixture. 
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Chapter Four 
  
Utilization of fly ash for remediation of coal mine waste waters: Solubility 
controls on major inorganic contaminants and their partitioning in the 
resulting solid residues (SR). 
 
Abstract 
 
Acid mine drainage (AMD) has been reacted with coal fly ash in a 24 hour equilibration time 

using 1:3 and 1:1.5 FA: AMD ratios by weight to produce neutral and alkaline process 

waters. The capacities of the fly ash to remove the major inorganic contaminants with 

reaction time were examined. The elemental concentration trends with time for the two ratios 

were used to discern which elements have solubility control in the neutralization process. The 

geochemical computer code PHREEQC and WATEQ4 database was used for geochemical 

modeling of the process water. The resulting solid residues were analyzed by X-ray 

Diffraction, scanning electron microscopy (SEM) and scanning electron microscopy-energy 

dispersive X-ray spectroscopy (SEM-EDX) in an attempt to detect the minerals phases 

controlling the inorganic contaminants concentration in solution. The relative quantities of 

soluble bases (oxides) in fly ash and hydrolysable constituents in AMD dictated whether the 

final solution at a given contact time will have a dominant acidic or basic character. Fe, Al, B 

were observed to have solubility control for the entire contact time while Ca, Na, Mg, Si and 

Mn developed solubility control after the initial rapid dissolution. Increase of pH in solution 

with contact time caused the removal of the metal ions mainly by precipitation, co-

precipitation and adsorption. Fe was mainly removed as Fe(OH)3(a), goethite, Al as 

basaluminite, boehmite and alunite at pH 5.28-6.95, Al(OH)3(a) at pH 6.45-6.95, and as 

gibbsite and diaspore at pH 5.53-9.12. Cu and Zn by adsorption onto the precipitating iron 

(oxy)-hydroxides and aluminum (oxy)-hydroxides. Si by dissolution of SiO2(a) at pH<5 and 

equilibrium with mullite at pH >8. Na was removed as Na-jarosite at pH 3.96-6.95 and Ca as 

gypsum. Sulphate was initially removed as gypsum, but at pH 5.49-6.95 SO4
2- bearing Al 

hydroxy sulphate minerals, barite and K, Na-jarosites seemed to play a significant role in 

sulphate reduction. 

Sequential extraction revealed that all the elements exhibited a significant retention in the 

carbonate and amorphous fractions which implies their non-lability unless in contact with 

aggressive acidic leachates. Amorphous fraction was observed to be the most important in 

 

 

 

 



 

91 

retention of the major and minor contaminants at pH > 6.32 which implies that the 

concentration of total Fe and Al in the AMD being treated will have a direct effect on the 

clean-up efficiency of the process. 

 

Academic Output 
 

Gitari M.W, L. F Petrik, O. Etchebers, D. L Key, E.Iwuoha and C. Okujeni. Utilization of 

Fly Ash for Remediation of Coal Mines Wastewater: Solubility Controls on Major Inorganic 

Contaminants. A paper submitted to Journal of Environmental Quality. 2006  

 

M.W. Gitari, L.F. Petrik, O. Etchebers, D. Key, E.I. Iwuoha and C. Okujeni. 2005. 

Mineralogy and trace element partitioning in coal fly ash/acid mine drainage co-disposed 

solid residues. A paper presented at, The World of Coal Ash 2005, incorporating 

International Ash Utilization Symposium of the UK CAER, the ACAA's 16th International 

Symposium and meeting of the U.S. Office of Surface Mining, Lexington, Kentucky, USA, 

11-15 April 2005. 

 
4 Introduction 
 

Several authors point out that the dominant chemical characteristics of a fly ash leachate (pH, 

EC) are usually established within minutes of addition of water (Reardon et al., 1995; 

Campbell, 1999; Kopsick and Angino, 1981). This results from the flush of ions to the 

solution from readily soluble minerals present in the ash. Secondary minerals may then 

precipitate out immediately depending on the ion concentration in solution after the initial 

rapid dissolution or after a prolonged dissolution. However the quantities of secondary 

mineral precipitates may be too low to be detected by X-ray diffraction or due to their 

amorphous nature. Reardon et al. (1995) argued that if an element concentration does not 

double when the water: solid (W: S) ratio is halved, then there must be a solid phase control 

on the element concentration in solution. Unlike equilibration with water, the AMD contains 

high concentration of SO4
2-, Ca, Mg, Al, K, Mn, Si and Fe which are existence in FA and 

will leach out on interaction with the AMD. A decrease in concentration when the FA: AMD 

ratio is doubled will therefore signify existence of solubility control for that element or ion. A 

simple increase in concentration when FA: AMD ratio is doubled for the entire contact time 
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will signify lack of solubility control. The concentration trends with reaction time for these 

elements can therefore be used to discern whether any mineral solubility control exists in 

these neutralization reactions. This data in combination with direct physical methods, XRD 

and SEM-EDX can form a strong basis for the evaluation of the mineralogy of the resulting 

solid residues.  

 

The theory and application of sequential extraction has been presented in section 2.4.9. In 

this study the sequential extraction procedure was intended to evaluate the mass transfer of 

major and trace elements from AMD and FA to the resulting precipitates admixed with 

residue matrix of the fly ash. It is intended to elucidate the transformation of labile toxic 

elements to less labile phases. The extraction sequence procedure seeks to partition the 

contaminants for both FA and solid residues into: double deionized water (soluble fraction), 

magnesium chloride (exchangeable fraction), sodium acetate-acetic acid (carbonate fraction), 

hydroxylamine –hydrochloride-nitric acid (Mn-oxides), ammonium oxalate in the dark 

(amorphous fraction) and ammonium oxalate-oxalic acid-ascorbic acid in the dark 

(crystalline iron oxides). The extraction scheme adopted is a combination of the methods 

developed by Chao (1972), Muller and Seiller (1999), and Tessier et al. (1979).  

 

Understanding the interaction between the toxic elements in both FA, AMD and mineral 

phases being formed or likely to control their concentration in the neutralization process will 

be important in designing a treatment process for AMD with fly ash as the liming agent. In 

addition understanding the partitioning of trace and major elements in the resulting solid 

residues is essential in deciding their environmental disposal or application. 

The objectives of this part of the study therefore were: 1] to evaluate the evolving process 

water chemistry with time for the FA: AMD ratios 1:3 and 1:1.5. 2] determine the possible 

solubility controls for the major inorganic contaminants. 3] assess the partitioning of the 

major and trace elements in the resulting solid residues (SR).  
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4.1 Materials and Methods 

 

4.1.1 Sample Description 
 

The fly ash used was obtained directly from the Arnot power station in South Africa and kept 

in tightly locked PVC buckets to prevent ingress of CO2 which leads to loss of alkalinity 

(Campbell, 1999). AMD samples here referred to as Navigation were obtained at Navigation 

colliery in Witbank, South Africa. Total elemental analysis of FA and SR was done on 

powder briquettes by XRF and reported in weight % oxide for major and ppm for minor 

elements. The results of the chemical characterization of the samples used are presented in 

Table 4.2 and 4.3.  

 
4.1.2 Neutralization Reactions 
 

The fly ash/AMD neutralization experiments were conducted by stirring a mixture of fly ash 

and AMD in which the fly ash and AMD were weighed to give a specific FA: AMD ratio. 

The AMD was stirred for 30 minutes for equilibration before the fly ash was added. An 

overhead stirrer was used for all the experiments. For the 1:3 FA: AMD ratio 133 grams of 

Arnot fly ash were added to 400 ml of Navigation AMD in a 800 ml beaker. For 1:1.5 FA: 

AMD ratio 100 grams of Arnot fly ash were added to 150 ml of Navigation AMD in a 400 

ml beaker. The experiments were done in triplicate. The progress of the reaction was 

monitored by measuring the pH and EC with a Hanna HI 991301 portable 

pH/EC/TDS/Temperature probe. The reactions were stopped at designated time intervals (1, 

3, 10, 15, 30, 60, 90, 150, 210, 270, 300, 360, 420, 480, 720 and 1440 minutes). The mixture 

was filtered through 0.45μm nucleopore membrane and the filtrate analyzed for the major 

elements, trace elements and the anion SO4
2-. Elemental analysis of the water samples was 

done by ICP-MS (ELAN 6000). The accuracy of the analysis was monitored by analysis of 

NIST water standards. Fe2+/Fe3+ analysis was done by the colorimetric method using 2, 2-

bipyridal as the complexing reagent. SO4
2- analysis was done by Ion Chromatography 

(Dionex DX-120). 
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4.1.3 XRD and Scanning electron microscope investigations 
 

XRD spectra of the powder mounts of the solid residues were obtained by step-scanning at 

intervals of 0.020 2θ from 50 to 850 and counted for 0.5 seconds per step. A Phillips 

PANalytical instrument was used with a pw3830 x-ray generator operated at 40 kV and 25 

mA. The X’pert graphics and identify program was used to identify the mineral phases using 

the JCPDF database. Samples for scanning electron microscope investigation were 

disaggregated in ethanol in a ultra-sonic bath. Drops were dispersed on a carbon tape using a 

Pasteur pipette and then air dried. A scanning electron microscope (Hitachi X-650 micron 

analyzer) was used to characterize the morphology of the solid residues. Analysis by 

scanning electron microscope coupled to energy dispersive analysis of X-rays spectrometer 

(SEM-EDX) of the solid residues and unreacted fly ash was done to qualitatively identify 

probable mineral phases that formed in the process and eluded detection by XRD. 

 

4.1.4 Calculation of Saturation States 
 

Precipitation of solid phases may be the most important chemical process influencing on the 

fate of major (SO4
2-, Fe3+, Fe2+, Al, Mn, Ca) and minor elements (Zn, Cu, Mo, Ni, B, Sr) in 

acid mine waters in this process. Activities of aqueous species and mineral saturation indices 

of selected mineral phases were calculated using PHREEQC software (Parkhurst, 1995) and 

the WATEQ4F database. Analysis data of the process water for each time interval were input 

and used to estimate the activities of the various species. The activities of the dissolved 

species were calculated with Davies equation (Davies, 1962). Fe was input as Fe2+/Fe3+ and 

was utilized in calculation of the redox potential. At detection limits or below detection limits 

of Fe2+/Fe3+ the default pe in WATEQ4 database was used. The data used for the ion activity 

calculations were pH, alkalinity, solute concentrations for Al, Ca, Cu, Fe2+, Fe3+, Zn, SO4
2-, 

Na, K, Si, Mn, Pb, B, Sr, Ba, and Mo. Saturation index (SI) is used when large deviations 

from equilibrium are observed. For SI=0, there is equilibrium between the mineral and the 

solution; SI<0 reflects sub saturation, and SI>0 super saturation. For a state of sub saturation 

dissolution of the solid phase is expected and super saturation suggests precipitation. The 

calculated ion activity data was used in plotting equilibrium solubility diagrams for selected 

mineral phases. 
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4.1.5 Sequential Chemical Extractions of the Solid Residues (SR) 
 

Sequential extractions were performed on the equivalent masses ranging from 1-10 g solid 

residues dry matter for the six extractions. The % moisture content of the solid residues were 

determined on separate portion of the wet solid residues by drying at 105oC for 12 hours for 

each extraction and this value was used to calculate the mass of dry solid residues used. The 

extraction was carried out by agitating the samples in a table shaker.  

 

After each extraction samples were centrifuged at 1000 rpm for 10 minutes and the 

supernatant filtered through a 0.45 μm nucleopore membrane. The extracted sample was then 

washed with MilliQ water, centrifuged, decanted and discarded. The extraction was done in 

triplicate. For each extraction a blank sample was prepared using the extraction reagents and 

analyzed to account for any background contribution. In addition NIST-1640 water standard 

reference material was analyzed after a 20 batch of samples for quality control. The 

extraction was done for Arnot FA and solid residues (SR) collected at pH 4, 4.92, 6.32 and 

9.12 for FA: AMD ratio of 1:3. 

 

4.1.5.1 Water soluble fraction 
 

The extraction was done by agitating 10 g of the wet sediment solids in 100 ml MilliQ water 

for 1 hour. After each extraction the samples were centrifuged at 1000 rpm for 10 minutes 

and the supernatant filtered through 0.45μm nucleopore membrane (Shuman, 1982). Samples 

were then prepared for cations and SO4
2- analysis. The extracted solid samples were then 

rinsed in 100 ml of MilliQ water, centrifuged, decanted and discarded. The solids were 

finally recovered for the subsequent extraction by filtration again on a 0.45 μm nucleopore 

membrane. A sub-sample was kept a side for the moisture content determination.  

 

4.1.5.2 Exchangeable fraction 
 

7 g of wet solid residues from the water soluble fraction was extracted with 70 ml of MgCl2 

solution (1 M MgCl2 solution) at pH 7, by continuous agitation for I hour at room 
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temperature (Tessier et al., 1979). The MgCl2 solution was prepared by dissolving 47.7 g of 

analytical grade MgCl2 salt in 500 ml of MilliQ water. 

 

4.1.5.3 Carbonate fraction  
 

6 g of the wet sediments from the exchangeable fraction were extracted with 60 ml of 1 M 

sodium acetate/acetic acid buffer solution at pH 5 by agitating continuously for 5 hours 

(Tessier at al., 1979). The 1 M buffer solution was prepared by dissolving 41.4 g of 

analytical grade sodium acetate in 500 ml and adjusting the pH with 0.5 M acetic acid 

solution. 

 

4.1.5.4 Crystalline Mn-oxides 
 

5 g of the wet solid residues from the carbonate fraction were extracted with 125 ml of 0.1 M 

hydroxylamine hydrochloride prepared in 0.01 M HNO3 at pH 2 for 30 minutes by 

continuous agitation (Chao, 1972; Shuman, 1982). This procedure is expected to extract 

contaminants that are bound to crystalline Mn oxides and is estimated to be 85 % efficient at 

selective solubilization of crystalline Mn oxides (Chao, 1972). A few percent of total 

amorphous iron may also be extracted (Chao, 1972, 1984). 

 

4.1.5.5 Amorphous Fe, Mn, Al- oxides, (oxy) hydroxides 
 

4 g of the wet solid residues from the crystalline Mn-oxide fraction was extracted with 800 

ml of the 0.2 M ammonium oxalate/oxalic acid buffer at pH 3 for 4 hours (Cornell and 

Schwertmann, 1996; Schwertmann, 1973). The 200:1 W/S ratio was adopted on optimization 

done on the solid residues (Table 4.1) which indicated maximum dissolution after four hours 

of reaction time. The optimization was carried out by dissolution at two Water/Solid ratios 

and reaction times. Two size fractions designated as coarse and fine were used for the 

dissolution experiments; these were obtained by disaggregating the solid residues collected at 

pH 9.2 in a ultra-sonic bath using MilliQ water. The mixture was allowed to stand for 10 

minutes and the solution filtered to collect the fine particles, this procedure was repeated 

several times by shaking the mixture gently and letting it settle before filtration to collect 

more of the fine solids. The remaining mixture was then filtered to collect the coarse 
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particles. For the main experiments however no separation was attempted, the solid residues 

were used as collected at different reaction times. The table below shows the total Fe 

collected at W/S ratios and reaction times employed. 

 
Table 4.1: Total Fe (μg/g) dry weight extracted from the coarse and fine size fractions 
 
Water/Solid ratio 200:1 100:1 
Dissolution time(hrs) 2 4 2 4 
Coarse fraction 3458 3875 2029 2477 
Fine fraction 4226 4475 2247 2584 
 

4.1.5.6 Crystalline Fe oxides 
 

 2-2.5 g of the wet solid residues were extracted with 60-75 ml of ammonium oxalate 

monohydrate 0.2 M + oxalic acid 0.2 M + 0.1 M ascorbic acid mixture at pH 3.25 by 

agitating for 30 minutes in a water bath maintained at 95 ± 5oC (Muller and Seiller, 1999). 

The working solution was prepared by dissolving 17.613 g ascorbic acid in 0.2 M ammonium 

oxalate/oxalic acid buffer. 

  

4.2 Results AND Discussions 

 
4.2.1 Composition of fly ash and Navigation Acid mine Water 
 

The X-ray fluorescence (XRF) results (Table 4.2) show that the fly ash consists of three 

major phases: Al2O3, Fe2O3 and SiO2. The American Society for Testing and Materials 

(ASTM, 1988) uses these three major phases to classify fly ashes based on coal source. From 

the analysis (SiO2 +Al2O3+Fe2O3≥ 70%) the Arnot fly ash can be categorized as class F, 

which is either derived from anthracitic or bituminous coals (Mattigod et al., 1990). Among 

the minor elements Arnot fly ash shows high concentrations of Sr, Ba, Cr, Zr and Ni. Traces 

of Mo are also present. These concentrations are within the concentration ranges reported by 

Early et al. (1990) and are higher than values generally found in coals and soils indicating 

that the combustion process tends to enrich the fly ash with minor elements. 

 

The Navigation AMD is strongly acidic (pH 2.19). The pH of mine water depends on the 

relative abundance and extent of weathering of pyrite and calcite neutralization. Low pH 
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values of the AMD imply a deficiency of calcareous minerals and absence of carbonate 

buffering in mine tailings or boulders through which the groundwater flows. Major elements 

include Na, Ca, Mg, Al, Mn and Fe. Dissolution of silicate minerals such as feldspar, 

kaolinite and chlorite accounts for most or all of the dissolved K, Na, Mg, Al and Ca (Crouse 

and Rose, 1976). The Navigation AMD has high SO4
2- content (Table 5.3) typical of leachate 

from sulphide rich coal mine tailings and underground mine lakes (Uhlmann et al., 2004). 

 

Table 4.2: Composition of Arnot fly ash and solid residues (SR) collected at pH 9.2 for 1:3: 

fly ash (FA): acid mine drainage (AMD) ratio. 

 
 Fly ash (FA)    Solid residues (SR) 
Elements Concentration (% w/w) Elements Concentration (ppm) Elements Concentration (% w/w) 
SiO2 52.4 ± 2.36 Cu 45.3 ± 6.6 SiO2 45.81 ± 3.6 
TiO2 1.34 ± 0.05 Mo 5.5 ± 1.23 TiO2 1.29 ± 0.06 
Al2O3 23.4 ± 1.08 Ni 92.4 ± 6.5 Al2O3 22.57 ± 2.1 
Fe2O3 4.72 ± 0.96 Pb 57.4 ± 13.6 Fe2O3 6.31± 1.29 
MnO 0.06 ± 0.001 Sr 1465.9 ± 113.8 MnO 0.10 ± 0.01 
MgO 2.67 ± 0.035 Zn 54.3 ± 4.71 MgO 2.33 ± 0.65 
CaO 8.41 ± 0.574 Zr 478.1 ± 125.7 CaO 7.18 ± 2.62 
Na2O 0.35 ± 0.253 Co 16.2 ± 13.08 Na2O 0.40 ± 0.014 
K2O 0.48 ± 0.032 Cr 181.2 ± 1.14 K2O 0.53 ± 0.13 
P2O5 0.34 ± 0.212 V 147.4 ± 39 P2O5 0.63 ± 0.04 
Cr2O3 0.03 ± 0.009 Ba 931.0 ± 95.2 Cr2O3 NA 
SO3 NA   SO3 3.52 ± 0.21 

Results presented as mean ± SD for n=3 
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Table 4.3: Chemical and physical characteristics of Navigation AMD (concentration in mg/L 

except for pH, EC and acidity). 
Parameter Navigation AMD Parameter Navigation AMD 
pH 2.19  

± 0.02 
Ni 6.16  

±1.23 
EC (mS/cm) 15.77 

± 0.01 
Cu 7.10 

 ± 2.14 
Acidity (mg/l 
CaCO3) 

14450 
 ± 50.6 

Zn 15.71 
 ± 3.46 

B 10.3 
 ± 1.26 

Se 10.39  
± 0.023 

Na 102.9  
± 10.6 

Sr 1.95  
± 0.021 

Mg 399.4  
± 30.7 

Mo 0.014  
± 0.002 

Al 453.4  
± 17.9 

Ba 0.108  
± 0.003 

Si 99.2  
± 9.43 

Pb 0.455  
± 0.022 

Ca 146.9 
 ± 12.5 

SO4
2- 24880  

± 96.7 
Mn 95.8  

± 7.89 
Cl- 370  

± 55.6 
Fe2+ 4444.9  

± 59.8 
NO3- 90 

 ± 20.3 
Fe3+ 2065.6  

± 10.3 
  

Results presented as mean ± SD for n=3 

 

4.2.2 Composition of Solid Residues (SR) 
 

The results of XRF analysis of the solid residue samples collected at pH 9.2 for 1:3, FA: 

AMD ratio are shown in Table 4.2. A comparison of the composition of FA and the SR 

indicates a decrease in SiO2, CaO and MgO. The decrease in SiO2 reflects the dissolution of 

amorphous SiO2 at low pH while the decrease in CaO and MgO content in the solid residues 

reflects the dissolution of free lime and MgO which is responsible for the neutralizing 

capacity of the fly ash. An increase in Fe2O3, Al2O3 and MnO in the solid residues indicates 

the removal of these elements from AMD as insoluble precipitates as the pH increases.   

 

4.2.3 Neutralization Reactions 
 

The evolution of pH values with time for the 1:3 and 1:1.5 FA: AMD ratios are presented in 

Figure 4.1. The pH values for the 1:3 ratio are characterized by two buffer regions, at pH 4 - 

4.5 and pH 6.0. The 1:1.5 ratio shows two buffer regions, at pH 4.5 - 5.0 and at pH 9.0. The 
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buffering exhibited by the AMD at the 1:1.5 ratio is stronger. This is evidenced by the lower 

gradient of the curves at these buffer regions.  
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Figure 4.1: pH change with contact time for the 1:3 and 1:1.5 FA: AMD reactions. Error bar 

represents 1 SD above and below the mean. 

 

The buffering region at pH 9.0 is absent in the 1:3 ratio since the system attained pH 9.0 at 

the last contact time investigated. The buffering region at pH 9.0 for 1:1.5 ratio could be 

attributed to the formation of soluble hydrous complexes by cations such as Al(OH)4
- at high 

pH (Ricoh et al., 1999).There are two opposing processes which establish the pH value for 

the solution in this neutralization process. The dissolution and hydrolysis of oxide 

components such as CaO and MgO (equations 4.1 and 4.3) (Table 4.2) from fly ash which 

contributes to an increase in solution pH. 
−+ +→+ OHCaOHCaO 22

2 …………………………………………………………(4.1) 
−+ +→+ OHMgOHMgO 22

2 ………………………………………………………...(4.2) 

 

Offsetting the pH increase contributed by the dissolution of the oxide components is the 

hydrolysis of AMD constituents such as Fe3+, Al3+, Fe2+ and Mn2+ (Table 4.2 and 4.3). The 

relative quantities of soluble bases (oxides) in fly ash and hydrolysable constituents in AMD 

dictate whether the final solution at a given contact time will have a dominant acid or basic 

character. There are two factors that will finally dictate the nature of the final solution in 

these neutralization reactions: 
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a) FA: AMD ratio 

b) Contact time 

While the 1:1.5 FA: AMD ratio achieves a breakthrough to alkaline pH (8.0 to 9.0) after only 

120 minutes, the 1:3 FA: AMD ratio achieves the same breakthrough after1440 minutes. This 

confirms the importance of the amounts of available soluble oxides and contact time in 

controlling the pH of the process waters. 

These results indicate that by varying the FA: AMD ratio or the contact time of the reaction 

different pH values of the final solution can be achieved. It has also been established that the 

hydrolysis of the AMD constituents contributes to the buffering of pH and breakthrough to 

alkaline pH will depend on the alkalinity generated from the available fly ash. The higher the 

FA: AMD ratio the higher the pH of the final process water achieved. 

 

4.2.4 X-ray diffraction (XRD) and Scanning electron microscopy-Energy dispersive 

(SEM-EDX) Analysis of the Solid Residues 

 

The XRD of the solid residues revealed gypsum as the only new mineral phase formed at all 

contact times (Fig 4.2) despite the evidence of iron (oxy) hydroxide precipitation which 

could mean that the precipitates formed were largely amorphous. Another reason for non-

detectability by XRD could be due to the masking effect by the fly ash alumino-silicate 

matrix and the crystalline mullite and quartz phases that are abundant in fly ash (Fig 4.2). 
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Figure 4.2: XRD spectra of solid residues collected at increasing contact time (minutes) (G-

gypsum, Q-quartz, M-mullite, AN-Arnot fly ash + Navigation AMD, 13-FA: AMD ratio, -

time (minutes), AFA-Arnot fly ash). 
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In order to better understand the mode of interaction of AMD and fly ash and the formation 

of mineral phases, SEM was utilized to appreciate the change in morphology of the resulting 

solid residues as compared with fly ash while SEM-EDX was utilized to semi-quantitatively 

identify the mineral phases resulting from the neutralization reactions. Spot analysis was 

done on selected solid residue samples.  

 

Figures 4.3 and 4.4 shows the morphological changes taking place after interaction of the fly 

ash with AMD. The smooth round spheres of the fly ash (Fig 4.3-1A) are largely replaced by 

rough angular shaped particles which are characterized by aggregation with crystals 

dispersed all over (Fig 4.3-1B, 1C and 1D). The uneven rough blocky shapes observed is 

evidence of mineral phases/precipitates coating the sphere surfaces or removal of soluble 

salts that covered the fly ash surface. The small spheres are seen to be aggregating and filling 

in the spaces between the large spheres forming a dense mass (Fig 4.3-1C and 4.5-2A). 

Bulky solution precipitation could be responsible for the formation of mineral phases which 

are deposited in-between the fly ash spheres, thereby acting as a binding link between the fly 

ash particles hence the dense packing observed in the SEM micrographs.  
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Figure 4.3: SEM micrographs of Arnot fly ash (1A) (magnification=2000) and solid residues 

(1B, 1C and 1D) collected at pH 9.2 for 1:3 FA: AMD reaction (Magnification = 500) 
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Three main features are observed in the solid residues by SEM technique. 

 Smooth coating on top of the fly ash spheres sometimes with small fly ash spheres 

embedded in-between. This feature is more clearly observed at higher magnification 

(Fig 4.3-1C) 

 Rods-like structures of varying length and thickness/some are flat shaped and are 

observed over the whole solid residue samples (Fig 4.3-1D and Fig 4.4-2A). 

 Aggregation of the small fly ash particles to form lumps which fill in spaces between 

the large spheres creating a dense mass (Fig 4.3 1B) better observed at the bottom left 

corner and top right hand corner. 
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Figure 4.4: SEM micrographs of solid residues (2A-mg=1000, 2B-mg=1000, 2C-mg=500 

and 2D-mg=1000) collected at pH 9.2 for 1:3 FA: AMD reaction (Mg=magnification) 

 

 Smooth large spheres are often observed in the solid residues, they appear to have a 

coating, with smaller particles adhering to the surfaces (F 4.4-2B). 

The figures 4.4-2C and 4.4–2D shows leached solid residue particles, they exhibit a relatively 

smooth etched surface of a large sphere and small spheres. Particles appear dispersed, with 

loss of coatings on particle surfaces. The precipitates/mineral phases that resisted the 

leaching are observed either on the surface of the sphere or detached from the sphere. This 

probably represents the initial stages of contact between fly ash and AMD before 

precipitation and deposition of precipitates occurs. 

The SEM and SEM-EDX spot analysis were done on solid residues collected at pH 8.0-9.2 

for 1:3 and at pH 9.8 for 1:1.5 FA: AMD ratio. A spot analysis of the unreacted fly ash was 

also done for comparison. The data trends are then used to tentatively identify the mineral 
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phases that could be forming in the treatment process. The spots and areas analyzed are 

shown in Figure 4.5 below. The accompanying SEM-EDX analyses are results expressed as 

weight % presented in Table 4.4 below 

 
Table 4.4: SEM-EDX spot % elemental analysis of solid residue collected at pH 9.2 for 1:3 

FA: AMD ratio 

 

Element Arnot fly 
ash 

AN31-A AN31-B AN31-C AN31-D AN31-E AN31-F AN31-G 

O 32.72 15.17 33.26 30.42 36.02 19.47 27.45 34.05 

Al 20.80 19.59 15.60 14.59 11.15 28.74 32.84 10.19 

Si 33.57 39.15 20.06 24.08 23.89 27.70 36.31 6.45 

P ND ND 1.70 2.82 0.72 ND ND ND 

S ND ND 1.95 1.00 8.80 0.98 ND 11.24 

Mg ND 3.14 5.07 3.13 1.26 2.05 ND 0.96 

Ca 6.76 13.82 10.89 14.27 16.02 6.57 0.76 34.59 

K 1.46 ND 0.43 0.61 0.45 1.60 0.78 ND 

Ti 3.08 5.56 1.01 2.69 0.30 2.84 0.21 0.45 

V ND 0.34 ND 0.15 ND 1.08 ND ND 

Fe 1.60 3.23 10.04 6.24 1.38 8.97 1.64 2.08 
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Figure 4.5: SEM micrograph of solid residues collected at pH 9.2 for 1:3 FA: AMD ratio 

(1A and 1B) showing the spots where EDX analysis was done (magnification=2000), 1C for 

solid residues collected at pH 9.88 for 1:1.5 FA: AMD ratio showing needle like crystals 

similar to spot G in 1B. 

 

Spot A (Fig 4.5-1A) represents a gel like coating on a large sphere, compared to the spot 

analysis of the un-reacted fly ash there is increased  % content of Si, Ca, Mg, Ti and a 

decreased O, the Al/Si ratio is 0.5. The increasing Ca, Mg and Si coupled with a decrease in 
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O suggest a Ca-Mg rich glass phase. The high Ti could be a result of the contribution from 

the underlying layers. 

 

Spot B (Fig 4.5-1A) represents an aggregation of small fly ash spheres which are joined 

together by a new phase that seems to be filling in. This spot shows a significant increase in 

Fe (ten fold) strongly suggesting an iron-rich phase is being formed. An increase in Ca, Mg 

and Si similar to spot-A is observed strongly pointing to a Ca-Mg-Si rich glass phase 

formation. 

 

Spot-C (Fig 4.5-1A) represents small fly ash sphere with minute point-like coatings on the 

surface. Spot analysis of this sphere shows increased Ca, Mg, Fe, P, S. The Fe content is 

double compared to the unreacted fly ash. The increase in Fe content could point to the 

formation of an iron-rich phase. The presence of P, S and Ca suggests a type of jarosite 

mineral being precipitated where K or Na is being replaced by Ca, Fe by Al, SO4
2- by PO4

3- 

and Mg probably incorporated in the jarosite. Jarosite is a hydroxysulphate of Fe and K or 

Na, Fe can be replaced by Al and by smaller amounts of Zn and Cu. K is usually replaced by 

Ca, Pb, Ba, Sr, or Ce, Sulphate can also be replaced by PO4, AsO4, CO3, SbO3, CrO4 or 

SiO4 (Scott, 1987) 

 

Spot-D (Fig 4.5-1A) represents a crystal; analysis of this crystal reveals significant increase 

in S and Ca. No change is observed for the Al/Si ratio compared to fly ash. An increase in O 

is also observed. This strongly suggests a gypsum crystal. 

 

Spot-E (Fig 4.5-1B) represents surface of a large sphere. The spot analysis shows increase in 

Al and Fe and decrease in O. Al/Si =1.04. The increase in Al could be attributed to the 

etching action of the acidic solution on the fly ash sphere. Hullet and Weinberger (1980) 

observed a decrease in Si intensity in relation to Al in fly ash etched with 1 % HF. A 

decrease in Na, Mg Ca, and K was also observed. They attributed this to the dissolution of 

the relatively soluble aluminosilicate glass phase. A decrease in O content reinforces this 

argument. They also observed that Ti and Fe were isormorphically substituted for Al and Si 

in the mullite. The increase in Fe for this spot could therefore be attributed to the effect of 

Ca, Mg, Na, K and Si removal. This surface analysis suggest that this could be the initial 
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stage of the neutralization process where the strongly acidic media comes into contact with 

the fly ash and dissolves most of the soluble salts on the surface leaving a rough surface (Fig 

4.5-1B spot E). Analysis of spot-F (Fig 4.4-1B) reveals similar elemental trends as observed 

for spot-E which reinforces the fact that this represents a deeply etched sphere with no 

secondary mineral phase formed on the surface. The Al/Si=0.94 is very close to that observed 

for spot-E. 

 

Spot-G (Fig 4.5-1B) represents a mass of needle-like crystals, there is significant increase in 

Al, S, Ca and O compared to the unreacted fly ash suggesting an ettringite phase. O’Brien 

(2000) observed such a mass of needle-like crystals when he neutralized fly ash paste 

extracts with synthetic acid mine drainage. This precipitates were collected at circumneutral 

pH 9.33 while O’Brien (2000) observed ettringite formation at alkaline pH >10. A SEM 

micrograph for solid residues collected at pH 9.88 for 1:1.5 FA: AMD ratio showed the 

needle like crystals characteristic of ettringite dispersed all over (Fig 5.5-1C). 

 

It can be concluded that the strongly acidic mine drainage on contact with the fly ash 

particles dissolves most of the surface soluble salts, the dissolved ions then react with the 

AMD components in the bulky of the solution and the minerals formed either precipitate on 

the surface of the large spheres or fill in between the small spheres leading to aggregation. 

 

The SEM-EDX elemental profiles indicate a general increase in content of Ca, Mg and Si in 

most of the spots analyzed. Most of the spots do not show any crystallinity suggesting they 

are amorphous. Analysis of the crystals observed (spot-D and spot-G) (Fig 4.5-1A and 1C) 

suggests gypsum and ettringite are the only crystalline phases formed in this process and 

were probably significant in attenuation of sulphate. The observed increase in Fe content for 

precipitates cementing the reacted fly ash particles together and the fine coatings on the small 

fly ash spheres accompanied by increased O content probably indicates precipitation of iron 

hydroxide. 

 

SEM and SEM-EDX analysis of the resulting solid residues has provided a semi-quantitative 

proof that interaction of fly ash and AMD components leads to the clean-up of the AMD 

through precipitation of largely amorphous Fe and Al-bearing mineral phases as the pH 
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increases to alkaline levels. Interaction of Ca, Mg, Al and Si has been observed to be taking 

place leading to the formation Ca, Mg, Al, Si and O rich gels. XRD has provided proof that 

gypsum is playing a significant role in contributing to the attenuation of sulphate in AMD.   

 

4.2.5 Trends of Major Elements in the Process Water for 1:3 and 1:1.5 FA: AMD 

Reactions with time. 

 

The trends of major elements, solid residue analysis by XRD, SEM-EDX and saturation 

indices (SI) calculated using PHREEQC geochemical model are used to deduce the 

mechanisms responsible for the metal removal and solubility controls involved. The SI 

indices calculated at selected contact times as the pH increases are presented at the end of 

this section in tables 4.5 and 4.6 

 

4.2.5.1 Sulphate trends 
 

Figure 4.6 below shows the SO4
2- trends for the 1:3 and 1:1.5 FA: AMD reactions for a 24 

hour contact time. Navigation AMD samples were characterized by high SO4
2- levels (24880 

mg/L) (Fig 5.6 and Table 5.3). A decreasing SO4
2- concentration to a minimum was observed 

with time for both FA: AMD ratios. A sharp decrease was observed when the mixture 

attained pH >5.5 (Fig 4.1and 4.6) for ratio 1:1.5. At pH >6.0 Fe2+oxidation is optimum and 

iron hydroxides that precipitate out are known to adsorb high concentrations of SO4
2- (Seth 

and Crawford, 2000). It’s also observed that the SO4
2- bearing Al-hydroxysulphate mineral 

phases, (alunite, basaluminite and jurbanite), barite, and K, Na-jarosites are highly saturated 

within this pH range (5.49-6.95) for both ratios (Table 4.5 and 4.6). SEM-EDX detected S-

rich precipitates in the solid residues collected at pH 9.2 for 1:3 FA: AMD ratio (Fig 

4.5).This indicates that SO4
2 bearing mineral phases are contributing to reduction of SO4

2- 

once the reaction mixture attains pH 5.3. This would be reinforced by the fact that hydrolysis 

of Al3+ occurs at pH 4.9. It’s also at this pH that a peak in Ca concentration is achieved for 

both ratios (Fig 4.15).  
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Figure 4.6: SO4 concentration in process water for 1:3 and 1:1.5 FA: AMD reactions. Error 

bar represents 1 SD above and below the mean. 

To reinforce this hypothesis pH/mineral phases diagrams were constructed for selected SO4
2 

bearing phases that were predicted by PHREEQC to be precipitating (Fig 4.7) 
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Figure 4.7: Ph/ mineral phase diagrams for basaluminte and jurbanite for 1:3 and 1:1.5 FA: 

AMD ratios. 
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An observation of figure 4.7 indicates that at pH < 6.5 jurbanite and basaluminite were 

controlling SO4
2- activities for both ratios. The activities of Al3+ and SO4

2- are higher than 

those predicted by jurbanite and basaluminite solubility which would mean that these mineral 

phases were in a state of disequilibrium or that other mineral phases were also controlling 

SO4
2-concentration.The contribution of jarosite was assessed by plotting of experimental 

activity values (3logαFe3+ + 2logαSO4 
2- + logα Na+) versus pH. Equilibrium of Na-jarosite 

dissolution (equation 4.3) yields to the law of mass action (equation 4.4),  

where log Keq = -5.28. 

OHSOFeNaHOHSONaFe 2
2
4

3
6243 6236)()( +++⇒+ −+++ …………………………(4.3) 

pH
NaSOFe

628.5)log()log(2)log(3 2
4

3 −−=++ +−+ ααα ……………………….……………(4.4) 
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Figure 4.8: A plot of (3logαFe3+ + 2logαSO4 

2- + logα Na+) versus pH for 1:3 and 1:1.5 ratios 

respectively. Line represents the equilibrium with natro-jarosite [NaFe3 (SO4)2(OH)6]. 

 

For the 1:3 FA: AMD ratio a slope close -6 was observed at pH 4.5-6.5 suggesting control of 

SO42- by natro-jarosite. A slope of -9.474 was observed for the 1:1.5 FA: AMD ratio 

suggesting either disequilibrium or control of sulphate by other mineral phases. The process 

water however showed variable supersaturation with K-, Na- and H-jarosite(Table 4.5 and 

4.6). This probably explains the disequilibrium observed at certain pH conditions. However 

no thermodynamic data are available for intermediate jarosite members. 

Analysis of the solid residues cementing the reacted fly ash particles by SEM-EDX indicated 

an increase in Fe, suggesting that an iron-rich phase was being formed that was amorphous to 

XRD (Fig 4.2 and 4.5). Doubling the mass of fly ash relative to volume of AMD did not 

result in an increase of final SO4
2- levels, which confirms presence of solubility control (Fig 
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4.6). XRD and SEM-EDX detected gypsum (Fig 4.2 and 4.5) in the solid residues collected 

for all the contact times indicating that it had control on SO4
2- levels. Calculated saturation 

indices (SI) indicate that gypsum was at saturation at all contact times for both FA: AMD 

ratios (Table 4.5 and 4.6). At pH 8 for 1:3 FA: AMD and 9.2 for 1:1.5 FA: AMD ratio SO4
2- 

levels were observed to increase and then decrease between 720-1440 minutes. As the pH of 

the solution increases to (>8) the OH- ions compete with SO4
2- for adsorption sites on the 

amorphous iron phases leading to desorption of SO4
2-. The decrease thereafter is attributed to 

the formation of ettringite (CaO.Al2O3.3CaSO4.32H2O). Ettringite was identified by SEM-

EDX in the solid residues collected at pH>8.0 (Fig 4.5-1B spot G and 5.5-1C). PHREEQC 

predicted barite (BaSO4) and celestite (SrSO4) to be precipitating at most of the contact times 

for both FA: AMD ratios and would also contribute to the control of SO4
2- in this process. 
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Table 4.5: Calculated saturation indices for selected mineral phases at selected reaction 
times for FA: AMD ratio 1:3. 
Reaction time (mins) 1 min 3 mins 30 mins 90 mins 210 mins 480 mins 1440 mins 
pH 3.96 4.17 5.28 5.53 5.9 6.95 9.12 
Al(OH)3(a) -4.11 -3.19 -0.86 -0.86 -1.16 0.02 -2.44 
Alunite(KAl3(SO4)2(OH)6)    7.99 7.15 6.1 -7.87 
Barite(BaSO4) 1.03 0.79 7.99 1.36 1.29 1.11 1.03 
Basaluminite(Al4(OH)10SO4) -4.41 -1.34 1.36 4.99 3.58 5.27 -8.96 
Boehmite(AlOOH) -1.91 -0.98 4.99 1.35 1.05 2.23 -0.22 
Brucite(Mg(OH)2) -11.73 -11.24 -11.58 -8.33 -8.24 -5.2 -0.96 
Celestite(SrSO4) -0.07 0.2 0.23 0.3 0.27 0.22 0.2 
Cu(OH)2 -6.15 -5.83 -6.33 -3.86 -3.87 -3.14 -1.99 
Diaspore(AlOOH) -0.17 0.74 -0.99 3.08 2.76 3.95 1.49 
Fe(OH)3(a) 1.53 -6.79 1.82 4.16 3.73 4.23 2.68 
Gibbsite(Al(OH)3) -1.39 -0.48 -2.2 1.85 1.54 2.72 0.26 
Goethite(FeOOH) 4.88 5.32 5.16 7.59 7.18 7.68 6.14 
Gypsum(CaSO4:2H2O) -0.29 0.04 0.18 0.17 0.14 -0.12 -0.15 
Jarosite-K(KFe3(SO4)2(OH)6)    12.85 11.72 8.62 -2.58 
Jarosite-Na(NaFe3(SO4)2(OH)6) 6.58 7.54 7.62 10.1 8.85 5.62 -5.54 
JarositeH((H3O)Fe3(SO4)2(OH)6)   7.13 5.93 1.36 -11.99 
Jurbanite(AlOHSO4) 0.64 1.21 -0.09 0.72 0.37 -1.49 -8.32 
Ni(OH)2 -7.48 -7.28 -7.39 -4.47 -4.89 -3.09  
Nsutite(MnO2) -11.29 -10.76 -10.43 -8.9 -9.36 -9.65 -13.72 
Manganite (MnOOH) -7.6 -7.12 -7.12 -4.81 -5.07 -3.86 -4.57 
Pb(OH)2 -8.12 -8.58 -9.41 -6.21 -5.81 -3.86 0.19 
Kaolinite(Al2Si2O5(OH)4) 0.09 2.21 -1.6 5.26 4.49 5.46 -0.48 
Sepiolite(Mg2Si3O7.5 OH:3H2O) -14.14 -12.81 -13.93 -9.46 -9.53 -5.57 1.38 
SiO 2(a) -0.27 -0.11 -0.3 -0.91 -0.98 -1.68 -2.19 
Wairakite(CaAl2Si4O12:2H2O) -12.69 -9.55 -14.06 -6.75 -6.03 -3.68 -6.3 
Zn(OH)2(a) -9.38 -9.02 -9.49 7.99 -7.23 -4.84 -1.26 
(-ve sign indicate under saturation and +ve sign super saturation, 0-saturation) 

 

 

 

 



 

115 

Table 4.6: Calculated saturation indices for selected mineral phases at selected reaction 
times for FA: AMD ratio 1:1.5. 
 

Reaction time (mins) 1 min 10 min 60 min 150 min 360 min 720 min 1440 min 
pH 3.8 5.49 6.45 8.92 9.14 9.2 9.88 
Al(OH)3(a) -3.27 -0.29 0.96 -2.17 -1.44 -2.35 -2.62 
Alunite(KAl3(SO4)2(OH)6)  10.49 10.05 -6.49 -5.22 -7.37 -10.44 
Barite(BaSO4) 1.72 0.8 1.16 1.17 1.3 1.07 1.37 
Basaluminite(Al4(OH)10SO4) -1.35 7.91 10.95 -6.86 -4.44 -7.78 -10.26 
Boehmite(AlOOH) -1.07 1.91 3.17 0.03 0.76 -0.15 -0.42 
Brucite(Mg(OH)2) -11.26 -8.47 -6.48 -1.43 -1.24 -1.89 -1.59 
Celestite(SrSO4) 0.4 0.26 0.26 0.07 0.2 0.45 0.45 
Cu(OH)2 -5.26 -2.66 -1.74 -2 -1.83 -1.72 -1.37 
Diaspore(AlOOH) 0.67 3.65 4.91 1.77 2.5 1.59 1.32 
Ettringite(Ca6Al2(SO4)3(OH)) -36.97 -26.24 -16.96 -7.58 -5.41 -6.94 -3.26 
Fe(OH)3(a) 3.67 6.14 7.25 5.07 4.96 4.82 4.32 
Ferrihydrite(FeOOH) 1.79 4.25 5.36 3.17 3.07 2.93 2.43 
Gibbsite(Al(OH)3) -0.55 2.44 3.69 0.56 1.29 0.38 0.11 
Goethite(FeOOH) 5.13 7.6 8.71 6.52 6.42 6.27 5.77 
Gypsum(CaSO4:2H2O) 0.53 -0.01 0.13 0.09 -0.04 0.17 0.16 
Jarosite-K(KFe3(SO4)2(OH)6)  13.58 12.7 -1 -2.22 -2.05 -5.85 
Jarosite-Na(NaFe3(SO4)2(OH)6) 7 10.45 10.68 -3.95 -5.04 -4.87 -8.56 
JarositeH((H3O)Fe3(SO4)2(OH)6) 5.17 7.23 6.59 -10.54 -11.82 -11.61 -15.97 
Jurbanite(AlOHSO4) 1.19 1.5 0.78 -7.64 -7.41 -8 -9.69 
Ni(OH)2 -7.79 -4.84 -2.92 -0.05 0.51 0.11 1.19 
Nsutite(MnO2) -11 -8.56 -7.87 -4 -3.74 -4.25 -2.73 
Manganite (MnOOH) -7.24 -4.65 -3.35 0.3 0.35 -0.23 0.62 
Pb(OH)2 -7.68 -4.81 -3.93 -0.03 0.69 0.16 1.43 
Kaolinite(Al2Si2O5(OH)4) 2.24 8.07 9.05 0.41 2.67 -0.13 -1 
Sepiolite(Mg2Si3O7.5OH:3H2O) -12.51 -7.13 -5.45 1.09 2.67 -0.09 0.02 
SiO 2(a) -0.04 -0.1 -0.87 -2.06 -1.66 -2.14 -2.31 
Wairakite(CaAl2Si4O12) -8.96 -1.13 0.44 -5.33 -1.92 -5.79 -5.58 
Zn(OH)2(a)  -6.41 -5.33 -1.32 -1.32 -1.53 -1.43 
(-ve sign indicate under saturation, +ve sign super saturation and 0-saturation 

 

4.2.5.2 Major cations and anionic species 
 

The trends of major cations and anionic species in the process waters with time are shown in 

Figures 4.9-5.14, 4.17, 4.19, 4.20 and 4.21 below 

Two groups of elements are evident from the concentration profiles obtained for the two 

ratios. Fe, Al, B do not show increase of the concentration in solution with doubling of fly 

ash for the entire contact time (Figs 4.9-4.11). This is evidence for solubility control on their 

concentration for the entire contact time investigated (Reardon et al., 1995). The second 

group of elements Ca, Na, Mg, Si, Mo and Mn show increase of concentration in solution at 

the higher FA: AMD ratio at certain contact times (Figs 4.11, 4.13, 4.14, 4.17, 4.19, 4.20 and 
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4.21). This indicates development of solubility controls through dissolution kinetics or 

equilibrium precipitation (Doye and Duchesne, 2003). The main feature prevalent in this 

group of elements is the increase of concentration in the first 3 minutes of contact with AMD 

for the 1:1.5 FA: AMD as compared to 1:3 FA: AMD ratio. This observation indicates that 

these elements could be present initially as readily soluble mineral phases or salts. As the 

dissolution increases and their concentration builds up in the reaction mixture, their 

interaction with species in AMD results in precipitation of new mineral phases that control 

their concentration in solution thereafter. 

 

4.2.5.2.1 Total Fe, Fe3+ and Fe2+  
 

The removal of total iron follows a similar trend for both ratios, with > 90 % being removed 

on the mixture attaining pH>7.0 (Fig 4.9). The initial decrease in concentration indicates 

removal of Fe3+ probably as amorphous Fe (OH)3. According to Britton (1956), Fe3+ 

hydroxide precipitates out at pH 3.0. PHREEQC simulation indicates that the solution was 

over-saturated with amorphous Fe(OH)3 and goethite (FeOOH) for the entire contact time for 

both FA: AMD ratios (Table 4.5 and 4.6).The increase thereafter could be attributed to 

leaching from fly ash. Significant quantities of Fe2O3 were identified by XRF (Table 4.2) in 

the fly ash. The H+ from the AMD reacted with the iron oxide, releasing Fe3+which 

subsequently hydrolyzed (William and Griffin, 1984). On the mixture attaining pH > 5.5, a 

significant drop in total Fe concentration was observed for both ratios (Fig 4.9). The sharp 

drop on total iron at this pH is accounted for by the optimum oxidation of Fe2+ (Stumm and 

Lee, 1961) followed by hydrolysis. Observation of figure 4.9 indicates that the removal 

pattern at pH>6.0 of total Fe follows that of Fe2+ for the ratio 1:3 and 1:1.5. The Fe2+ is 

completely removed from solution at pH 8.0. The observed pattern indicates that Fe2+ is 

removed from solution by precipitation, probably as amorphous Fe (OH)3 after oxidation and 

subsequent hydrolysis. Calculation of saturation indices shows that amorphous amorphous Fe 

(OH)3 and goethite are at over-saturation for the entire duration of the experiment (Table 

4.6). SEM-EDX detected Fe rich mineral phases coating fly ash particles in the solid residues 

(Fig 4.5). This indicates that the iron rich mineral phases are too amorphous to be detected by 

XRD or the concentration is below the detection limits. 
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1:3: Arnot FA & Navigation AMD
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Figure 4.9: Attenuation of Fe2+, Fe3+ and total Fe with change in pH in process waters for 1:3 

and 1:1.5 FA: AMD ratio. Error bar represents 1 SD above and below the mean, n=3. 

 

4.2.5.2.2 Aluminum 
 

At both FA: AMD ratios, Al decreased with increasing pH (Figs 4.10). The concentration 

decreased significantly when the reaction mixture attained a pH 5.0 (Fig 4.1). At pH 3.96-

5.9, jurbanite is slightly oversaturated, suggesting control on Al concentration at the initial 

stages of the neutralization process. At pH of about 5.0 (first hydrolysis constant for Al, 

pK1=5.0) some form of hydrolyzed aluminum will precipitate. Calculation of saturation 

indices for 1:3 FA: AMD ratio shows that, amorphous Al(OH)3 remains under-saturated for 

the entire contact time, basaluminite, boehmite and alunite were oversaturated  between 30 

and 480 minutes of contact when pH of the solution ranged from 5.28-6.95 (Table 4.6). 

Gibbsite and diaspore remains oversaturated at pH 5.53-9.12. At the pH range of 5.28-6.95 

and SO4
2- concentration >10,000 mg/L (Fig 4.6 and Table 4.5 and 4.6) SO4

2- bearing Al-

mineral phases appear to control Al concentration in the process waters. As the SO4
2- 

concentration drops to below 10,000 mg/L gibbsite and diaspore appear to take over the 

control of Al as the pH increases. Gibbsite is not stable in acid sulphate waters (Nordstrom, 

1982); this explains the predicted precipitation as SO4
2- concentration decreases. At near-

neutral waters Al concentrations are generally controlled by gibbsite (Hem and Robertson, 

1970). At 1:1.5 FA: AMD ratio the SO4
2- bearing Al-mineral phases alunite, basaluminite 

appear to control Al concentration over the pH range 5.49-6.45 (Table 4.5 and 4.6). Jurbanite 

over-saturation pH range is lower than alunite and basaluminite confirming its importance in 
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controlling Al at low pH. The process water appear to be over-saturated with respect to 

gibbsite and boehmite at pH range 5.49-9.88 (Table 4.5 and 4.6) confirming the importance 

of these mineral phases in controlling Al concentration once the solution achieves pH >5.0 

and SO4
2- concentration <10,000 mg/L (Fig 4.6).  
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Figure 4.10: Al concentration in process water for 1:3 and 1:1.5 FA: AMD reactions. Error 

bar represents 1 SD above and below the mean, n=3. 

 

At both 1:3 and 1:1.5 FA: AMD ratios boehmite and gibbsite appear to control Al 

concentration at pH>5.0. The SO4
2- bearing Al-mineral phases appear to control Al within 

the pH window of 5.49-6.45 overlapping to some extent the pH window in which the Al 

(oxy)-hydroxides appear to control Al concentration. This clearly indicates that control of Al 

concentration cannot be resolved to a particular mineral phase at any pH. 

 

4.2.5.2.3 Boron and molydenum 
 

B concentration show pH dependence (Fig 4.11) for both 1:3 and 1:1.5 FA: AMD ratios. An 

initial increase is observed for both ratios to a maximum. The peak in concentration for both 

ratios occurs at pH 4.5-7 (10-480 minutes) for 1:3 FA: AMD ratio and pH 6.32 (90 minutes) 

for 1:1.5 FA: AMD ratio. This is followed by a decrease as the pH increases. For both ratios 

the decrease is observed when the reaction mixture attains pH > 8.5 (Fig 4.1 and 4.11). The 

initial increase is due to dissolution of soluble surface oxide precipitates (Hullet and 

Weinbeger, 1980). The higher concentration observed for 1:3 (FA: AMD) ratio could 

indicate that B concentration is limited by the dissolution rates of its soluble oxides for the 
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first 60 minutes of contact with AMD. Several authors (Akira et al., 2005; Kitano et al., 

1978) have reported interaction of borate-boron with Ca at high pH and this could explain the 

decrease in concentration as the pH increases for both ratios. The carbonate fraction was 

observed to be the most important in retention of B in this process (Table 4.7-4.11). 

Precipitating ettringite is also reported to incorporate oxyanions such as borate in alkaline 

solutions and could account for the decreasing B concentrations at high pH. Ettringite was 

identified by SEM-EDX for the 1:3 and 1:1.5 FA: AMD ratio solid residues collected at pH > 

9 (Fig 4.5). Speciation of B by PHREEQC indicates a significant increase in % of borate ions 

in the reaction mixture as the pH increases to > 8 (Fig 4.12) reaffirming the hypothesis that 

borate-boron is being incorporated in a precipitating solid phase. 
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Figure 4.11: B concentration in process water for 1:3 and 1:1.5 FA: AMD reactions. Error 

bar represents 1 SD above and below the mean, n=3. 
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Figure 4.12: % H2BO3

- in process water for 1:1.5 and 1:3 FA: AMD reactions as a function 

of pH. 
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The concentration trends for Mo show existence of solubility control for the first 30 minutes 

of reaction. (Fig 4.13). Thereafter the concentration for the 1:1.5 FA: AMD ratio remains 

higher than 1:3 FA: AMD ratio. The Mo trends also exhibit pH dependence. The 

concentration remained below 0.2 mg/L at pH < 6.83 for 1:3 FA: AMD ratio. For the 1:1.5 

FA: AMD ratio the concentration remained below 0.4 mg/L at pH < 5.1. Mo exists as the 

MoO4
2- ion at pH > 3 (Eary et al., 1990) and it’s likely that it’s being removed as metal 

molybdates at pH< 6.83. This becomes evident as the pH increases to above 8 when Fe and 

Al are out of solution for both ratios. Mo concentration thereafter increases to values > 0.8 

mg/L. 
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Figure 4.13: Mo concentration in process water for 1:3 and 1:1.5 FA: AMD reactions. Error 

bar represents 1 SD above and below the mean, n=3. 

 

4.2.5.2.4 Silicon  
 

For Si, the concentration for the 1:1.5 FA: AMD ratio remained slightly higher than the 1:3 

FA: AMD ratio for the first 30 minutes of the experiment (Fig 4.14). This signified lack of 

solubility control and that fly ash was releasing Si. A sharp decline in Si concentration was 

observed when the mixture attained pH > 5.0 for both ratios, eventually the 1:3 FA: AMD 

ratio shows a slight increase than 1:1.5 FA: AMD ratio at between 150-360 minutes. This 

signified development of solubility control for Si. Dissolved Si may be controlled by 

dissolution of minerals such as SiO2 (a) at low pH. The highest concentration of Si 
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corresponds to low pH where SiO2 (a) is under-saturated (Fig 4.1, Table 4.5 and 4.6.). The 

equilibrium reaction of SiO2 (amorphous) can be represented as (equation 4.5): 

( )

71.2log
2

25

4422

−=

⇒+

K
SiOHOHSiO amorphous ………………………………………………………. (4.5) 

A plot of log activities of H4SiO4 versus pH shows control by SiO2 (amorphous) at pH < 5 for 

both ratios (Fig 4.15). An observation of the saturation indices for kaolinite indicates super-

saturation at 90 minutes of contact when the solution attained pH >5.0 (Fig 4.1, Table 4.5 

and 4.6). However a plot of log activities of H4SiO4 versus pH for kaolinite equilibria (data 

not shown) did not reveal control of H4SiO4 activity by kaolinite.  
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Figure 4.14: Si concentration in process water for 1:3 and 1:1.5 FA: AMD reactions. Error 

bar represents 1 SD above and below the mean, n=3. 
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Figure 4.15: A plot of log H4SiO4 activity versus pH showing control of dissolved silica by 

amorphous SiO2(amorphous) in process water for 1:3 and 1:1.5 FA: AMD reactions.  
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Mullite an aluminosilicate crystalline phase present in fly ash was tested for its possible 

control of dissolved silica in this process. The theoretical activities Al3+ and H4SiO4 for 

mullite were calculated by using the equilibrium expression derived from the following 

equations (4.6, 4.7 and 4.8). 

41.45

52618 244
3

)(1326

=

++⇔+ ++

KLog

OHSiOHAlHOSiAl mullite …………..……………….………(4.6) 

From equation 4.8 the equilibrium for the dissolution of mullite can be written as 

41.45
18

632
44 10

][
][][

==
+

H
AlSiOHK …………………………………………………….….….(4.7) 

Taking logarithm to base 10 results in the following expression 

pHAlLogSiOHLog 186241.45 3
44 ++= + …………….…………………………….…...(4.8) 

Using the solubility constant for mullite and measured pH the activities of Al3+ and H4SiO4 at 

equilibrium with mullite for the process water were calculated over the measured pH range. 

A plot of mullite equilibria over the entire pH range reveals control of H4SiO4 by mullite at 

pH > 8 (Fig 4.16). 
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Figure 4.16: A plot of 2 log H4SiO4 + 6 log Al3+ activity versus pH showing control of 

dissolved silica by mullite in process water for 1:3 and 1:1.5 FA: AMD reactions at pH>8.  

 
4.2.5.2.5 Calcium, sodium, magnesium  

 

The concentration of Ca and Na exhibited a similar trend (Figs 4.17), initially showing an 

increase within 3-10 minutes of contact for both ratios. The FA: AMD ratio 1:1.5 initially 

gives higher concentration than the 1:3 ratio which indicates that fly ash releases these 

elements on contacting AMD and that their initial concentration will be dictated by the FA: 

AMD ratio used. This also indicates that these elements exist as highly soluble salts probably 

on the surfaces of the fly ash. The values for the 1:1.5 ratio, after the initial increase drops to 

levels slightly lower than the 1:3 ratio for both elements suggesting development of solubility 

control.  
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Figure 4.17: Ca and Na concentration in process water for 1:3 and 1:1.5 FA: AMD reactions. 

Error bar represents 1 SD above and below the mean, n=3. 
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The solution was highly over-saturated with Na-jarosite (Table 4.5 and 4.6, Fig 4.17), which 

could account for the decreasing levels of Na. Gypsum was detected by XRD in all the solid 

residues collected at different contact times (Fig 4.2). The importance of gypsum in the 

control of Ca and SO4
2- in the early stages of the neutralization process is further confirmed 

by the immediate precipitation of gypsum in un-acidified process water samples collected 

within 30 minutes of contact on standing (Fig 4.18). Saturation indices (Table 4.5 and 4.6) 

show that the solution was slightly over-saturated with gypsum from 3 to 210 minutes of 

contact indicating that gypsum controlled Ca concentration in process waters.  
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Figure 4.18: XRD spectra of gypsum that precipitated in un-acidified filtered process waters 

for contact times of 1-30 minutes, reference spectra for pure gypsum superimposed for 

comparison 

However activity-solubility diagrams for both anhydrite and gypsum revealed they were both 

important in control of Ca 2+ and SO4 
2- at certain pH ranges (Fig 4.19). Contrally to positive 

identification of gypsum by XRD the solubility diagrams shows that anhydrite was important 

at pH ranges of 4.17- 5.9 for 1:3 FA: AMD ratio and pH 8.92-9.88 for 1:1.5 FA: AMD ratio. 

On the other hand gypsum was important as a control at pH 3.96 or there about for 1:3 FA: 

AMD ratio and pH 6.19-9.12 for 1:1.5 FA: AMD ratio. It seems anhydrite was a stronger 

control of Ca 2+ and SO4
2- at high pH while was only important at low pH. But the fact that 

anhydrite was not detected by XRD could indicate that it was aging to gypsum with time. 
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Figure 4.19: Activity-solubiltiy diagrams for anhydrite and gypsum for 1:3 and 1:1.5 FA: 

AMD ratios. 

 

For both ratios, Mg concentration was observed to increase with contact time, until the 

mixture attained pH > 7 for 1:3 FA: AMD ratio and pH > 8 for 1:1.5 FA: AMD ratio (Fig 

4.20). The fact that the 1:1.5 FA: AMD ratio exhibited higher concentration than the 1:3 FA: 

AMD ratio indicates that fly ash was the source of Mg and no solubility control existed at pH 

< 7. Then a significant drop in concentration was observed and a solubility control seems to 

have developed at pH > 7 (Fig 4.1 and 4.20). The fact that a significant amount of Mg is lost 

from solution at a lower pH than predicted by thermodynamic calculations (pH=9.8) (Britton, 

1956) especially for the 1:1.5 FA: AMD ratio indicates that another Mg-bearing mineral 

phase and not brucite is controlling Mg concentration. At pH >8.0, saturation index 

calculations indicate over-saturation with sepiolite (Table 4.5 and 4.6) which could be a 

control for Mg. Stoessell (1988) observed formation of sepiolite at similar pH conditions. 

Analysis of the solid residues (SR) by SEM-EDX (Fig 4.5-1A, spot A and B) revealed 

formation of a Ca, Mg and Si rich gel. 
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Figure 4.20: Mg concentration in process water for 1:3 and 1:1.5 FA: AMD reactions. Error 

bar represents 1 SD above and below the mean, n=3. 

 

4.2.5.2.6 Manganese, zinc and copper 
 

Mn concentration was slightly higher for the 1:1.5 FA: AMD ratio upto to 30 minutes of 

reaction. This was an indication of lack of solubility control and that fly ash was leaching Mn 

into the reaction mixture. XRF identified Mn in the fly ash samples. However after 30 

minutes Mn developed a solubility control which was pH dependent, a slight reduction in Mn 

concentration for both ratios was observed at pH 5-5.5 (Fig 4.1 and 4.21). This probably 

indicates possible adsorption of Mn2+ on the precipitating amorphous aluminum (oxy)-

hydroxides and iron (oxy)-hydroxides at this pH range. Large amounts of Fe can efficiently 

co-precipitate Mn2+ for solutions having Fe: Mn ratios of 2 or greater (Raymond, 2005). 

According to thermodynamic calculations Mn2+ would be expected to be out of solution at 

pH ≈ 9.0 (Britton, 1956) as Mn (OH)2. The fact that this removal occurs at pH ≈ 5-5.5 

indicates that the product cannot be Mn (OH)2. PHREEQC simulation indicated the solution 

to be under-saturated with pyrochroite (Mn (OH)2(a)) for the entire contact time for both 

ratios. Near complete removal of Mn2+ was thereafter observed for both ratios as the reaction 

mixture attained pH (7-9). According to Hem and Robertson (1990) Mn oxidation rate 

increases dramatically even under abiotic conditions at pH > 9-9.5 and this is enhanced by 

the complete removal of Fe in the reaction mixture. An observation of figure 4.9 shows that 

at pH>8 Fe was precipitated out of solution. Faulkner and Richardson, (1989) observes that 

Manganese auto-oxidizes at pH values of 8.5 or greater. This observation indicates that Mn2+ 
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is being oxidized into an insoluble oxide such as birnessite (MnO2), todorokite (MnⅡMnⅣ3O7) 

and bixbyite (Mn2O3) and possibly converting to manganite (MnOOH) over time (Hem, 

1964). PHREEQC simulation indicated the solution to be at saturation or over-saturation 

with manganite at pH > 8.5 for 1:1.5 FA: AMD ratio (Fig 4.2 and Table 4.6). 
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Figure 4.21: Mn concentration in process water for 1:3 and 1:1.5 FA: AMD reactions. Error 

bar represents 1 SD above and below the mean, n=3. 

 

Cu and Zn show evidence of solubility control when the mixture attains pH (5.5-6) and 5 

respectively. According to Britton (1956) Cu hydroxide precipitates at pH ≈5.3, Zn 

hydroxide at pH ≈ 7.0. Observation of the removal trends for Cu for both ratios indicates that 

greater than 75 % of the total concentration is out of solution when the mixture attained 

pH>5.5 (Fig 4.1 and 4.22). At ratio 1:3 a significant drop in concentration is observed at 

lower pH than 5.5 which indicates another process apart from hydroxide precipitation is 

responsible for Cu removal. PHREEQC simulation indicates the solution to be under-

saturated with Cu (OH)2 for the entire contact time for both FA: AMD ratios (Table 4.5 and 

4.6). At pH >5.0 optimum oxidation of Fe2+ is achieved and co-precipitation and adsorption 

by the iron oxy-hydroxides being precipitated could partly account for the removal of Cu 

(Cravotta and Trahan, 1999). Moreover pK1= 4.9 for Al hydrolysis and co-precipitation and 

adsorption of Cu2+ and Zn2+ with the Al (oxy)-hydroxides is possible. Similarly it can be 

observed that Zn concentration significantly reduced on the mixture attaining pH > 5.5 (Fig 
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4.22) which is lower than that predicted by thermodynamic calculations for precipitation of 

Zn(OH)2 (pH ≈7) (Britton, 1956).  
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Figure 4.22: Cu and Zn concentration in process water for 1:3 and 1:1.5 FA: AMD reactions. 

Error bar represents 1 SD above and below the mean, n=3. 

 

PHREEQC simulation indicates the solution to be under-saturated with amorphous Zn (OH)2 

for the entire contact time for the two FA: AMD ratios (Table 4.5 and 4.6). PHREEQC 

simulation indicates the solution to be over-saturated with amorphous Al(OH)3, amorphous 

Fe(OH)3 and goethite for the entire contact time for the two FA: AMD ratios (Table 4.5 and 

4.6). Regression of the log activity data for Al3+ and Fe3+ suggests control of the reaction 

mixture chemistry by precipitation of amorphous Al (OH)3 (Fig 4.24) and amorphous Fe 

(OH)3 (Fig 4.23) for FA: AMD ratios. This indicates that a significant proportion of Cu and 

Zn could have been removed through adsorption onto the iron oxy-hydroxides or aluminum 

oxy-hydroxides that formed during the neutralization process. A plot of log activities of Cu 
2+, Zn 2+, Mn 2+ and Al 3+ suggests co precipitation or adsorption of Cu 2+ and Zn 2+ with Al 

(oxy)-hydroxides at pH 5.3-6.5 but not for Mn 2+ (Fig 4.24). Sequential extraction revealed 

the amorphous fraction to be the most important in retention of Cu and Zn at pH> 5. A 

similar plot with Fe 3+ activity explains the trends for Cu2+ and Zn2+ at pH ≈5 (Fig 4.23).  
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Figure 4.23: Activity diagrams for the variation of ferric ion and Cu2+, Zn2+, and Mn2+ with 

pH in process waters for 1:3 and 1:1.5 FA: AMD ratios. 
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Figure 4.24: Activity diagrams for the variation of aluminum ion and Cu2+, Zn2+, and Mn2+ 

with pH in process waters for 1:3 and 1:1.5 FA: AMD ratios. 

 

The FA: AMD neutralization reactions at the two ratios has aided in showing that solubility 

controls exist for most of the inorganic contaminants. An important feature is that two groups 

of contaminant were identified depending on their mode of reaction. Fe, Al and B were 

observed to have solubility control for the entire reaction time. A second group of elements 

Ca, Na, Mg, Si, Zn, Cu and Mn were observed to develop solubility controls after initial 

dissolution from fly ash. PHREEQC modeling suggested co-precipitation or adsorption of Cu 

and Zn with the precipitating amorphous Fe and Al (oxy) hydroxides. 
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4.2.6 Sequential Extractions 
  

The hypothesis that the toxic trace elements from fly ash and AMD are transformed into into 

non-labile mineral phases was tested. Six operational defined fractions were chosen based on 

the work done by Chao (1972), Muller and Seiller (1999), Tessier et al. (1979). The residue 

fraction was ignored since it contains non-labile elements locked up in the residue 

aluminosilicate matrix of the fly ash and was assumed to be of less significance in dictating 

the redistribution of the elements in the resulting mineral phases. The results are discussed 

with respect to the increase in pH and precipitation of Fe, Mn and Al, the main contaminants 

in AMD. The total extracted concentration in mg/kg dry weight for the six fractions is used 

to derive the % contribution of each extracted fraction for the solid residues collected at pH 

4, 4.92, 6.32 and 9.12. The results of the sequential extraction are presented in Tables 4.9-

4.11 below together with the detection limits for each fraction. 

 

The trends of the operational defined totals of the six fractions depict the dissolution and 

attenuation characteristics of the trace and major elements observed in the treatment process. 

The operational defined totals of B, Ca and Mo decrease as the pH increases compared to the 

fly ash. This reflects the initial dissolution of their soluble salts and release into solution. At 

pH 9.12 B and Ca registered increase in concentration reflecting the removal of the borate-

boron and Ca probably as gypsum. The decrease in Mo probably reflects its release into 

solution as the molybdate ion at circum-neutral to alkaline pH. Mo remained below 0.2 mg/L 

at pH<6.83 however a significant increase to a maximum of 0.85 mg/L was observed as the 

pH increased to 9.12. Mo is known to exist as molybdate ion at circum-neutral to alkaline pH 

(Eary et al., 1990) 

 

Na exhibits increasing content in the solid residues for pH ≤ 4.92 compared to the fly ash 

(Table 4.7 and 4.8). At pH ≥ 6.32 it remains almost constant. This observation reaffirms the 

conclusions from the concentration profiles observed in the treatment process and the 

PHREEQC modeling which showed that at pH ≤ 4.92 Na was removed as Na-jarosite (Table 

4.5). Al, Mn and Fe show continuous increase with pH in the solid residues collected 

reaffirming their continuous removal through precipitation. At pH > 4 the Al concentrations 
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remains almost constant indicating significant portion of the total Al is removed once the 

solution attains pH 4. However at pH 9.12 a decrease in content is observed indicating 

dissolution of the Al (oxy) hydroxides could be occurring at alkaline pH. A significant 

feature for Fe is observed as the pH increases. At pH 4 the Fe content of the solid residues 

doubles compared to the fly ash (Table 4.7 and 4.8). This reflects the precipitation of Fe3+ 

from AMD. At pH 6.32 concentration triples compared to the fly ash, which reflects the 

oxidation, hydrolysis and precipitation of Fe2+ once the solution attains pH 6. Si content 

shows a continuous increase as compared to fly ash and does not vary much as the pH enters 

the circum-neutral range. PHREEQC modeling predicted Si rich Ca, Mg, Fe gels to be 

precipitating in the solid residues collected at pH 9.12. 
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Table 4.7. Sequential extraction for Arnot fly ash (mg/kg dry weight), % contribution of each fraction is presented in the  
Parenthesis, results presented as mean ± standard deviation (SD) for n=3 
 
Arnot fly ash           
mg/kg dry weight B Na Ca Si Al Mn Fe Cu Zn Mo 
Water soluble fraction 
 

<0.085 
(0.05) 

29.08±1.45 
(0.01) 

7138.5±230 
(32.0) 

10.09±1.21 
(0.11) 

2.88±0.11 
(0.02) 

0.04±0.01 
(0.02) 

15.9±3.45 
(0.14) 

0.072±0.02
(0.09) 

0.115±0.01 
(1.4) 

0.829±0.03 
(3.8) 

Exchangeable fraction 
 

35.8±5.5 
(19.6) 

10.6±1.13 
(0.004) 

2230.6±120 
(10.0) 

20.49±3.67 
(0.2) 

0.209±0.02 
(0.001) 

0.021±0.005
(0.008) 

14.8±4.52 
(0.13) 

0.095±0.02
(0.11) 

1.58±0.01 
(2.0) 

0.693±0.03 
(3.2) 

Carbonate fraction 
 

113.7±20.1 
(62.1) 

258924.2±1500
(98.6) 

11774.5±460
(52.8) 

1296.6±35.7
13.6) 

23.8±2.92 
(0.16) 

57.6±5.78 
(22.3) 

<0.559 
(0.005) 

4.8±1.72 
(5.7) 

11.2±1.39 
(14.0) 

2.3±0.13 
(10.6) 

Mn-oxides 
 

2.2±0.12 
(1.2) 

192.8±15.7 
(0.07) 

1073.8±101 
(4.8) 

273±35.8 
(2.9) 

274.7±13.7 
(1.9) 

58.9±7.85 
(22.8) 

<1.385 
(0.01) 

1.72±0.32 
(2.1) 

2.71±0.21 
(3.4) 

0.147±0.11 
(0.7) 

Amorphous fraction 
 

31.1±3.6 
(16.9) 

2875.6±125.6 
(1.1) 

<60.2 
(0.3) 

4624.7±234 
(48.5) 

8537.8±321
(58.6) 

91.7±15.4 
(35.5) 

3159.5±156 
(27.6) 

63.1±20.4 
(75.2) 

41.3±12.3 
(51.6) 

16.8±4.57 
(77.6) 

Fe-oxides(crystalline) 
 

<0.22 
(0.12) 

419.7±23.5 
(0.2) 

<8.76 
(0.04) 

3319±163 
(34.8) 

5738.1±238
(39.4) 

49.8±12.4 
(19.3) 

8272.1±360 
(72.2) 

14.1±2.45 
(16.8) 

23.2±5.31 
(29.0) 

0.879±0.05 
(4.1) 

Operational defined totals 183.11 262451.98 22286.36 9543.88 14577.49 258.06 11464.24 83.89 80.11 21.65 

  
Table 4.8. Sequential extraction for solid residues collected at pH 4 (mg/kg dry weight), % contribution of each fraction is presented  
in the parenthesis, results presented as mean ± (SD) for n=3 
 

 

Solid residues at 3 minutes reaction time, pH 4        

mg/kg dry weight B Na Ca Si Al Mn Fe Cu Zn Mo 
Water soluble fraction 
 

9.7±2.1 
(6.3) 

531.1±20.7 
(0.2) 

3321.2±600.9
(16.2) 

9.04±1.56 
(0.09) 

14.8±2.2 
(0.09) 

0.014±0.005 
(0.005) 

<0.586 
(0.003) 

48±6.75 
(37.4) 

22.2±3.7 
(19.1) 

2.17±0.13 
(11.6) 

Exchangeabe fraction 
 

52.7±3.9 
(43.1) 

28.6±1.7 
(0.01) 

6594.1±350 
(32.2) 

19.3±2.91 
(0.2) 

1.44±0.06 
(0.008) 

0.266±0.02 
(0.1) 

80.9±10.5 
(0.37) 

2.12±0.3 
(1.65) 

4.15±0.05
(3.6) 

0.738±0.02 
(3.94) 

Carbonate fraction 
 

51.4±7.9 
(33.3) 

283561.1±1900
(98.5) 

9384.8±207 
(45.9) 

2162.8±60.9 
(20.6) 

5568.4±145.6
(32.2) 

86±15.5 
(32.5) 

1379.3±30.7
(6.3) 

5.11±0.32 
(4.0) 

7.8±1.52 
(6.7) 

0.763±0.04 
(4.1) 

Mn-oxides 
 

<0.201 
(1.3) 

183.1±21.2 
(0.06) 

1082.4±70.2 
(5.3) 

477±13.4 
(4.5) 

709.9±30.5 
(4.1) 

63.1±12.2 
(23.9) 

<1.385 
(0.006) 

0.457±0.03 
(0.36) 

2.6±1.2 
(2.3) 

0.096±0.015
(0.5) 

Amorphous fraction 
 

40.1±4.3 
(26.0) 

3210.9±138 
(1.11) 

<60.2 
(0.3) 

6337.1±189 
(60.4) 

7450.4±280 
(43.1) 

77.1±20.5 
(29.2) 

9576.7±254 
(44.0) 

61.7±13.4 
(48.0) 

66.1±5.1 
(57.2) 

14.4±3.8 
(76.8) 

Fe-oxides (crystalline) 
 

<0.22 
(0.1) 

397.1±10.6 
(0.13) 

<8.76 
(0.04) 

1489.3±103 
(14.2) 

3557.7±145 
(20.6) 

38±3.54 
(14.4) 

10746.9±432
(49.3) 

11.1±1.4 
(8.6) 

12.8±2.6 
(11.1) 

0.576±0.06 
(3.0) 

Operational defined totals 154.32 287911.96 20451.46 10494.54 17302.64 264.48 21785.77 128.49 115.65 18.74 
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Table 4.9:. Sequential extraction for solid residues collected at pH 4.92 (mg/kg dry weight), % contribution of each fraction is 
presented in the parenthesis, results presented as mean ± (SD) for n=3 
 
Solid residues at 30 minutes reaction time, pH 4.92        

mg/kg dry weight B Na Ca Si Al Mn Fe Cu Zn Mo 
Water soluble fraction 
 

17.3±3.2 
(15.3) 

99.8±18.7 
(0.03) 

7126.9±900 
(28.1) 

3.8±0.95 
(0.04) 

24.7±3.5 
(0.1) 

0.032±0.01 
(0.01) 

11.7±2.34 
(0.06) 

0.132±0.02 
(0.2) 

0.724±0.01 
(0.65) 

3.8±0.41 
(22.9) 

Exchangeable fraction 
 

32±2.89 
(28.3) 

23±1.87 
(0.007) 

6928±101 
(27.3) 

12.3±2.11 
(0.1) 

1.1±0.12 
(0.006) 

0.369±0.03 
(0.1) 

73.6±9.7 
(0.36) 

0.051±0.01 
(0.08) 

3.09±0.11 
(2.8) 

0.598±0.03 
(3.6) 

Carbonate fraction 
 

62±4.9 
(54.8) 

308666.8±1300 
(98.8) 

9897.7±308 
(39.0) 

2408±87 
(24.4) 

5820.8±180 
(33.0) 

96±21 
(36.1) 

992.9±66 
(4.8) 

4.08±0.32 
(6.2) 

9.5±0.21 
(8.5) 

0.487±0.002 
(2.94) 

Mn-oxides 
 

<0.201 
(0.2) 

187±30.7 
(0.06) 

1372.1±80.4
(5.4) 

524.8±25.6 
(5.3) 

858.6±20.4 
(4.9) 

60.1±5.8 
(22.6) 

<1.385 
(0.007) 

1.2±0.13 
(1.8) 

8.25±1.45 
(7.4) 

0.115±0.021 
(0.7) 

Amorphous fraction 
 

<1.51 
(1.3) 

3004.4±209 
(0.96) 

<60.2 
(0.2) 

5303.7±302 
(53.8) 

7615.5±411 
(43.1) 

71.2±15.8 
(26.8) 

8025.8±312 
(38.9) 

47.7±10.2 
(72.5) 

70.2±7.8 
(62.9) 

11.02±3.12 
(66.5) 

Fe-oxides(crystalline) 
 

<0.22 
(0.2) 

374.1±54.2 
(0.1) 

8.76 
(0.03) 

1608.8±120 
(16.3) 

3341.6±235 
(18.9) 

38.3±5.4 
(14.4) 

11529.2±560 
(55.9) 

12.6±2.2 
(19.2) 

19.8±3.5 
(17.7) 

0.562±0.021 
(3.4) 

Operational defined 
totals 113.2 312355.1 25393.7 9861.4 17662.3 266 20634.6 65.8 111.6 16.6 

  
Table 4.10: Sequential extraction for solid residues collected at pH 6.32 (mg/kg dry weight), % contribution of each fraction is 
presented in the parenthesis, results presented as mean ± (SD) for n=3 
 
Solid residues at 360 minutes reaction time, pH 6.32         
mg/kg dry weight B Na Ca Si Al Mn Fe Cu Zn Mo 
Water soluble fraction 
 

16.4±2.6 
(18.8) 

100.1±10.6 
(0.04) 

8377.2±210 
(46.3) 

6.5±1.21 
(0.06) 

8.5±2.1 
(0.05) 

0.006±0 
(0.002) 

<0.586 
(0.002) 

0.04±0.001 
(0.03) 

0.778±0.04 
(0.6) 

2.33±0.05 
(12.9) 

Exchangeable fraction 
 

0.031±0.002 
(0.04) 

0.022±0.002 
…. 

6.57±0.13 
(0.04) 

0.012±0 
(0.001) 

0.001±0 
……. 

0.0003±0 
……. 

0.07±0.013 
(0.0002) 

<0.001 
(0.002) 

0.003±0 
(0.003) 

0.0006±0 
(0.003) 

Carbonate fraction 
 

66.2±7.7 
(75.9) 

263508.8±1400 
(98.6) 

8302.8±369 
(45.9) 

2287.3±80.3
(21.1) 

5028.6±156 
(28.3) 

108.7±10.6 
(33.5) 

2248.8±39.2 
(6.83) 

5.85±0.05 
(5.3) 

8.09±1.4 
(6.7) 

0.268±0.02 
(1.5) 

Mn-oxides 
 

<0.201 
(0.2) 

129.2±15.8 
(0.05) 

1331±101 
(7.4) 

524.2±38.2
(4.8) 

803.9±90.8
(4.52) 

84.6±34.5 
(26.1) 

<1.385 
(0.004) 

8.25±1.21 
(7.5) 

9±1.3 
(7.5) 

0.018±0.002 
(0.1) 

Amorphous fraction 
 

4.12±0.14 
(4.72) 

3080.7±231.2 
(1.2) 

<60.2 
(0.33) 

7085.9±122
(65.5) 

9835.6±270
(55.3) 

116.6±20.1
(35.0) 

28830.2±463 
(87.6) 

84.9±9.3 
(77.1) 

87.7±10.6 
(73.0) 

15.2±2.7 
(84.4) 

Fe-oxide(crystalline) 
 

<0.22 
(0.2) 

449.3±37.4 
(0.2) 

<8.76 
(0.05) 

917±35.7 
(8.5) 

2095±20.2 
(11.8) 

14.3±1.5 
(4.41) 

1844.8±115 
(5.6) 

11.08±0.98
(10.1) 

14.5±2.4 
(12.1) 

0.187±0.021 
(1) 

Operational defined 
totals 87.2 267268.1 18086.5 10820.9 17771.6 324.2 32925.8 110.1 120.1 18 
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Table 4.11. Sequential extraction for solid residues collected at pH 9.12 (mg/kg dry weight), % contribution of each fraction is 
presented in the parenthesis, results presented as mean ± (SD) for n=3 
 
Solid residues at 1440 minutes reaction time, pH 9.12         

mg/kg dry weight  B Na Ca Si Al Mn Fe Cu Zn Mo 
Water soluble fraction 
 

33±3.6 
(20.1) 

112.3±16.8 
(0.04) 

8052.4±190 
(29.2) 

5.3±0.5 
(0.05) 

7.3±1.1 
(0.04) 

0.028±0.001
(0.005) 

15.4±2.4 
(0.04) 

0.08±0.002 
(0.08) 

0.821±0.020
(0.7) 

1.45±0.05 
(11.1) 

Exchangeable fraction 
 

19.8±3.1 
(12.1) 

29.2±1.5 
(0.01) 

10730.5±400
(38.8) 

23.8±2.3 
(0.2) 

0.452±0.04 
(0.003) 

0.23±0.024 
(0.04) 

<0.586 
(0.002) 

0.06±0.012 
(0.06) 

3.23±0.06 
(2.63) 

0.217±0.014 
(1.7) 

Carbonate fraction 
 

86.3±9.2 
(52.7) 

261869.9±2300
(98.6) 

6424.4±401 
(23.3) 

2070.5±79.4 
(20.4) 

5071.9±122 
(30.1) 

147.2±31.2 
(26.9) 

1325.6±37.3 
(3.8) 

3.67±0.04 
(3.6) 

11.03±2.34 
(9.0) 

0.145±0.004 
(1.1) 

Mn-oxides 
 

2.33±0.4 
(1.4) 

142.9±23.5 
(0.1) 

1422.3±90.3
(5.1) 

538±23.4 
(5.3) 

824.6±40.5 
(4.9) 

234.4±12.5 
(42.8) 

<1.385 
(0.004) 

1.72±0.14 
(1.7) 

11.2±2.14 
(9.1) 

0.192±0.012 
(1.5) 

Amorphous fraction 
 

<1.51 
(0.9) 

2865.9±1.38 
(1.1) 

<60.2 
(0.2) 

6260.8±188 
(61.5) 

8452.5±267 
(50.1) 

149.1±23.5 
(27.2) 

31467.8±503 
(89.9) 

85.5±15.1 
(84.1) 

82.7±11.2 
(67.5) 

10.8±1.2 
(82.4) 

Fe-oxides (crystalline) 
 

21±4.1 
(12.8) 

544.4±54.2 
(0.2) 

933.2±13.8 
(3.4) 

1275.5±94.1 
(12.5) 

2509.9±236 
(14.9) 

16.8±1.1 
(3.1) 

2197.6±223.6 
(6.3) 

10.7±1.2 
(10.5) 

13.5±0.78 
11.0 

0.304±0.002 
(2.32) 

Operational defined totals 163.94 265564.6 27623 10173.9 16866.7 547.8 35008.4 101.7 122.5 13.1 

  
Table 4.12: Detection limits (mg/kg dry weight) calculated for each fraction 
 
Detection limits for each fraction          
mg/kg dry weight B Na Ca Si Al Mn Fe Cu Zn Mo 

Water soluble fraction 0.0851 9.2761 3.3926 0.7170 0.0179 0.0047 0.5864 0.0010 0.0069 0.0002 

Exchangeable fraction 0.0851 9.2761 3.3926 0.7170 0.0179 0.0047 0.5864 0.0010 0.0069 0.0002 

Carbonate fraction 0.0812 8.8438 3.2345 0.6836 0.0171 0.0045 0.5591 0.0009 0.0066 0.0002 

Mn-oxides 0.2010 21.9081 8.0126 1.6935 0.0423 0.0112 1.3849 0.0023 0.0164 0.0004 

Amorphous fraction 1.5102 164.5670 60.1880 12.7209 0.3179 0.0841 10.4033 0.0175 0.1230 0.0031 

Fe-oxides(crystalline) 0.2199 23.9597 8.7629 1.8521 0.0463 0.0122 1.5146 0.0025 0.0179 0.0004 
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4.2.6.1 B and Mo concentration profiles 
 

In the fly ash 62.1% of the B is present in the carbonate fraction and a significant fraction is 

present in the exchangeable (19.6 %) and amorphous fraction (16.9 %) (Table 4.7) Several 

authors have observed association of borate-boron with calcite (Akira et al., 2005; Kitano et 

al., 1978) and this probably explains the high concentration observed in the carbonate 

fraction. An observation of Ca trends indicate occurrence of 52.8 % in the carbonate fraction 

which collaborates the borate-boron-calcite association. A significant (77.6 %) of Mo is 

present in the amorphous fraction probably locked up in the amorphous aluminosilicate glass 

matrix and also in the carbonate fraction (10.6 %). 

 

An observation of the sequential extraction results (Tables 4.7-4.11) indicates that B is being 

re-distributed among three fractions: exchangeable, carbonate and amorphous oxides as the 

pH increases. The increase in B concentration in the exchangeable fraction probably reflects 

the adsorption of released B (OH)3. As the pH increases to > 5 most of the B gets partitioned 

to the water soluble fraction with a significant portion being retained by the crystalline Fe-

oxide fraction. 

 

Mo seems to be redistributed within two main fractions: water soluble and the amorphous 

oxide (Table 4.7-4.11). As the pH increases and dissolution of the amorphous glass phase in 

the fly ash occurs, Mo is translocated to the water soluble fraction. This could be a limitation 

in the application of the fly ash in this process. However at pH 6.32 a significant portion 

(84.4 %) of the total Mo is retained in the amorphous precipitates (Table 4.10). This indicates 

that hydrolysis and precipitation of Fe2+ has an impact in the attenuation of Mo and tends to 

confirm that Mo was indeed removed formation of metal molybdates... 

 

4.2.6.2 Ca and Na concentration profile 
 

Ca sequence in the extracted fractions represents redistribution between three phases: water 

soluble, exchangeable and carbonate (Table 4.7-4.11). In the fly ash Ca is highest in 

carbonate fraction (52.8 %) indicating its presence as CaCO3 and water soluble fraction (32 

%) as CaO. As dissolution occurs on contact with AMD redistribution occurs in the three 

fractions, water soluble and the carbonate fractions still retain a significant proportion of the 
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total Ca. Retention of Ca in the carbonate fraction despite dissolution at acidic pH indicates 

that formation of calcite due to ingress of CO2 was taking place. Formation of soluble CaSO4 

at acidic pH and high SO4
2- content could also account for the increased retention in the 

water soluble fraction (Table 4.8). Anhydrite was predicted to be controlling Ca2+ and 

SO42- concentrations at pH 4.17 for 1:3 and 8.92-9.88 for 1:1.5 FA: AMD ratios (Fig 4.19). 

At pH 9.12 the exchangeable fraction becomes significant in retention of Ca as water soluble 

and carbonates fractions (Table 4.11).  

 

Na shows redistribution amongst three fractions: water soluble, amorphous oxides and 

crystalline Fe-oxide. In the fly ash Na is mainly present in the carbonate fraction (98. 6 %) 

which suggests its occurrence as a carbonate. Na remains retained in the carbonate fraction as 

the pH increases to 9.12, but the % retained in the amorphous fraction is observed to increase 

to 1.1 % (Table 4.11). However it should be noted that there is release of Na into the reaction 

mixture judging by the decreasing operational defined totals (Tables 4.7-4.11). The high 

retention of both elements in the carbonate fraction at pH 4 (Table 4.8) suggests that at 3 

minutes of reaction time due to inadequate mixing local pockets of high alkalinity existed 

especially at the particle surfaces and ingress of CO2 accompanied by the formation of CO3
2- 

could have led to the precipitation CaCO3 and Na2CO3. 

 

4.2.6.3 Al, Fe, Mn and Si concentration profiles 
 

The distribution of Al, Fe and Mn in the fly ash indicates their occurrence in the amorphous 

aluminosilicate matrix and in crystalline Fe and Mn-bearing phases. On contact with AMD 

these solid phases release Fe, Mn and Al into solution which on elevation of pH precipitates 

to form amorphous (oxy) hydroxides and probably crystalline oxides. The trends for the three 

elements represent relocation to the amorphous fraction as the pH of the reaction mixture 

increases (Table 4.7-4.11). 

The high proportion of Al (39.4 %) in Fe-oxide fraction in fly ash represents its occurrence 

as Ca6Al4Fe2O15 crystalline phases (Mattigod et al., 1990) and the decrease in content in this 

fraction as the pH increases probably represents its dissolution and relocation to the 

amorphous Fe-Al hydroxide phases. At pH 4 a significant portion (32.2 %) is retained in the 

carbonate fraction. The solid residues at pH 4 were collected after only 3 minutes of reaction 

time which means pockets of high alkalinity accompanied by ingress of CO2 existed 
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especially at the surface of fly ash particles that could have led to local precipitation of metal 

carbonates (Table 4.8).The presence of Al in the this fraction probably represents an 

admixture with an Al-mineral phase. At pH > 6.32 the amorphous fraction became the 

dominant phase retaining Al, indicating a significant proportion of Al from AMD was 

hydrolyzing to form amorphous Al-(oxy) hydroxides. However the carbonate fraction still 

retains a significant proportion at this pH range (28.3-30 %) (Table 4.10-4.11). 

 

The high % (22.3) of Mn in the carbonate and Mn-oxide fraction (22.8 %) (Table 4.7) 

indicates the presence of Mn in the fly ash as MnCO3, MnO or Mn3O4 respectively (Eary et 

al., 1990). The 19.3 % present in Fe-oxide fraction represents Mn present in the spinel type 

solids which include magnetite, ferrite and hematite (Eary et al., 1990). A significant portion 

(35.5 %) is locked up in the amorphous aluminosilicate matrix (Table 4.7). At pH 4-5 there is 

increased content in the carbonate fraction for reasons explained in sections for Na and Ca. 

At pH 6.32 the amorphous and carbonate fractions (Table 4.10) become significant in the 

retention of Mn. However as the solution attains pH 9.12 the Mn-oxide and amorphous 

fractions become important (Table 4.11). At pH > 7 Mn2+ oxidation is fast (Eary et al., 1990) 

and PHREEQC modeling predicted precipitation of manganite (MnOOH) (Table 4.6). 

However the author is cautioned that PHREEQC predicts over saturation of manganite due to 

the thermodynamics at assumed equilibrium of this phase. 

 

Fe is present in fly ash mainly as crystalline Fe-oxides (72.2 %) and in amorphous form 

probably as Ca, Al ferric phases (Mattigod et al., 1990). These phases on contact with highly 

acidic AMD undergo dissolution releasing Fe3+ into the reaction mixture. This is observed in 

the decreased content in the Fe-oxide and amorphous fraction at pH 4 (Table 4.7). However a 

significant proportion is relocated to the carbonate fraction at this pH reaffirming the 

existence of local pockets of high alkalinity and ingress of CO2 leading to the precipitation of 

metal carbonates. As the solution attains pH 6.32 the amorphous fraction becomes significant 

in retention of Fe (87.6-89.9 %) (Table 4.10-4.11). This coincides with the pH of optimum 

oxidation and hydrolysis of Fe2+ which indicates that it’s hydrolyzing mainly to amorphous 

Fe (oxy) hydroxides. 
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The Si trend shows a redistribution amongst three fractions as the fly ash interacts with 

AMD: amorphous, Fe-oxide and carbonate fractions. At pH > 4 the amorphous fraction 

becomes most important in retention of Si. 

 

4.2.6.4 Cu and Zn concentration profile 
 

Cu profile shows redistribution within three fractions: amorphous, water soluble and Mn-Fe-

oxide fraction as the pH increases (Table 4.7-4.11). The high (75.2 %) in the amorphous 

fraction in fly ash indicates the presence of Cu in the amorphous aluminosilicate glass matrix 

(Hullet et al., 1980) and 16.8 % in Fe-oxide fraction shows the incorporation in the magnetic 

fraction consisting of spinel type solids such as magnetite, ferrite and hematite (Hullet et al., 

1980). At pH 4 dissolution of the Cu bearing mineral phases is observed to occur with 

relocation to the carbonate fraction due to the local development of high concentrations of 

CO3
2- due to ingress of CO2. At pH > 5 the amorphous and Fe-Mn-oxide fraction become 

significant in retention of Cu indicating the importance of adsorption processes in controlling 

the attenuation of Cu. Zn is observed to be undergoing redistribution in amorphous, Fe, Mn-

oxides fractions. Carbonate fraction seems to be important at pH 4 and as the solution attains 

pH > 5 (Table 4.9-4.11). The significance of the three fractions: amorphous, Mn Fe-oxide 

indicates the importance of the adsorption processes in controlling the attenuation of Zn as 

the pH increases. 

 

In conclusion it can be ascertained that the alkali metals Na, and Ca after the initial 

dissolution are mainly retained in the carbonate and amorphous fractions with a significant 

fraction also retained in water soluble fraction. Mo was retained in the water soluble fraction 

at pH > 4. The retention in the water soluble fraction presents a risk in the disposal of these 

solid residues due to possible re-solubilization on contact with water or acidic leachates. All 

the elements indicated a significant retention in the carbonate and amorphous fractions which 

implies their non-lability unless in contact with aggressive acidic leachates. Amorphous 

fraction was observed to be the most important in retention of the major and minor 

contaminants at pH > 6.32 which implies that the concentration of total Fe and Al in the 

AMD being treated will have a direct effect on the efficiency of the process. 
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4.3 Conclusions 

 

The objective of this study was to evaluate the chemistry of the resulting process water as the 

sulphate and metal rich AMD interacts with fly ash, and to relate the solution chemistry to 

the formation of mineral phases. Understanding the behavior and ultimate fate of the SO4
2-, 

and major elements in AMD and fly ash during the treatment process is a major determinant 

in usage of fly ash as a neutralization agent. 

 

The dissolution and hydrolysis of oxide components such as CaO and MgO from fly ash on 

contact with AMD contributes to an increase in solution pH. As a consequence an increase in 

dissolved concentration of Ca and Mg is observed as the reaction progresses. There are two 

factors that finally dictate the final pH of the process waters, the FA: AMD ratio, and contact 

time. 

 

Increased removal of elements such as Mg, Mn, Al, Si, total Fe, Zn, Cr and Cu was observed 

at 1:1.5 (FA: AMD) ratio indicating the importance of precipitation reactions in this process. 

 

The elements Fe, Al and SO4
2- appear to have solubility control for the entire contact time 

investigated. Calculated SI values and mineralogical analysis indicate that SO4
2-

,
 Fe and Al 

were indeed controlled by mineral solubility. Al concentrations were controlled by secondary 

phases such as boehmite, basaluminite and gibbsite, Fe by amorphous Fe (OH)3 and goethite, 

Ca and SO4
2- by both anhydrite and gypsum. The elements Na, Ca, Mg, B, Mo, Si, Mn, Zn 

and Cu concentration showed development of solubility control at certain contact times after 

the initial dissolution. It is probable that they were present as soluble salts and, on 

dissolution, interact with components in AMD to form new stable mineral phases which 

control their concentrations. Na was controlled by precipitation Na-jarosite at pH < 6.45. B 

probably by adsorption on to the precipitating Al and Fe-(oxy) hydroxides at pH <4 and 

incorporation in carbonates at pH > 8. Mo and As were probably mainly attenuated by 

precipitation of metal molybdates and metal arsenites/arsenates respectively... 

 

Mn, Zn and Cu were removed from solution at a lower pH (5.5-7.0) than predicted by 

thermodynamic calculations indicating that other processes such as adsorption and co-
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precipitation were responsible for increased metal removal. PHREEQC simulation however 

indicated the solution to be at saturation or at over-saturation with manganite at pH > 8.5 for 

1:1.5 FA: AMD ratio indicating increased oxidation of Mn2+ and formation of insoluble 

oxides. 

 

Fe2+ was removed through oxidation and subsequent hydrolysis and this was evident when 

the mixture attained pH.5.5. A corresponding decrease in SO4
2- concentration was observed 

indicating the relevance of the iron-(oxy)-hydroxides in SO4
2- removal in this process. This 

was clearly evident at 1:1.5 FA: AMD ratio with levels dropping to minimum of 3178 mg/L 

on the mixture attaining pH>5.5 as compared to 1:3 ratio. 

 

Sequential extraction revealed that all the elements exhibited a significant retention in the 

carbonate and amorphous fractions which implies their non-lability unless in contact with 

aggressive acidic leachates. Amorphous fraction was observed to be the most important in 

retention of the major and minor contaminants at pH > 6.32 which implies that the 

concentration of total Fe and Al in the AMD being treated will have a direct effect on the 

efficiency of the process. 
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Chapter Five 
  
Contaminants attenuation by Fly ash and its derivatives: A column 
leaching study. 
 
Abstract 
 
A treatment model was developed in which Fly Ash (FA) is used to neutralize Acid Mine 

Drainage (AMD) from coal mines. This treatment option promises to be a substitute for the 

currently used lime or limestone based AMD treatment. This study also looked at the 

suitability of using solid residues (SR) recovered from the process as a backfill material. A 

column leaching study of the solid residues blended with varying amounts of fly ash (5 %, 25 

%, 40 %) and 6 % Ordinary Portland Cement (OPC) has been carried out to assess the 

contaminant attenuation with time. The column solid cores acidified in a stepwise fashion, 

exhibiting three buffer zones. Initial leachate pHs were as follows: FA>SR +6 % 

OPC>SR+40 % > SR+25 %>SR ≈ SR+5 %. The SR alone and SR blended with fly ash 

appeared to have a significant buffering capacity, maintaining neutral to alkaline pH for an 

extended period of time (97-110 days) as opposed to OPC blended SR. Dissolution of CaO in 

fly ash and solid residues blended with fly ash impacted high pH in the initial leachates while 

hydrations reactions in OPC blend solid residues contributed to high initial pH. Dissolution 

of SiO2(amorphous) and mullite in the solid residues contributed to sustained buffering at pH 7-

9.5 for solid residues and fly ash blended solid residues. Encapsulation of solid residue 

particles by the calcium silicate hydrate gels (CSH) in OPC blended solid residues reduced 

interaction of particles with SAMD hence the buffering at pH 7-9.5 was not observed.  

The fly ash and OPC blend solid residues exhibited decontamination efficiencies of (82-99 

%) for Al, Fe, Mn and SO4 over the study period. However the OPC blend SR exhibited high 

attenuation efficiency even as the pH dropped to below 4. Contaminants attenuation of the 

solid cores depended on four factors: a] increasing the pH to alkaline or circum-neutral 

values, b] sustainability of the pH at circum-neutral values for FA blend solid residues, c] 

capacity to induce precipitation of amorphous Al, Fe, Mn (oxy) hydroxides, Ca-Si-Al-O, Ca-

Al-O rich gels, d] capacity to release Ca which was dependent on % FA in the blend. 

The pH was observed to be the main determining factor in contaminants attenuation, 

concentration increased in the leachates once the leachate pH dropped to below 4. Ion 

activity diagrams revealed that pH and SO4
2- concentration in the leachates had an impact on 
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the mineral phases controlling Fe and Al. Mn2+ chemistry was controlled by pyrolusite 

(MnO2) at pH > 7.5 and manganite (MnOOH) at pH 5.94-8.62. 

Crystalline phases enriched in Al, Fe, S and O were observed to have precipitated in the 

leached solid residue cores (SR). Their elemental contents suggests them to be Al, Fe-

hydroxysulphates or Al, Fe, Mn-(hydr) oxides. In the SR + 6 % OPC solid cores, EDX 

analysis revealed that CSH gels and calcium aluminate hydrate gels were being precipitated. 

These gels were either incorporating Fe, Mg, Mn in their matrix or encapsulating the solid 

residue particles that were rich in these elements.  

Sequential extractions revealed that the amorphous fraction was the most important in 

retention of the major contaminants and was most enhanced in the OPC blend solid residues 

due to formation of amorphous CSH gels. 

The OPC blend solid residue slurries developed unconfined compressive strength (UCS) (2-3 

Mpa) comparable to paste formulated from sulphidic rich mine tailings. The study confirms 

that the solid residues can be used for backfilling. 

If placed in a mining area generating AMD, these solid residue blends could provide a 

passive method of treatment of polluted mine water and also provide support for the 

overburden. 
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5 Introduction 
Backfilling in addition to providing support to pillars, reducing subsidence, reducing void 

volume, also plays a role in mitigating the environmental concerns of underground fires and 

the future production of AMD as well as neutralizing existing AMD (USEPA, 1999). South 

African FA was already investigated as a backfill material and successfully applied on a few 

occasions (Ilgner, 2000; Ilgner, 2002). However no studies were found relating to the 

possible use of solid residues (SR) resulting from FA, obtained after reaction with AMD, for 

backfill.  

 

In addition to passively treating the AMD percolating through, a potential backfill material 

should also develop strength to support overburden in backfill areas.  

 

Benzaazoua et al. (2002) points out that waste materials used for backfilling are often mixed 

with very lean (1-7 %) cement or other pozzolanic binders to improve their strength 

properties. In this context the solid residues were also modified with 6 % Ordinary Portland 

Cement (OPC) in an attempt to understand the binder matrix effect on the treatment of 

SAMD. A preliminary investigation of the strength development of the solid residues was 

also carried out over a one year period.  

Significant questions exist regarding the use of fly ash as a backfill material either alone or 

blended with binders such as OPC in coal-mined areas, particularly the long-term effects on 

water quality if large quantities of this material was placed underground. In that context the 

main objectives of this part of the study were: 

 

i. to determine the effects of blending fly ash/acid mine drainage solid residues(SR) 

with unreacted fly ash and Ordinary Portland cement on the quality of acid mine 

drainage (AMD) leachates. 

 

ii. understand the mechanisms of acidity attenuation by the solid residues, contaminant 

attenuation mechanisms and leaching characteristics as the SAMD percolated 

through.  

iii. develop a mineralogical model for the dynamic L/S system 
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iv. to relate these effects to the possible environmental ramifications of this practice in 

coal mining areas. 

v. assess the strength development of the OPC blend solid residues (SR) slurries 

formulated with AMD/FA process waters. 

 

In this chapter the results of a six months study of the interaction of simulated acid mine 

water with the FA/AMD solid residues is presented.  
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5.1 Materials and Methods 

 

5.1.1 Sample Collection, preparation of Solid Residues and Column Assembly set-up 

 

Fly Ash samples were collected at Arnot power stations in South Africa. The chemical 

composition of FA and solid residues was ascertained by X-ray fluorescence spectroscopy 

(XRF) by fusing with lithium metaborate. The solid residues were dried for 12 hours at 

105oC and ground to a fine powder before analysis. AMD was sampled at Navigation plant 

toe seep dam (Landau colliery). The solid residues were generated by reacting Arnot fly ash 

and Navigation AMD in a ratio (FA: AMD) of 1:3 using a 150 litre capacity agitator at center 

for scientific and industrial research (CSIR) in Pretoria (South Africa) (Fig 5.1). The mixture 

was stirred at a rate of 1000 RPM, the EC and pH were monitored during the course of the 

reaction. The reaction was stopped when a pH of 9.20 was attained. The mixture was allowed 

to settle and the liquid phase was drained. The solids were then air dried. The solids were 

crushed and mixed thoroughly to attain homogeneity and thereafter placed in columns. The 

diameter of the columns was constant at 101 mm (10.1 cm) but the length covered by each 

blend varied.  The solid residues were packed into columns in small portions of 500 gms. 

After each addition the material was then gently pressed with a 1 L PVC bottle in order to 

pack sediments. Each column was duplicated for each different composition of solid material 

(Table 5.1 and 5.3). Calculation of the loading weights in the columns was done taking into 

account the moisture content of the solid residues. The moisture content was determined by 

oven drying the wet solid residues at 105oC for 12 hours. The % moisture content was 12.09 

± 0.01 %. 

A whatman filter paper cut to fit the PVC pipe was inserted on the top and bottom of tube on 

which a plastic grid with 8 evenly spread holes were placed, this were meant to hold the fine 

particles and spread the leachate respectively. Height of packing was as follows: FA-13 cm, 

SR-11 cm, SR + 5 % FA-11.8 cm, SR + 25 % FA- 15 cm, SR + 40 % FA- 18.8 cm and SR + 

6 % OPC-12.8 cm. 
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Figure 5.1: The 150 litre capacity agitator used to generate the solid residues used for the 

drainage experiments.  

 

Table 5.1: Column compositions and total mass (kg, dry weight basis), drainage volumes (L) 

and liquid to solid ratios for each column. 

 

Column 
number 

Column 
composition 

Mass 
solids 
(kg) 

SAMD 
added per 
drainage (L)

Total SAMD 
added after 16 
drainages (L) 

Liquid:Solid 
ratio per 
drainage (L/kg) 

Total 
Liquid:Solid 
ratio (L/kg) 

1 Fly ash (FA) 1.000 0.350 5.60 0.350 5.600 
2 Solid residue (SR) 0.897 0.350 5.60 0.390 6.243 
3 SR + 5 % FA 0.925 0.350 5.60 0.378 6.054 
5 SR + 25 % FA 1.172 0.450 7.20 0.384 6.143 
6 SR + 40 % FA 1.465 0.555 8.88 0.379 6.061 
8 SR + 6 % OPC 0.935 0.350 5.60 0.374 5.989 
 

5.1.2 Simulated AMD preparation and Drainage 
 

Simulated AMD was used in the column study because of logistical constraints and to 

exclude variability. The model solutions simulating acid mine drainage were formulated 

using soluble salts of the major elements in AMD (Fe, Al, Mn and SO4
2-). The simulated 

AMD used in the drainage experiments contained 2000 mg/L Fe3+, 3000 mg/L Fe2+, 1000 

mg/L Al3+, 200 mg/L Mn2+ and 14407 mg/L SO4
2- (Table 5.2). It was modeled to simulate 
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Navigation AMD which was used in the initial experiments. It was prepared by dissolving 

the required amounts of Ferric sulphate unhydrous [Fe2 (SO4)3], Ferrous sulphate 

heptahydrate FeSO4.7H2O, Aluminium sulphate 18-hydrate, Al2 (SO4)3.18H2O, Manganese 

(Ⅱ) nitrate tetra hydrate Mn (NO3)2.4H2O. All chemicals used were of analytical grade. The 

weighed salts were dissolved in 0.005 M H2SO4 solution prepared using milliQ water to 

prevent immediate precipitation of ferric iron. The final pH of the solution ranged from 1.82 

–1.84. The actual concentration of the simulated AMD was ascertained by inductively 

coupled-mass spectrometry (ICP-MS) for major elements and ion chromatography (IC) for 

SO4
2-. The SAMD neutralization kinetics were developed to confirm its buffering properties 

as compared to the natural AMD, reactions were carried out for 24 hours and EC and pH 

monitored over time, this was done at two levels of Fe2+/Fe3+(1000:1000ppm) and 

(2000:3000 ppm) giving a total concentration of Fe similar to the natural AMD (Navigation 

AMD). The simulated AMD was prepared each time, a few minutes before the drainage 

experiments. The column assembly used for the drainage experiments is shown in figure 5.2 

below.  

 

 
 

Figure 5.2: A photo and schematic drawing of the column assembly used for the leaching 

experiments (all columns used were PVC pipes of diameter 101 mm) 
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Table 5.2: Composition of the Simulated Acid mine Water used in the drainage experiments 
(mg/L) 
 

Contaminant calculated SAMD1 SAMD2 ave std 
Al 1000 907.60 909.75 908.67 1.07 
Mn 200 201.40 198.86 200.13 1.27 
Fe (total) 5000 4657.01 4795.70 4726.36 69.34
SO4 14407     
 
Table 5.3: Test conditions for the fly ash, solid residues, fly ash and Ordinary Portland 
Cement blended solid residues 
 

Column 
code 

weight of co-
disposal/fly 
ash (kg) dry weight (kg)

weight of fly 
ash/OPC 
added(g) 

% fly ash/OPC 
added (dry 
weight) 

Height of 
column 
solids (cm)

drainage 
volume (L) per 
experiment 

C1a 1.000 1.000   13 0.35 
C1b 1.000 1.000   13 0.35 
C2a 1.000 0.879   11 0.35 
C2b 1.000 0.879   11 0.35 
C3a 1.000 0.925 46 5 11.8 0.35 
C3b 1.000 0.925 46 5 11.8 0.35 
C5a 1.000 1.172 293 25 15 0.45 
C5b 1.000 1.172 293 25 15 0.45 
C6a 1.000 1.465 586 40 18.8 0.555 
C6b 1.000 1.465 586 40 18.8 0.555 
C8a 1.000 0.935 56.1 6 12.8 0.35 
C8b 1.000 0.935 56.1 6 12.8 0.35 
 

The simulated AMD was added to each column over a period of several minutes. Columns 1, 

2, 3 and 8 were leached with batches of 350 mL SAMD. Columns 5 and 6 containing 

different masses of solid material were leached with 450 and 555 mL, respectively in order to 

maintain a consistent liquid to solid ratio between all the columns (Table 5.1). Drainage was 

done after 7 days for the first 53 days and thereafter after 14 days until stoppage of the 

experiment at 165 days (Table 5.4). Leachates from previous drainage were collected before 

the next drainage. Leachates were analyzed within 24 hours for pH, EC and Eh. Sub-samples 

were thereafter preserved with HNO3 for analysis of metals by inductively coupled-mass 

spectrometry (ICP-MS) for major elements and un-acidified samples diluted accordingly for 

SO4
2- analysis by ion chromatography (IC). Samples were refrigerated at 4oC until analysis. 

The alternate wetting and drying regimes were done to simulate conditions when AMD is 

percolating and not percolating through the backfilled material. 
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Table 5.4: The number of times SAMD was drained through the columns, and the 

corresponding time in days and cumulative volume of SAMD (L/kg). 

 

   Volume (L/kg) of SAMD added per column  
Drainage No Time (days) Column 1 Column 2 Column 3 Column 5 Column 6 Column 8 
1 1 0.35 0.40 0.38 0.38 0.38 0.37 
2 7 0.70 0.79 0.76 0.77 0.76 0.74 
3 15 1.05 1.18 1.13 1.15 1.14 1.11 
4 22 1.40 1.57 1.51 1.54 1.52 1.48 
5 29 1.75 1.95 1.89 1.92 1.90 1.85 
6 36 2.10 2.34 2.27 2.30 2.27 2.22 
7 44 2.45 2.73 2.65 2.69 2.65 2.59 
8 53 2.80 3.12 3.02 3.07 3.03 2.96 
9 67 3.15 3.51 3.40 3.46 3.41 3.33 
10 81 3.50 3.90 3.78 3.84 3.79 3.70 
11 97 3.85 4.29 4.16 4.22 4.17 4.07 
12 110 4.20 4.68 4.54 4.61 4.55 4.44 
13 124 4.55 5.07 4.91 4.99 4.93 4.81 
14 138 4.90 5.46 5.29 5.38 5.31 5.18 
15 152 5.25 5.84 5.67 5.76 5.69 5.55 
16 165 5.60 6.23 6.05 6.14 6.06 5.92 

 

5.1.3 Analysis of the Leached Solid Residue Cores. 
 

At the end of the drainage experiment the columns were left intact for another three months 

without being drained. The columns were then cut lengthwise into two equal sections by 

using a saw. One of the sections was divided into three sections for column C1, C2, C3, C5 

and C8 while for column C6 was divided into four sections. Physical, chemical and 

mineralogical analyses were performed on the three or four sections of the solid cores. 

 

5.1.4 PH profile of the Leached Column Solid Cores. 
 

The samples for pH determination were scooped across the length of the surface of the half-

section and blended to create a composite sample. Samples were scooped after every 2 cm 

down the column solid residue cores for columns C1, C2, C3, and C8 and after every 2.5 cm 

for columns C5 and C6 (leached solid cores were relatively longer). Ph was determined using 

1:1 solid residue: water ratio by following the method of Eckert (1988). 

10 grams of the leached solid residues were weighed and put in a beaker and an equal 

amount (10 ml) of de-ionized water added. The mixture was then stirred thoroughly for 5 
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seconds, allowed to settle for 15 minutes and the pH of the supernatant recorded. The 

procedure was triplicated. 

 

5.1.5 X-ray diffraction, Scanning Electron microscopy, Scanning Electron 

microscopy-energy dispersive spectroscopy (SEM-EDX) and infra-red analysis 

of column solid cores. 

 

To evaluate the mineralogical changes resulting from the interaction of the SAMD with the 

various solid residue (SR) blends, samples from the sectioned solid residue cores were 

subjected to XRD and SEM analysis. 

The solid samples were thawed from the sectioned column according to the sections starting 

from the top of the column to the bottom. The samples were then crushed and oven-dried for 

12 hours at 105oC to remove the interstitial water, and then crushed further to obtain a fine 

powder. The XRD spectra were obtained by a PANalytical X-ray diffractometer (XRD) 

using Cu Kα radiation generated at 20 mA and 40 KV. Specimens were step scanned as 

random powder mounts from 5 to 85o 2θ integrated at 0.02o 2θ per second. X-ray diffraction 

analysis can detect crystalline phases present at 5 % mass. Powder samples for SEM and 

SEM-EDX were loaded on copper stubs coated with carbon graphite glue mixture and then 

carbon coated for 30 minutes. Both backscatter and secondary electron modes were used for 

image acquisition. 

Dried powdered solid residue cores section samples were also analyzed by Fourier 

transformed infra-red spectroscopy (FTIR). The powder samples were mixed with 95 % 

dried analar grade KBr, ground with mortar and pestle and pressed into a transparent disc and 

thereafter scanned over the wave number range 4000 cm-1 to 200 cm-1.  

 

5.1.6 Sequential Chemical Extractions 
 

To complement the data on mineralogical analysis and to be able to account for the 

contaminants profiles obtained in the leachates and the contaminant attenuation behavior of 

the FA solid residues (SR) and the tested SR blends, the solid residue core sections were 

subjected to sequential chemical extraction based on the work of Ribet et al. (1995), 

Schwertmann et al. (1982) and Tessier et al. (1979). All the extraction experiments were 

carried out with wet samples scooped from the column sections starting at the top to the 
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bottom of the column. These extractions were done to determine the water soluble fraction, 

amorphous fraction and reducible fraction. All experiments were carried out in triplicate. 

 

a) Water soluble fraction: the distilled-water soluble fraction was determined by 

agitating 5 g of the wet solids in 50 ml of MilliQ water with a table shaker for 1 hour, 

the mixture was then centrifuged at 1000 rpm for 10 minutes, filtered through a 0.45 

μM nucleopore membrane. The obtained supernatant was then prepared for metal and 

SO4
2- analysis. A parallel sub-sample was dried for 12 hours at 105oC to determine 

the moisture content so as to be able to calculate the dry weight. 

b) Amorphous fraction: 1.0 gm of the wet solid residues from (a) were extracted with 

200 ml of 0.2 M ammonium oxalate buffer at pH 3.0 in the dark in the dark. The 

buffer was prepared by adding 1100 ml of 0.2 M oxalic acid solution to 1500 ml of 

0.2 M ammonium oxalate solution to obtain a final pH of 3.07. The buffer was 

prepared fresh during each series of extraction for a given column sections. The 

extraction was done by agitating the mixture in a table shaker for 4 hours. The 

mixture was then centrifuged at 1000 rpm for 10 minutes, filtered through a 0.45 μM 

nucleopore membrane and the supernatant prepared for metal and SO4
2- analysis. 

c) Reducible fraction: 0.5 gms of the wet solids from (b) were added to 15 ml of 1.0 M 

hydroxylamine hydrochloride (NH2OH.HCL) solution in 25 % (v/v) acetic acid 

solution and then heated to 95 ± 5oC for 6 hours to remove the crystalline Fe and Mn 

(hydr) oxides (Tessier et al., 1979). The 1.0 M hydroxylamine hydrochloride solution 

was made by dissolving 13.898 gms of hydroxylamine hydrochloride salt in 200 ml 

of 25 % acetic acid solution. The extraction was done by agitating the mixture in a 

table shaker with a water bath maintained at 95 ± 5oC. The mixture was then 

centrifuged at 1000 rpm for 10 minutes after cooling, filtered through a 0.45 μM 

nucleopore membrane and the supernatant prepared for metal and SO4
2- analysis. 

 

5.1.7 Geochemical Modeling 
 

Activities of aqueous species and mineral saturation indices of selected mineral phases were 

calculated using PHREEQC software (Parkhurst, 1995) and the WATEQ4F database which 

was modified to include ettringite. FeOOH was added to the database with Log K = 4.891 for 
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ferrihydrite. Sillimanite, a mineral similar to mullite (main aluminosilicate matrix in fly ash) 

was added since its thermodynamic data is available (Lindsay, 1979). The alkalinity reported 

as mg CaCO3/L was recalculated to mg HCO3
-/L as required for input by PHREEQC. 

Analysis data of the leachates for the various column solid cores for each drainage were input 

and used to estimate the activities of the various species. The activities of the dissolved 

species were calculated with Davies equation (Davies, 1962). All the dissolved Fe was 

assumed to be oxidized to Fe3+ thus redox reactions were eliminated from the modeling to 

simplify the equilibrium calculation. The data used for the calculations were pH, alkalinity, 

ρε = 4, solute concentrations for Al, Ca, Cu, Fe, Zn, SO4
2-, Na, K, Si, Mn, Pb, B, Sr, Ba, and 

Mo. 
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5.1.8 Strength Development of Acid Mine Drainage and Fly Ash Solid Residues 
blended with Ordinary Portland Cement (OPC). 

 

5.1.8.1 Preparation of the solid residues 
 

The solid residues were prepared by reacting Navigation AMD and Matla fly ash in a 1:3 

ratio (FA: AMD) using an overhead stirrer at a speed of 450 rpm. Three batches of solid 

residues (SR) were prepared. The solids for batch one were prepared by using Matla FA from 

unit 5 and those for batch two and three by using Matla FA from unit 3. On attaining a pH of 

9.0 (for batches one and two) and 11.0 (for batch three) the reaction mixture was filtered and 

the wet solids were pressed at 150 kPa. The pressure was increased gradually to drive out 

most of the water until bubbling was observed. A sample was preserved for moisture content 

determination. The remaining solid residues were kept in a tightly locked plastic container.  

 

5.1.8.2 Moisture content determination 
 

The moisture content was determined, to obtain the dry weight of the solids, by drying the 

wet solids at 1050 C for 12 hours. The moisture content was in turn used for the calculation 

of the amount of the binder (Ordinary Portland Cement) needed for each blending rate.  

 

5.1.8.3 Marsh cone test 
 

To estimate the amount of water that will be needed to make the slurry suitable for pumping; 

a marsh cone test was performed. This was done by adding tap water to a solid residue slurry 

blended with 3 % binder (ordinary Portland cement) until the time for 1 L to run out had 

dropped to less than 10 seconds. The resulting value was taken as the required water content 

for make-up of pumpable slurry. Solids from batch one and two were also submitted to marsh 

cone test. 
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5.1.8.4 Particle size determination  
 

Particle size analysis was done by FRITSCA analysette sieves for particle sizes greater than 

38 μm. For particles smaller than 10 μm, a laser particle sizer FRITSCH ANALYSETTE 22 

at Miningtek CSIR (Johannesburg) was used. 

 

5.1.8.5 Preparation of the cylinders and curing 
 

The wet solids were blended with a pozzolanic binder (Castle cement) at rates of 1 %, 3 % 

and 6 % dry weight basis. Several batches of cylinders were prepared, by using ordinary tap 

water for batch one and by using the process water obtained from the treatment of acid mine 

drainage with fly ash at a ratio of 1:3 (FA: AMD) for batches two and three. The wet solids 

were slurried with the required amount of water as determined from the marsh cone test. 

Then they were poured into the cylindrical tubes and placed in plastic bags, a bottle of water 

being placed next to them to maintain the required level of humidity for the curing process 

(Fig 5.3). All samples were duplicated. The prepared cylinders were cured and monitored for 

strength development for one year. 

 

 
 

Figure 5.3: Cement blended Solid residue slurry cured in plastic cylinders for strength 

development testing at Miningtek laboratory. 

 

 

 

 



 

155 

5.2 Results and Discussion 

 

5.2.1 Composition of Fly Ash, Solid residues (SR) and Ordinary Portland Cement 

(OPC) 

 

The table 5.5 below shows the chemical characteristics of the fly ash, solid residues and 

ordinary Portland cement used in the column studies 

 

Table 5.5: Elemental content of solid residues, Arnot fly ash and Ordinary Portland cement. 
 

Solid residues 
Ordinary portland 
cement Arnot fly ash   

Element wt % Element ppm Element wt % Element wt % Element ppm 
SiO2 45.88 Mo 6.2 SiO2 35.26 SiO2 53.39 Mo 5.23 
Al2O3 24.57 Sr 1954.4 Al2O3 12.83 Al2O3 23.40 Sr 1463.9 
TiO2 1.19 Pb 46.8 TiO2 0.80 TiO2 1.34 Pb 56.35 
Fe2O3 6.31 Co 29.5 Fe2O3 1.44 Fe2O3 4.72 Co 18.25 
MnO 0.10 Mn 642.9 MnO 0.36 MnO 0.06 Cr 179.2 
MgO 2.39 Cr 230.6 MgO 3.55 MgO 2.70 Zn 57.33 
CaO 7.14 Zn 144.3 CaO 42.82 CaO 8.43 Cu 47.34 
Na2O 0.41 Cu 52.3 Na2O 0.05 Na2O 0.35 Ni 93.41 
K2O 0.51 Ni 83.3 K2O 0.59 K2O 0.49 Ba 928 
P2O5 0.68 Ba 136.9 P2O5 0.15 P2O5 0.35   
SO3 3.48   Cr2O3 0.002 Cr2O3 0.03   
Cr2O3 0.04     NiO 0.011   
NiO 0.01         

 
The high weight % of Si, Al and Ca reflect the main components of Ordinary Portland 

Cement (OPC). OPC consists primarily of compounds of calcium and silicon with smaller 

amounts of iron and aluminium compounds (Taylor, 1997). Compared to fly ash and the 

solid residues, OPC had high amounts of Mn and Mg which could be mobilized during the 

leaching study. The solid residues and fly ash have high weight % of SiO2, Al2O3 which 

reflects the main components of fly ash, aluminosilicate matrix. This has been established to 

be mainly quartz and mullite (Gitari et al., 2004). The decrease in CaO content in the solid 

residues compared to fly ash reflects the free lime utilized in the neutralization of AMD. A 

decrease in MgO is also observed which indicates its additional contribution to the 

neutralization capacity of the fly ash. 
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A decrease in SiO2 is observed in the solid residue which is attributed to the dissolution of 

the alumino-silicate matrix during the neutralization process. An enrichment of Fe and Al is 

observed in the solid residues as a result of the removal of these elements from AMD as 

insoluble precipitates. Other elements observed to be enriched in the solid residues include 

Mo, Sr, Co, Cr and Zn. 

 

5.2.2 Kinetics of the Simulated Acid mine Water (SAMD) 
 

To test the performance of the formulated Acid Mine Drainage, reactions were carried out at 

FA: AMD ratios of 1:3 and 1:1.5 using Arnot fly ash. PH and EC were recorded over a 24 

hour period. Different Fe2+/Fe3+ ratios were used in an attempt to simulate the ratios observed 

in natural acid mine drainage samples. The kinetics of the reactions are shown in figures 5.4 

and 5.5. 
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Figure 5.4: Change in pH and EC with time for SAMD (Fe2+/Fe3+) ratio of 2:3 
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Figure 5.5: Change in pH and EC with time for SAMD (Fe2+/Fe3+) ratio of 1:1 

 

The buffer regions associated with neutralization of natural AMD are observed. At pH 2.0-

5.0, 5.5-6.0 and at pH 8.5-9.0. A decrease in pH is observed at longer contact times for the 

2:3 (Fe2+/Fe3+) ratio probably due to unoxidized ferrous iron which on oxidation and 

hydrolysis releases acidity (H+). Observation of the figure 5.4 and 5.5 shows that EC trends 

are similar for both FA: AMD ratios tested, however the 1:1.5 ratio shows a faster decrease. 

A significant decrease in EC is observed once the mixture attains pH 5.5. This has been 

observed in earlier experiments using Navigation and Brugspruit AMDs (Gitari et al., 2004). 

The control on buffering capacity of the solution by Fe2+ is evident at pH 4.5-8.5 range, the 

rate of increase in pH is steeper for 1000 ppm Fe2+ solution than the 2000 ppm Fe2+ solution 

(Figs 5.4, 5.5 and Table 5.6). The formulated acid mine drainage was thus observed to fit the 

major neutralizing characteristics of the natural acid mine drainage. 
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Table 5.6: Rate of change of pH with time over the pH range 4.5-8.5 for the two model 
solutions. 
 
Solution Fe2+/Fe3+ (1:1) Fe2+/Fe3+ (2:3) 

FA: AMD 1:3 1:1.5 1:3 1:1.5 

 ΔpH/ΔT  0.025  0.081  0.016  0.057 

 

5.2.3 Drainage Quality 
 
5.2.3.1 Evolution of pH in the column leachates  
 

Results of pH profiles are presented for FA, SR, SR + 5 % FA, SR + 25 % FA, SR + 40 % 

FA and SR + 6 % OPC columns. The figures 5.6- 5.17 below show the pH and EC of the 

leachates as a function of cumulative drainage volume (L/kg). 

 

In chapter four and five of this work it has been established that SO4
2- is the most important 

contributor of conductivity in the acid mine waters being investigated. Azzie (2002) observed 

that SO4
2- was responsible for the high conductivity of a variety of mine waters and it was the 

major anion. In this context the EC profiles are plotted parallel to the pH profiles as an 

indication of the change in EC as the SO4
2- is removed from the percolating SAMD and the 

trends are not discussed further. The description of the pH profiles of the leachates for 

different column cores is presented. 

 

The pH values of leachates recovered from unreacted fly ash cores were initially alkaline (pH 

> 12.0). Acidification of the ash occurred in a step-wise fashion with the columns exhibiting 

three buffer regions. This stepwise acidification of fly ash has been observed by other 

researchers (Hodgson et al., 1982; Komnitsas et al., 2004; Warren and Dudas, 1984). The 

buffering regions were observed as the pH decreased, at pH 12.0-10.0, 8.0-7.0, 5-5.5 and 4.0 

(Fig 4.6). However the pH of the buffer regions displayed variability for the duplicate 

columns which could have occurred due to channeling effects. However the variability 

decreased as the treatment systems approached the acidic buffer region. Stewart et al. (2001) 

observed variation in the pH trends for their replicates in the early phases of a column 

drainage study for coal refuse blended with fly ash. At 97th day of drainage both columns 
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show a decrease in pH to below 5.0. A buffer zone is observed at pH 4.0 and is sustained as 

the experiment comes to a close at 165 days (Fig 5.6 and Table 5.4). 
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Figure 5.6: Evolution of pH in the leachate with cumulative 
volume for the unreacted FA 
 

0

2

4

6

8

10

12

14

0

0.
35

0.
70

1.
05

1.
40

1.
75

2.
10

2.
45

2.
80

3.
15

3.
50

3.
85

4.
20

4.
55

4.
90

5.
25

5.
60

cumulative vol (L/kg)

EC
 (m

S/
cm

)

c1b
c1a
simulated AMD

 
Figure 5.7: Column leachate EC values as a function of 
cumulative volume for the unreacted FA.  
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Figure 5.8: Evolution of pH in the leachate with cumulative 
volume for solid residues (SR). 
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Figure 5.9: Column leachate EC values as a function of 
cumulative volume for solid residues (SR). 
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Figure 5.10: Evolution of pH in the leachate with cumulative 
volume for the solid residues (SR) + 5 % FA.  
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Figure 5.11: Column leachate EC values as a function of 
cumulative volume for the solid residues (SR) + 5 % FA. 
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Figure 5.12: Evolution of pH in the leachate with cumulative 
volume for the solid residues (SR) + 25 % FA. 
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Figure 5.13: Column leachate EC values as a function of 
cumulative volume for the solid residues (SR) + 25 % FA. 
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Figure 5.14: Evolution of pH in the leachate with cumulative 
volume for the solid residues (SR) + 40 % FA. 
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Figure 5.15: Column leachate EC values as a function of 
cumulative volume for the solid residues (SR) + 40 % FA. 
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Figure 5.16: Evolution of pH in the leachate with cumulative 
volume for the solid residues (SR) + 6 % Ordinary Portland 
Cement. 
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Figure 5.17: Column leachate EC values as a function of 
cumulative volume for the solid residues (SR) + 6 % Ordinary 
Portland Cement
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The solid residue (SR) core leachates were initially circum-neutral (pH 8.5) upto 81 days 

when 3.57 L/kg of SAMD had been added (Fig 5.8 and Table 5.4), this comprised the first 

buffer zone, thereafter the pH dropped with subsequent leaching. Column C2a first buffer 

zone was observed at a slightly higher pH than for column C2b. At 110 days of drainage the 

acidic buffer region was observed with pH dropping to below 4.5. A gradual drop in pH was 

subsequently observed (pH 4.0-3.5) as the drainage came to a close at 165 days. Two 

acidification steps were observed for the duration of the experiment. 

 

The pH values of leachates recovered from the solid residue (SR) + 5 % FA cores were 

initially neutral (Fig 5.10) (pH 7-7.5).  Apart from the increase to pH 8.5 for column C3b 

leachates at 15 days both columns generally exhibited a gradual increase in pH as the 

drainage progressed to a maximum of 8-8.5 at 97-110 days of drainage. Thereafter both 

columns exhibited a decrease in pH to below 4.0 at the close of the experiment. The pH 

profile strongly mirrored that of the SR cores with the pH being slightly less than 8.0 at the 

first buffer region. These solid cores exhibited two acidification steps for the entire duration 

of the experiment. 

 

The solid residue (SR) + 25 % FA column core leachates maintained largely a pH>8.0 upto 

110 days corresponding to 3.77 L /kg of SAMD added (Fig 5.12 and Table 5.4). This pH was 

slightly higher than for the SR and SR + 5 % FA cores. The sudden pH front breakthrough 

observed for SR and SR + 5 % FA was not observed in this column core. The addition of the 

fly ash at this rate probably delays the breakthrough to the acidic region. The pH is noted to 

decrease steadily with drainage after 97 and 110 days for column C5b and C5a respectively. 

 

The solid residue (SR) + 40 % FA column core leachates were initially alkaline (pH ≈11.0) 

(Fig 5.14). The pH drop for the two columns occurred stepwise with three buffer zones being 

exhibited, the buffer zones occurred at pH 10.5-11.0, 8.0-9.0 and 4.0-6.0.  

Variability in the pH of the leachates for the two column cores was observed for a large 

duration of the experiment (i.e, 152 days of drainage) (Fig 5.14 and Table 5.4) except at pH 

8.5-9.0. Column C6a maintained a lower pH in the leachates for a significant duration of the 

drainage experiment. This variability was also observed in fly ash core leachates. The 

variability is observed to decrease to a minimum as the buffer zones are approached. The pH 
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profile of the leachates strongly mirrored that of the fly ash cores suggesting that at blending 

rates > 40 % FA the dissolution kinetics of the fly ash dominates for the duration 

investigated. 

 

The leachates of the solid residue (SR) + 6 % OPC cores were initially highly alkaline (pH 

10.5-11.5) (Fig 5.16). The cores exhibited two buffer regions at pH 10.5-11.5 and pH 4 –5.5. 

The lower pH buffer region was maintained for longer duration of the leaching study 

compared to the high pH buffer region (Table 5.4). The change from the high pH buffer 

region to the lower one was quite rapid; it required drainage of 1.52 L/kg of SAMD for the 

pH to drop from 11.5 to 5.5 at 29 days for column C8b. The high pH leachates generated 

initially were attributed to the hydration reactions of OPC which release Ca(OH)2  and 

calcium silicate hydrate (CSH) gels according to equations (5.1) and (5.2)(Taylor, 1997).The 

rapid drop in pH thereafter probably indicates completion of the hydration reactions and 

transformation of the released Ca(OH)2. 

2253 )(362 OHCaCSHOHSiOCa +⇒+ …………………………………….(5.1) 

2242 )(42 OHCaCSHOHSiOCa +⇒+ ………………………..…………….(5.2) 

 

5.2.4 Conclusions 
 

The FA cores, the solid residue (SR) + FA and solid residue (SR) + 6 % OPC cores exhibited 

stepwise acidification process which indicates that several acidity attenuation mechanisms 

are involved as the drainage progresses. FA cores exhibited three acidification steps, SR, 

SR+FA and SR+ 6 % OPC cores two acidification steps. The higher pH buffer region (7.5-9) 

was sustained for a longer duration than the lower one (3-4) in SR and SR+FA cores. 

SR+OPC cores sustained the lower buffer region (3.5-4) for a longer duration of the 

experiment. 

An observed similarity in pH profile of the SR + 40 % FA solid core with the FA column 

core probably indicates that at 40 % or higher blending rate, dissolution kinetics of the fly 

ash will dominate. The solid residue cores (SR) appeared to have a significant buffering 

capacity, maintaining a neutral to slightly alkaline pH in the leachates for an extended period 

of time (97 days). Blending of the solid residue (SR) with fly ash of upto 25 % by weight 

increases the pH of the leachates to circum-neutral, alkaline pH and reduces the time of 
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breakthrough to acidic zone. If placed in a mining area generating AMD, these SR could 

provide a passive method of treatment of polluted coal mine water. The alkaline properties of 

the original FA or of the solid residues would thus give a possibility to passively treat AMD, 

with a neutralization reaction taking place in situ over an extended period of time. The use of 

Ordinary Portland Cement as a binder reduces this neutralization capacity to 22 days (Fig 

5.16 and Table 5.4). Results obtained in the case of addition of the OPC binder may indicate 

possible excessive aggregation of residue particles or physical encapsulation by the generated 

CSH gel in the Ordinary Portland Cement amendment that may have reduced the active 

surface area of particles available for neutralization.  

 

5.3 Acidity Attenuation by the Column Cores 

 

5.3.1 Fly ash and solid residue (SR), solid residue (SR) + FA column cores 
 

Stepwise acidification of all the column residue cores was observed as the drainage 

progressed. This suggests that different acidity attenuation mechanisms were responsible for 

the buffering zones observed and eventual clean-up of the SAMD percolating through. 

An observation of pH profile for the entire drainage period indicates that FA and solid 

residue (SR) + 40 % FA column cores exhibited similar trends pointing to a probable 

similarity in the kinetics and evolving chemistry as the drainage progresses. Moreover for the 

period of the study the kinetics observed (pH and EC) strongly points to those of dissolution 

of the unreacted fly ash used to blend the solid residues. In this context more detailed 

discussion of the evolving chemistry are confined to the fly ash column cores only. Similarly 

the pH profile of the solid residue (SR), solid residue (SR) + 5 % FA and solid residue (SR) 

+ 25 % FA column cores are similar pointing to similar dissolution kinetics and chemistry.  

The significant difference noted for the three solid cores is that the time the leachate pH was 

sustained at ≈ pH 8.0 was extended to 110 days for the solid residue (SR) + 5 % FA and solid 

residue (SR) + 25 % FA as compared to the solid residue (SR) column cores. Another 

notable difference is that the solid residue (SR) + 25 % FA cores sustained a pH > 8.0 in the 

leachates for 110 days as compared to the solid residue (SR) and solid residue (SR) + 5 % 

FA cores. Detailed discussions of the evolving chemistry are confined to solid residue (SR) 

and solid residue (SR) + 25 % FA column cores.   
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FA solid cores had the highest initial pH of the leachates (9.2- 12.0) compared with the solid 

residues (SR) and solid residues + FA solid cores (Figs 5.6, 5.8, 5.10, 5.12 and 5.14). 

The high pH of the leachates for the FA columns was attributed to the dissolution of CaO as 

the acidic mine water contacted the fly ash particles (equation 5.3). The generated Ca (OH)2 

is highly soluble at alkaline pH and interacts with SO4
2- in the SAMD to form gypsum which 

precipitates. 

( )22 OHCaHCaO ⇒+ +
(aq)…………………………………………...………………(5.3) 

( ) OHCaSOHSOOHCa 242 224 ⇒++ +
(gypsum)……………………....……….………(5.4) 

Gypsum was identified by XRD and SEM-EDX in all the FA sectioned column solid cores 

(Figs 5.18 and 5.19). The pH of the initial leachates for the solid resides (SR) and solid 

residue (SR) + FA solid cores decreased in the order FA > SR + 25 %> SR + 5 % > SR 

strongly indicating that addition of fly ash to the solid residues was responsible for the 

initially high pH generated in the leachates. That dissolution of CaO from the fly ash 

particles was responsible for the initial high pH of the leachates is supported by the fact that 

the initial decrease in Ca is only observed for the FA solid core leachates (Figs 5.44, 5.46, 

5.48 and 5.50). The decrease in Ca in the solid residue (SR) + FA solid cores leachates are 

not obvious (Fig 5.48). Part of the reason is, the solid residues were loaded in the columns 

while wet (moisture content 12.1 %) and interaction of the wet solid residues initiated CaO 

dissolution and formation of Ca(OH)2 and on drainage with SAMD, reaction with SO4
2- 

occurred leading to locking of Ca2+ as gypsum. 
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Figure 5.18: SEM-backscattered micrograph of gypsum crystals in FA column cores with 

the EDX pattern superimposed. 

 

 
Figure 5.19: SEM-backscattered micrograph of gypsum crystals in solid residue (SR) 

column cores with the EDX pattern superimposed. 

 

The solid residue (SR) cores and solid residue (SR) + FA cores exhibited strong acidity 

attenuation at pH 7.5-9.0. This pH buffer zone was sustained for slightly over 110 days for 

solid residue (SR) + 5 % FA and solid residue (SR) + 25 % FA and 97 days for solid residue 

(SR) cores (Figs 5.8, 5.10, 5.12, 5.14 and Table 5.14). The effect of FA addition to the solid 

residues (SR) is observed with the SR + 25 % FA solid cores where the pH front 

breakthrough to acidic zone is steady as compared to the SR cores which exhibit a sharp 

breakthrough. Acidity attenuation at this pH range is also observed for the FA cores from 29-

97 days of drainage while for the solid residue (SR) + 40 % FA cores it was observed at 15-

97 days. 

 

Several mechanisms responsible for the acidity attenuation at this pH range in these solid 

cores can be proposed. After the initial rapid dissolution of CaO and other soluble salts 

coating the fly ash particles the aluminosilicate matrix, amorphous SiO2 and Quartz are 

exposed to interact with the percolating SAMD and there is a possibility of their dissolution 

with time. Laboratory studies of quartz dissolution and precipitation kinetics indicate that 

quartz dissolution and precipitation are extremely slow at low temperatures (25oC) (Rimstidt 
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and Barnes, 1980). The measured temperature of all the column leachates varied from 19.1-

23.6oC hence contribution of quartz to the dissolved silica would be insignificant. Seoanne 

and Leiros (2001) argued that the minerals most susceptible to weathering after the initial 

rapid dissolution of CaO and other soluble salts in fly ash were probably aluminosilicates. 

Dissolution of these minerals consumes hydrogen ions as indicated in Equation (5.5) for 

sillimanite (Lindsay, 1979). 

 

45.15

26 244
3

)lim(52

=

++⇒+ ++

KLog

OHSiOHAlHSiOAl anitesil …………………….………….(5.5) 

Sillimanite was chosen to confirm the contribution of aluminosilicate minerals in attenuation 

of acidity and buffering of pH at 7.5-9.0 for the solid residue (SR) and solid residue (SR) + 

FA solid column cores. Sillimanite is a mineral similar to mullite (Lindsay, 1979). Saturation 

indices (SI) were calculated over the pH range 7.5-9.0 for the solid residue (SR) and solid 

residue (SR) + 25 % FA solid cores. An observation of the calculated SI over this pH range 

for the solid residue (SR) core leachates (Table B14.) indicates that sillimanite was over-

saturated upto 44 days becoming under-saturated for the rest of the drainage time. The 

transition from over-saturation to under-saturation is not pH dependent over the said pH 

range and could mean two things: (ⅰ) it,s contribution to buffering at this pH range is 

confined within a certain initial period of the drainage experiment. (ⅱ) it’s contribution to 

attenuation of acidity and hence buffering becomes indirect via conversion to a new mineral 

phase. For the solid residue (SR) + 25 % FA a slightly different scenario is observed where 

sillimanite remains near saturation for most of the drainage period (Table B17) strongly 

indicating it was in an equilibrium state under the acidic conditions. 

 

From equation (5.5) the equilibrium for the dissolution of sillimanite can be written as 

 

[ ]
[ ]

45.15
6

44
23

10][
==

+

+

H

SiOHAlK ……………………………………………………(5.6) 

Taking logarithm to base 10 results in the following expression 

pHSiOHLogAlLog 6][][245.15 44
3 ++= + ……………………………………….(5.7) 
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If sillimanite is contributing significantly to the attenuation of acidity over this pH range then 

a plot of pH versus 2Log 
a
[Al] + Log 

a
[H4SiO4] should give a straight line graph with a 

slope of -6 and y-intercept of 15.45 over the pH range 7.5-9.0 corresponding to the 

stoichiometry of equation (5.5). An observation of the plots over this pH range for solid 

residue (SR) and solid residue (SR) + 25 % FA core leachates indicates a stoichiometry 

corresponding to equation (5.5) confirming the contribution of sillimanite in buffering the pH 

in this range. 
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Figure 5.20: Plot of pH versus 2Log αAl3+ + Log αH4SiO4 over the pH range 6.5-9.0 for solid 

residue (SR) core leachates (SR column core). 
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Figure 5.21: Plot of pH versus 2 Log αAl3+ + Log αH4SiO4 over the pH range 6.5-9.0 for 

solid residue (SR) + 25 % FA core leachates (column 5). 

 

Plots of solubility equilibria for mullite and sillimanite which are the main crystalline 

aluminosilicate phases, in the investigated fly ash were constructed and the calculated 

activities of Al3+ and H4SiO4 from the experimental data were used to derive the 

experimental solubility curves (log K = 45.41 obtained from Roy and Griffin. (1984) (Figs 

5.22-5.27). 

 

The theoretical activities Al3+ and H4SiO4 for mullite were calculated by using the 

equilibrium expression derived from the following equations (5.8, 5.9 and 5.10). 

 

41.45

52618 244
3

)(1326

=

++⇔+ ++

KLog

OHSiOHAlHOSiAl mullite …………..………………..…..…(5.8) 

 

From equation (5.8) the equilibrium for the dissolution of mullite can be written as 

 

41.45
18

632
44 10

][
][][

==
+

H
AlSiOHK ………………………………………………….……….(5.9) 

Taking logarithm to base 10 results in the following expression 

 

pHAlLogSiOHLog 186241.45 3
44 ++= + …………….……………………………..(5.10) 

 

Using the solubility constant for mullite and measured pH the activities of Al3+ and H4SiO4 at 

equilibrium with mullite for the leachates can be calculated. 
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Figure 5.22: Sillimanite solubility equilibria for solid residue (SR) core leachates 
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Figure 5.23: Mullite solubility equilibria for solid residue (SR) core leachate
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Figure 5.24: Sillimanite solubility equilibria for solid residue (SR) + 25 % FA core 

leachates. 
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Figure 5.25: Mullite solubility equilibria for solid residue (SR) + 25 % FA core leachates. 
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Figure 5.26: Sillimanite solubility equilibria for FA column core leachates. 
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Figure 5.27: Mullite solubility equilibria for FA column core leachates. 

 
Aqueous solution modeling indicates that the solid residue (SR), solid residue (SR)+ 25 % 

FA and FA core leachates were in equilibrium with sillimanite over the pH range 6.99-8.33. 

The FA core leachates were observed to be in equilibrium with mullite over the pH range 

8.62-10.08 while the SR, SR + 25 % FA core leachates remained over-saturated over the pH 
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range 6.5-8.85. This could be interpreted to mean that sillimanite and mullite were 

controlling both Al3+ and H4SiO4 concentration in the leachates over the pH range 6.5-8.85. 

The strong equilibrium observed with sillimanite for the SR and SR + 25 % FA points to the 

importance of this amorphous aluminosilicate matrix in controlling the chemistry of the 

leachates over this pH range. A peculiar phenomenon is observed with FA cores leachates 

becoming over-saturated with both mullite and sillimanite at pH 6.22-6.68. Roy and Griffin 

(1984) observed equilibrium with mullite for acidic fly ash extracts at pH 4.1 after 

equilibration for along time with water (up to 140 days), the fly ash extracts became over-

saturated with mullite as the pH approached 6.0. 

 

Apart from the amorphous aluminosilicate minerals fly ash also consists of mineral phases 

such as quartz and amorphous SiO2. Solubility of quartz is very low (Brownlow, 1979) hence 

would not dissolve rapidly under the acidic leaching conditions at low temperature. 

Langmuir (1997) points out that the most soluble form of SiO2 is the amorphous silica. 

Therefore dissolution of amorphous silica is expected to contribute to the control of leachate 

chemistry over this pH range. To confirm this, equilibria diagrams for amorphous silica were 

plotted for the FA, SR, SR + 25 % solid cores which exhibited extended buffering at pH 6.5-

8.9. 

 

Equilibrium for amorphous silica can be written as for quartz (equation 5.11) 

442)(2 2 SiOHOHSiO am ⇒+ …………………………………………………....….….(5.11) 

The silicic acid being a weak acid dissociates in two steps (constants used are for 25oC). 
82.9

114344 10−−+ ==+⇒ κβSiOHHSiOH ……………..……………………...….(5.12) 

10.13
2

2
4243 10−−+− =+⇒ κSiOHHSiOH …………………………….…………….…(5.13) 

The cumulative constant for the reaction: 
92.22

212
2
4244 102 −−+ =×=+⇒ κκβSiOHHSiOH ……………..……………..…….(5.14) 

From equation 5.14 the equilibrium for equilibration of silicic acid resulting from dissolution 

of amorphous silica can be expressed as  

92.22

44

2
42 10

][
]][[ −

−+

==
SiOH

SiOHHK ……………………………….…………..……..……..(5.15) 

Taking logarithms to base 10 on both sides of equation (5.15) gives: 
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][292.22 44
2
42 SiOHLogSiOHLogpH −−= − ……………………………..………..(5.16) 

 

Equation (5.16) was then used to derive the plots for silicic acid equilibria over the pH range 

of 6.5- 8.85. The plots are shown in figures 5.28, 5.29 and 5.30. 
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Figure 5.28: Amorphous silica solubility equilibria for solid residue (SR) column core 

leachates. (solid line represents SiO2(amorphous) equilibria ) 
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Figure 5.29: Amorphous silica solubility equilibria for solid residue (SR) + 25 % FA column 

core leachates. 
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Figure 5.30: Amorphous silica solubility equilibria for FA column core leachates. 

 

An observation of the amorphous silica equilibria as a function of pH indicates that the 

leachates were near equilibrium with amorphous silica over the pH range 6.5-8.85. The 

equilibration is less for the solid residue (SR) core leachates than for the solid residue (SR) + 

25 % FA core leachates. This is probably due to the slightly high pH generated in this 

column. This is confirmed further by the total equilibrium observed in the FA cores. This 

strongly indicates that amorphous silica largely controlled solubility of aqueous H4SiO4 in 

the leachates at this pH range. An observation of the calculated saturation indices for 

amorphous silica indicates that it was under-saturated for the entire drainage period 

confirming that it was undergoing dissolution in the FA, solid residue (SR) and solid residue 

(SR) + 25 % FA cores. 

 

Evidence that part of the glassy phase was soluble and was contributing to the consumption 

of acidity as the drainage progressed is seen in the change in the ratio of the mullite: quartz 

peak in the XRD patterns for FA, SR and SR + FA column solid cores (Figs 5.31, 5.32 and 

5.33). The change in the ratio of the diffraction peak intensities for mullite and quartz 

indicates that dissolution of the glassy material from the ash particles occurred and varied 

with depth. This led to increase in intensity of the mullite peak relative to quartz. This is a 

possible indication that the SiO2(a) in the solid residues (SR) or coatings on the mullite were 

dissolving relative to quartz. This is observed until at the bottom of the column where most 
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likely precipitates formed in the upper parts of the column are deposited on the lower section. 

Warren and Dudas.(1984) observed that Al and Si leached from the ash under acidic 

conditions appeared to be derived from the glassy matrix of the fly ash particles. The change 

in the ratio of diffraction peak intensities for mullite: quartz indicated that dissolution of the 

glassy material decreased with depth in the ash core according to the chemical dissolution 

gradient. The upper and middle parts of the solid cores in this study experienced the greatest 

chemical dissolution and probably this explains the increased relative intensity of mullite. 

Analysis of the leached solid residue cores indicated a chemical gradation with the top 

section of each column showing the highest load of precipitates and low pH and the last 

section showing the highest pH indicating least chemical reactivity (Figs 5.74, 5.75 and 

5.80). Chemical extraction results indicated an increase of Al, Si and Fe in the solid cores 

from top section to the bottom section for the amorphous fraction (Tables 5.11, 5.12, 5.13 

and 5.14). This confirms that highest degree of chemical activity was at the top decreasing to 

the bottom of the solid core as the SAMD percolated through the solid residues. 
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Figure 5.31: XRD spectra of the FA column solid cores showing the change in the mullite: 

quartz peak ratio from top to bottom. 
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Figure 5.32: XRD spectra of the solid residue cores showing the change in the mullite: 

quartz peak ratio from top to bottom of core. 
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Figure 5.33: XRD spectra of the solid residue (SR) + 40 % FA cores showing the change in 

the mullite: quartz peak ratio from top to bottom. 
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At this point it can be tentatively concluded that at pH 6.5-8.5 the silicic acid system is 

controlling the pH in the leachate analogous to the control of pH in natural waters by the 

carbonate system (Drever, 1997). The buffering of the leachate pH by the silicic acid system 

will only hold as long as there is SiO2 (amorphous) dissolution from SR, SR + FA solid cores or 

generation of silicic acid by the dissolution of the aluminosilicate matrix, otherwise the 

buffering is overwhelmed when the SiO2 (amorphous) is completely dissolved from the fly ash 

matrix. Yong et al. (2001) determined heavy metal (Cu, Zn, Pb) retention capacity of some 

estuarine alluvia soils using column tests by draining with a landfill leachate at pH 1.5. The 

resulting effluent was buffered at pH 7.5-9.5.The soils mainly consisted of kaolinite, illite 

and chlorite. This collaborates the results obtained in this study which observed that after the 

initial rapid hydration of CaO resulting in alkaline pH the leachates were thereafter buffered 

at pH 7.5-9.5 for a greater duration of the experiment by the slow dissolution of amorphous 

silica and aluminosilicates. 

 

PHREEQC simulation indicates that the leachates for the FA solid cores were oversaturated 

or at equilibrium with Al (OH)3(amorphous) at 36-97 days of drainage (pH 8-8.5) (Fig 5.65 and 

Table B14). An observation of the Al trends in the leachates (Fig 5.43) show a decrease in Al 

concentration at 29 days of drainage. Except for the peak at 53 days which was attributed to 

resolubilization of previously formed precipitates the concentration remained below 6 ppm 

until 97 days of drainage. Precipitation of Al (OH)3(a) can occur through the following 

reaction (equation 5.17) consuming acidity and contributing to buffering of pH in the region 

of pH 8-8.5. 

OHOHAlHOHAl 234 )()( +⇒+ +− …………………………………………………(5.17). 

Calculation of equilibrium pH (Log Keq= 5.6) using activities of Al (OH)4
- over the pH range 

did not reveal a correlation with the measured pH. The equilibrium alone could not account 

for the pH observed. This could partly be due to the fact that Al (OH)3(a) could also be 

generated directly from the hydrolysis of Al3+ from the fresh SAMD feed. 

 

After the buffer zone at pH 7.5-9, the FA, SR and solid residue (SR) + FA solid cores were 

observed to enter the acidic buffer zone (pH 3-4) as the drainage progressed (Figs 5.6, 5.8, 

5.10, 5.12, 5.14 and 5.16). The transition to the acidic buffer zone occurred at different 

drainage times for each solid core. Several researchers (Adams and Rawajifih, 1977; Bigham 
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and Nordstrom, 2000; and Nordstrom, 1982) have pointed out that precipitation of basic 

aluminum sulfate minerals occur in acid sulphate waters. They point out that basaluminite is 

the first to occur if the solution is sufficiently enriched in sulphate and at pH below 4.5 

jurbanite becomes the most stable while alunite is stable at pH range 3.3-5.7. Their formation 

may follow the reactions below (equations 5.18-5.20): 

 

)min(241042
2
43 5).()(32)(4 itebasaluOHSOOHAlOHSOHOHAl ⇒+++ −+ …………………..(5.18) 

Log Keq = 17.3 

)(22463
2
43 3)()(23)(3 aluniteOHSOOHKAlSOKHOHAl +⇒+++ −++ ……………………(5.19) 

Log Keq = 28.3 

)(242
2
43 5).)((32)( jurbaniteOHSOOHAlOHHSOOHAl ⇒+++ +− ……………….……….(5.20) 

Log Keq = 12.0 

 

PHREEQC simulation indicates that (Figs 5.65 and 5.66; Tables B14 and B15) the leachates 

from the FA, SR, were under-saturated with respect to basaluminite, alunite and jurbanite at 

pH>8 but became saturated as the pH dropped below 6. The SR + 25 % FA solid cores had 

not entered the acidic buffer zone at the time of stopping the drainage experiment. 

Amorphous Al (OH)3 and gibbsite were postulated to be precipitating at pH range 4-11 but 

became under-saturated in the leachates as the pH dropped to below 4. Precipitation of the 

basic aluminum sulphate minerals therefore could contribute to acid attenuation according to 

equations 6.18-6.19 and contribute to buffering of pH in the acidic zone. To test this 

hypothesis equilbrium pH for these reactions were calculated and compared with the 

measured pH. The results showed that the equilibrium pH for basaluminite and alunite was 

out of range of the measured pH hence could not be contributing to buffering in this range 

but jurbanite was within the range (pH 3.5-5) (Figs 5.34 and 5.35). Khanna et al, (1987) 

suggested that retention and release of sulphate in acidic forest soils was by the successive 

precipitation and dissolution of jurbanite. They suggested that jurbanite formed from the 

dissolution of gibbsite. In this study jurbanite could be forming from amorphous Al (OH)3(a) 

since no crystalline Al phase was identified. Equilibrium pH for alunite in the FA solid cores 

is within the range of the measured pH (6.5) for days 36-97 of drainage indicating that it was 
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a strong pH buffer at circum-neutral values. PHREEQC simulation indicates that alunite was 

oversaturated over the same pH range and drainage period (Fig 5.65 and Table B14). 
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Figure 5.34: Equilibrium pH for precipitating basic aluminium hydroxy sulphates for the SR solid cores compared to measured pH of 
leachate (error bars represent 1 SD above and below the mean, n=4) 
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Figure 5.35: Equilibrium pH for precipitating basic aluminium hydroxy sulphates for the FA solid cores compared to measured pH of 
leachate (error bars represent 1 SD above and below the mean, n=4).  
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Langmuir (1997) observes that ferric and ferrous sulphates (e.g. coquimbite, the jarosites, 

melanterite and szomolnokite) are strong acid buffers that keep the pH values at or below 3 

until they are dissolved. PHREEQC simulation shows that leachates collected over the pH 

range 6.5-7 were over-saturated with respect to jarosite-K but became under-saturated as the 

pH dropped to below 5. For the SR cores the leachates were over-saturated with respect to 

jarosite-K at the pH range of 8-8.3 becoming highly under-saturated as the pH dropped to 

below 5. Dissolution of jarosite-K at acidic pH can occur through the following reaction 

(equation 5.21) 

+−+ +++⇒+ HSOOHFeKOHOHSOKFe ppt 32)(33))(( 2
4)(32643 ………….....…….. (5.21) 

Log Keq=10 -19.5 

Calculated equilibrium pH for the dissolution of jarosite-K indicates it could be contributing 

to the buffering of pH at the acidic buffer zone (pH 3.5-4). The equilibrium pH is within the 

range of the measured pH (Fig 5.36) but it is clear that as the pH drops to below 3.5 

dissolution of jarosite-K alone cannot account for the pH. 
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Figure 5.36: Equilibrium pH for the dissolution of jarosite-K for the SR and FA solid cores 

compared to measured pH of leachate (error bars represent 1 SD above and below the mean, 

n=4).  

The disequilibrium observed could indicate that the system is a continuous dynamic process. 

At 165 days of drainage all the column leachates were showing a pH drop to below 3, this 

drop in pH corresponded with an increase in the major contaminants concentration in the 

leachate (Mn2+, Fe, and SO4 
2-). At 165 days of drainage the Mn2+ concentration was higher 
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than in the initial feed for all the columns while for SO4
2-, FA, SR and SR + 5 % FA columns 

showed high levels. Therefore it can be said that the pH as the drainage came to a close was 

mainly buffered by free H+ and formation of hydrogensulphate (HSO4
-). 

 
5.3.2 Solid residues (SR) + 6 % Ordinary Portland Cement (OPC) column cores 
 

The SR + 6 % OPC cores exhibited two buffer regions at pH 10.5-11.5 and pH 4 –5.5. On 

contact with water OPC undergoes hydration releasing Ca(OH)2 which is highly soluble and 

causes the high pH of the initial leachates. The rapid drop in pH thereafter probably indicates 

completion of the hydration reactions and transformation of the released Ca(OH)2 to 

ettringite and gypsum (Cocke and Mollah, 1993). Calculation of saturation indices indicates 

that ettringite was precipitating in the initial leachates upto 15 days when pH >11.0 (Fig 5.38 

and Table B19). SEM-EDX also identified ettringite crystals in the solid cores (Fig 5.37).  
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Figure 5.37: SEM micrograph showing ettringite crystals embedded in CSH gel matrix, the 

EDX pattern is superimposed showing the Ca/Al ratio which approximates that of ettringite. 

Strong Si signal is observed, a contribution from underlying CSH gel. 
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Figure 5.38: Saturation indices for ettringite with pH change as the drainage progressed for 

the SR + 6 % OPC solid cores. 

Ettringite could be formed through two pathways during cement hydration and depending on 

the chemistry of the water being used. Cocke and Mollah. (1993) summarizes the hydration 
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reactions of cement and points out that the first stage of cement hydration involves the 

formation of ettringite from calcium aluminates in presence of gypsum (equation 5.22). 

)(2432243 32.3..3323 ettringiteOHCaSOOAlCaOOHCaSOACa ⇒++ ……..………………..(5.22) 

NB-cement nomenclature, A=Al2O3 

The second stage involves the formation of CSH gel and generation of portlandite (equation 

5.23). SEM and SEM-EDX analysis did show extensive formation of CSH gel (Fig 5.39). 

( ) )(2)(2223 33.2.362 eportlanditHSC OHCaOHSiOCaOOHSC +⇒+ −− …………………….…(5.23) 

NB-cement nomenclature, C=CaO, S=SiO2, C-S-H=calcium silicate hydrate gel. 

 
Figure 5.39: SEM micrograph showing the C-S-H gel that embedded the ettringite crystals, 

the EDS pattern superimposed showing Ca/Si ratio which approximates that of C-S-H gel 

(Taylor, 1997). 

In presence of high sulphate waters ettringite can form directly during the cement hydration 

reactions (equationn 5.24). The simulated AMD had high sulphate concentrations (14,407 

mg/L) and ettringite precipitation highly possible.  

( ) ( ) OHOHSOAlCaOHOHSOCaAl 21234262
2
4

23 32.3212362 ⇒++++ −−++ …….…..(5.24) 
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The SR + 6 % OPC maintained pH of the leachates above 10.5 for 22 days when 1.4 L of 

SAMD had been added. A sharp drop in pH was thereafter observed. The lack of the 

buffering at pH 6.5-9 in these solid core was attributed to the possible aggregation and 

physical encapsulation of the solid residues by the C-S-H gel formed (Figs 5.40 and 5.41). 

The interaction between the solid residues and SAMD was thereafter likely to be diffusion 

controlled. 

 

 

Figure 5.40: SEM micrograph showing extensive aggregation of the solid residue particles in 

the SR + 6 % OPC column cores. 
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Figure 5.41: SEM micrograph showing encapsulation of the solid residue particles in the SR 

+ 6 % OPC column cores by a Si-rich gel. The gel could not be conclusively identified by 

SEM-EDX. 

 
PHREEQC simulation indicated that as the pH dropped to below 5, the leachates were at 

equilibrium or slightly over-saturated with respect to jurbanite. Calculation of equilibrium pH 

for the formation of jurbanite over the drainage period (29-165 days) shows that jurbanite 

could have been contributing to the buffering of pH at the range 4-4.5 as the drainage 

progressed (Fig 5.42). At some point the pH differed by 0.5 indicating that formation of 

jurbanite could not alone account for the pH observed. 
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Figure 5.42: Equilibrium pH for the precipitation of jurbanite in SR + 6 % OPC solid cores 

compared to measured pH of leachate (error bars represent 1 SD above and below the mean, 

n=4).  

 

5.3.3 Conclusions 
 
The FA cores, the solid residue (SR) + FA and solid residue (SR) + 6 % OPC cores were 

observed to undergo a stepwise acidification process with several acidity attenuation 

mechanisms involved as the drainage progressed. Initial leachate pH varied as follows: 

FA>SR +6 % OPC>SR+40 %>SR+25 %>SR≈SR+5 %. Dissolution of CaO in fly ash and 

solid residues blended with fly ash impacted high pH in the intial leachates while hydrations 

reactions in OPC blend solid residues contributed to high initial pH. Dissolution of SiO2(a) 

and mullite in the solid residues contributed to sustained buffering at pH 7-9.5 for solid 

residues and fly ash blended solid residues. Encapsulation of solid residue particles by the 

calcium silicate hydrate gels (CSH) in OPC blended solid residues reduced interaction of 

particles with SAMD hence the buffering at pH 7-9.5 was not observed. At pH 6.5-7 

PHREEQC simulation revealed that equilibrium of alunite with amorphous Al (OH)3 was 

contributing to the buffering of pH in this range. PHREEQC modeling showed that 

equilibrium with jurbanite could have contributed to the buffering of pH in the range 4-4.5 in 

the OPC blend solid residue cores while for SR and FA solid cores equilibrium with K-
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jarosite could have contributed to the buffering of pH at the 3.5-4 however equilibrium with 

these minerals alone could not account for the pH observed.  

 

5.4 Contaminants Attenuation by Fly Ash (FA), Solid Residues (SR), Solid Residues 

(SR) + 25 % FA and Solid Residues (SR) + 6 % Ordinary Portland Cement 

(OPC) column blends. 

 

The results of the contaminants attenuation efficiency with reaction time for the FA, SR, SR 

+ 25 % FA and SR + 6 % OPC column blends cores are presented. From the pH profiles 

discussion it was observed that the significant difference between the various SR + FA 

blends was that the duration that the leachate pH was sustained at ≈ pH 8.0 was extended to 

110 days for the solid residue (SR) + 5 % FA and solid residue (SR) + 25 % FA as compared 

to the solid residue (SR) column cores. The FA and SR + 40 % FA column cores exhibited 

similar kinetics. The main mechanism in the fly ash blends is raising the pH and 

sustainability of the buffering capacity at circum-neutral pH for efficiency clean-up of the 

SAMD; this was observed to depend on the % FA in the blend. Addition of OPC to the solid 

residues was observed to introduce significant changes to the leachate chemistry as compared 

to the FA blends. On this basis the detailed discussion of the contaminants attenuation 

mechanisms will be confined to FA, SR, SR + 25 % FA and SR + 6 % OPC solid cores. 

 

5.4.1 Fly ash column cores 
 

The figures 5.43-5.44 below shows Fe, Al, Mn, SO4
2- attenuation trends with cumulative 

volume of SAMD drained through, Ca trends are also included due to its influence in SO4
2- 

attenuation. 
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Figure 5.43: Fe, Mn and Al concentration in leachates versus cumulative volume (L/kg) of 

SAMD for FA solid cores (error bars represent 1 SD above and below the mean, n=4).  
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Figure 5.44: Ca and SO4

2- concentration in leachates versus cumulative volume (L/kg) of 

SAMD for FA solid cores (error bars represent 1 SD above and below the mean, n=4).  
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5.4.1.1 Sulphate and calcium 
 

The simulated AMD contained 14407 mg/L SO4
2- in addition to release of SO4

2- from the fly 

ash. At the onset of the drainage experiments, the pH of the leachate was highly alkaline due 

to dissolution of CaO in the fly ash (Fig 5.44). The removal of SO4
2- from the AMD was 

quite efficient with SO4
2- in the leachate dropping to ≈ 2000 mg/L compared to the initial 

feed (Fig 5.44). Dissolution of soluble Ca salts and subsequent precipitation of gypsum 

accounts for the low levels of SO4
2- in the leachates. The parallel trends displayed by the 

concentrations of Ca and SO4
2- in the leachate upto 81 days when 3.5 L of SAMD had 

drained through probably indicate that gypsum could be controlling their concentration in 

solution. A gradual increase in SO4
2- concentration in the leachates upto 97 days when 3.85 L 

of SAMD had drained through was observed as the pH dropped. As the SO4
2- concentration 

increases, Ca starts to decrease indicating that the Ca concentration has dropped below the 

level at which gypsum super saturation is attained and gypsum is no longer exacting any 

control on SO4
2- concentration. The highest concentration of SO4

2- observed at 97 days is still 

far less than the concentration of the initial feed which indicates SO4
2- attenuation 

mechanisms are still operationally even as the pH enters the acidic buffer region. 

 

5.4.1.2 Total iron, manganese and aluminum  
  

The initial simulated AMD contained 200 mg/L Mn2+ and 5000 mg/L total iron (Fe2+/Fe3+). 

The alkaline conditions generated due to the dissolution of CaO in the fly ash created 

optimum conditions for the precipitation of Mn and Fe (Fig 5.43). Concentration of Fe and 

Mn observed in the leachates for over 29 days when 1.75 L of SAMD had drained through 

were low, 0.002-2.24 mg/L Mn and 1.92-2.09 mg/L Fe. At 36 days of drainage the fly ash 

ability to remove Mn2+ weakened and a gradual increase in concentration was observed with 

subsequent drainages. However a sharp increase in concentration in the leachate was 

observed at 110 days corresponding to a pH drop to below 6.0. However the highest Mn2+ 

concentration observed in the leachates was half the initial feed concentration indicating that 

Mn retention mechanisms were still active. At 36 days of drainage when 2.1 L of SAMD had 

drained through a gradual increase in concentration of Fe was observed. This was attributed 

to the unprecipitated Fe2+ in the initial feed as Fe3+ is precipitated out of solution at this pH 6-

8. Analysis of leachates recovered at 36 days confirmed Fe2+ which increased in 
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concentration with subsequent drainages. A sharp increase in Fe concentration is then 

observed at 110 days corresponding to pH drop to below 5.0. This again is attributed to 

unprecipitated Fe2+ in the initial feed. 

 

The initial simulated AMD contained 1000 mg/L Al3+. Al concentration in the leachates 

shows a distinct trend. Initially when the pH values are highly alkaline (Fig 5.6), the 

concentration in the leachate is low (0.021-0.189) mg/L for the first 7 days (Fig 5.43). This is 

followed by a rapid increase in concentration as the pH drops to the range of 8-11.0. This is 

again followed by a drop in concentration at 29 and 36 days respectively (0.092 - 0.953 

mg/L). A sharp increase in concentration is again observed at 53 days corresponding to a pH 

drop to below 6.0. This increase was attributed to the probable partial re-solubilization of 

earlier formed precipitates or possible channeling in one of the duplicate columns leading to 

low pH (4.82) and subsequent dissolution of earlier formed precipitates. 

 

5.4.2 Solid residue (SR) column cores 
 

The figures 5.45-5.46 below shows Fe, Al, Mn, SO4
2- attenuation trends with time, Ca trends 

are also included due to its influence in SO4
2- attenuation. 
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Figure 5.45: Fe, Mn and Al concentration in leachates versus cumulative volume (L/kg) of 

SAMD for SR solid cores (error bars represent 1 SD above and below the mean, n=4).  
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Figure 5.46: Ca and SO4

2- concentration in leachates versus cumulative volume (L/kg) of 

SAMD for SR solid cores (error bars represent 1 SD above and below the mean, n=4).  

 
5.4.2.1 Sulphate and calcium 
 

The initial decrease in Ca concentration observed with FA columns is lacking in SR columns. 

This is attributed to dissolution during neutralization with AMD to generate the solid 

residues. The solid residues exhibit a slightly higher efficiency of SO4
2- removal than the fly 
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ash solid cores, with concentrations at less than 2000 mg/L upto 44 days when 2.45 L of 

SAMD had drained through (Fig 5.46). A sharp increase in concentration to 6500 mg/L 53 

days when 2.58 L of SAMD had drained through was observed. This phenomenon has been 

observed in the fly ash solid cores for elements like Al, Mn and Fe (Fig 5.43 and 5.44) and is 

attributed to probable re-solubilization of previous formed precipitates. The SO4
2- 

concentrations thereafter are observed to increase sharply as the pH drops (Fig 5.46) and 

reach a maximum of 9500 mg/L at the acidic buffer region. This increase indicates that the 

SO4
2- attenuation mechanism is exhausted at between 53 and 67 days on addition of 3.51 L of 

SAMD. At the stoppage of the drainage experiments the SO4
2- concentration in the leachates 

was greater than in the initial feed strongly indicating re-solubilization of previously formed 

precipitates under the strongly acidic conditions. 

 

5.4.2.2 Total iron, manganese and aluminum 
 

The solid residues exhibited high efficiency in removal of Mn and Fe from SAMD. The 

concentrations for Fe remained below 1.8 mg/L and Mn below 0.24 mg/L upto the 10th 

drainage (Fig 5.45) on addition of 3.90 L/Kg of SAMD. From day 1 to 81 days the pH of the 

leachates was greater than 7.0 (Fig 5.8) and precipitation of these elements as insoluble 

hydroxides accounts for the low concentrations observed. A sudden increase in concentration 

for both elements is observed at 44 days when 2.45 L of SAMD had been added, the increase 

does not correspond to any pH drop, and this is attributed to partial re-solubilization of 

previously formed precipitates. A sharp increase in concentration for Mn at 97 and 110 days 

and Fe at 110 days coincided to a drop in pH to below 7.0. 

Al concentrations remain below 9mg/L up to 110 days (Fig 5.45) when 4.2 L of SAMD had 

been added (Table 5.4). Considering the initial concentration in the simulated AMD of 1000 

mg/L the solid residues show a high efficiency of Al attenuation. The trend for Al is similar 

to that of the FA solid cores, showing sharp increase within 15 to 22 days and again at 44 

days (Table 5.4). These increases do not correspond to any pH drop which strongly points to 

re-solubilization of previously formed precipitates. Unlike for the FA solid cores where the 

concentration increases as the pH drops below 5.0, for the SR the concentration remains 

below 0.27 mg/L. The concentration of Al reaches a maximum of 45 mg/L only under highly 

acidic conditions (Figs 5.6 and 5.8). This indicates that a great deal of Al is adsorbed onto the 

surface and that the SR has a high capacity to retain Al. 

 

 

 

 



 

196 

 

5.4.3 Solid residues (SR) + 25 % FA 
 

The figures 5.47-5.48 below shows Fe, Al, Mn, SO4
2- attenuation trends with time, Ca trends 

are also included due to its influence in SO4
2- attenuation. 

 

5.4.3.1 Sulphate and calcium 
 
The SO4

2- concentration in the SR + 25 % FA column show a decrease from an initial value 

of 2472 mg/L to 909 mg/L at 7 days (Fig 5.48) when 0.7 L of SAMD had been added. The 

concentration remained below 1596 mg/L upto 44 days when 3.15 L of SAMD had been 

added (Table 5.4). A sudden peak in concentration is observed at 53 days (5647 mg/L), 

followed by a subsequent drop to 2321 mg/L at 67 days (Fig 5.48 and Table 5.4). This peak 

in concentration has been observed in SR (Fig 5.46) and SR + 5 % FA columns (Table B10) 

and is attributed to re-solubilization of previously formed precipitates. This peak in 

concentration corresponds to the change of drainage intervals from 7 to 14 days (Table 5.4). 

The longer 14 days interval imposed dry conditions which 

led to the precipitation of soluble sulphates after evaporation which re-dissolved on 

resumption of drainage. Domenech et al (2002) observed a similar phenomenon in their 

column experiments. 
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Figure 5.47: Fe, Mn and Al concentration in leachates versus cumulative volume (L/kg) of 

SAMD for SR + 25 % FA solid cores (error bars represent 1 SD above and below the mean, 

n=4).  
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Figure 5.48: Ca and SO4

2- concentration in leachates versus cumulative volume (L/kg) of 

SAMD for SR + 25 % FA solid cores (error bars represent 1 SD above and below the mean, 

n=4).  

 

They observed an accumulation of water soluble sulphates at the top of the column which 

they attributed to precipitation of soluble sulphates through evaporation. At 110 days a sharp 
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increase in concentration was observed which coincided to a drop in pH to below 7.0 (Fig 

5.12). 

 

A similar trend for Ca is observed as for SR, SR + 5 % FA (Table B9 and B10) solid cores. 

The initial decrease at 7 days of drainage observed in FA columns is not observed for SR + 

25 % FA columns. A peak in Ca concentration is observed at 81 days when 4.5 L of SAMD 

had been added, a phenomenon observed in all other solid cores. The cumulative Ca leached 

varied in the following order: FA > SR+ 25 % FA > SR + 5 % FA >SR + 6 % OPC which 

strongly indicates that Ca released in the leachate was directly linked to the % FA in the 

blend. A phenomenon observed for the Ca profile during the drainage experiment is that after 

the initial rapid release of Ca incase of FA cores, Ca attains almost a steady state between 22-

81 days of drainage (Table 5.4). This clearly points to two different sources of Ca in the FA 

blended solid residues. 

 

5.4.3.2 Total iron, manganese and aluminum 
 

The concentration of Mn in the leachates remained below 15.7 mg/L and Fe below 2.74 

mg/L upto at 97 days (Fig 5.47). The pH of the leachates was maintained above 8.0 (Fig 

5.12). Precipitation of metal hydroxide at the alkaline pH could account for the low 

concentration observed. At 110 days (Table 5.4) a steady increase in concentration is 

observed corresponding to the breakthrough of the pH front (Fig 5.12) with subsequent drop 

in pH to below 7.0. At 124 days Mn attained a concentration equivalent to the feed (SAMD) 

which increased with subsequent drainages. This was a strong indication that re-

solubilization of previous formed precipitates was active under the acidic regime. Dissolution 

of the fly ash could also be contributing to the high concentration of Mn (Table 5.5). By 165 

days (Fig 5.47 and Table 5.4) the Fe concentration was still below the initial feed 

concentration. 

 

The concentration of Al exhibits a similar leaching pattern as observed in other column cores 

(FA, SR, SR + 5 % FA) except the peak at 44 days (Fig 5.47 and Table 5.4). The peak at 7-

15 days corresponds to the phenomena observed in other columns. After 15 days of drainage 

the concentration remains below 0.64mg/L up to 153 days on addition of 3.6 L of SAMD 

when a sharp increase is observed. A highly efficient removal of Al is exhibited through the 
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165 days of leaching considering that the initial feed concentration was 1000 mg/L. This 

indicates that Al was being strongly adsorbed on the surfaces of the residue solids since the 

pH had entered the acidic zone and hydrolysis with precipitation of Al hydroxides would be 

minimal. 

 

5.4.4 Solid residues (SR) + 6 % Ordinary Portland Cement (OPC) 
 

The figures 5.49-5.50 below shows Fe, Al, Mn, SO4
2- attenuation trends with time, Ca trends 

are also included due to its influence in SO4
2- attenuation. 
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Figure 5.49: Fe, Mn and Al concentration in leachates versus cumulative volume (L/kg) of 

SAMD for SR + 6 % OPC solid cores (error bars represent 1 SD above and below the mean, 

n=4).  
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Figure 5.50: Ca and SO4

2- concentration in leachates versus cumulative volume (L/kg) of 

SAMD for SR + 6 % OPC solid cores (error bars represent 1 SD above and below the mean, 

n=4).  

 

5.4.4.1 Sulphate and calcium 
 

The SO4
2- concentration in the leachates drops from 2875.8mg/L at day 1 to a steady value at 

7 - 22 days (1767-1906 mg/L) (Fig 5.50 and Table 5.4). The high pH generated in the 

leachates at day 1 to 22 days induces several processes that lead to the removal of SO4
2- from 

the leachant. Hydration of OPC releases Ca2+ and OH-, Ca2+ and SO4
2- precipitates out as 

gypsum and ettringite in presence of Al, while Fe, Al and Mn will precipitate out as metal 

hydroxides with corresponding adsorption of SO4
2-. At 29 days of drainage a sharp increase 

in concentration was observed when 1.87 L of SAMD had been added (Table 5.4). This 

coincided to a pH drop to below 5.5 (Fig 5.16), the high concentration probably results from 

the re-solubilization of previously formed precipitates. This was followed by a drop in 

concentration at 36 days of drainage. The concentration of SO4
2- at 110 days is below 3000 

mg/L a low concentration compared to other columns which is a strong indication that SR + 

6 % OPC solid cores has high capacity to adsorb or incorporate SO4
2- at highly acidic 

conditions. 

 

 

 

 



 

201 

 

5.4.4.2 Total iron, manganese and aluminum 
 

The concentration of Mn remains below 0.35 mg/L upto 22 days while Fe maintains a value 

below 2.07 mg /L (Fig 5.49). The pH of the leachates was maintained above 10.5 upto 22 

days (Fig 5.16). The low concentration observed was attributed to precipitation of metal 

hydroxides at the high pH and possible incorporation in the resulting CSH gel. A sharp 

increase in concentration for both elements was observed at 29 days on addition of 1.87 L/kg 

of SAMD (Table 5.4) when the pH was observed to drop to below 6. Peaks in concentration 

for both elements are then observed at 44 and 53 days and again at 138 days, a phenomenon 

observed with other elements Zn, Ni and Cu. These peaks in concentration are attributed to 

re-solubilization of previously formed precipitates as the pH drops to below 6 and 4 

respectively. At 165 days both elements show a sharp increase corresponding to the pH drop 

to below 4 (Fig 5.49). The final concentrations at the close of the leaching experiment are 

89.9 mg/L and 628.5 mg/L for Mn and Fe respectively. This column solid cores show a high 

efficiency of Mn and Fe removal than all other SR blends even at high acidic conditions. The 

concentration of both elements remains well below that of the initial feed. This indicates that 

OPC could have induced other mechanisms for attenuation of these metals that are not 

prevalent in the other blends, such as encapsulation in the calcium silicate hydrate (CSH) gel. 

 

The concentration profile for Al is similar to that observed in SR + 25 % FA and SR + 40 % 

FA (data not shown) solid cores. An initial increase in concentration is observed at 7 - 15 

days (9.01 - 9.33 mg/L) (Fig 5.49). This corresponds to the high pH buffer region and 

formation of Al (OH)4
- will dominate (Drever, 1997). From 36 days the concentration 

increases to a peak at 53 days of drainage (129.4 mg/L). This is a phenomena observed in 

other solid cores. These peaks are attributed to the re-solubilzation of previously formed 

precipitates, reason being they don’t correspond to any pH drop. A sharp increase in 

concentration is observed at 165 days as the pH drops to below 4.  The concentrations at the 

close of the leaching experiments are higher than for other solid core which indicates that the 

Al adsorption capacity of this OPC blend is low (Figs 5.43, 5.45, 5.47, 5.49).  
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5.4.5 Decontamination Efficiency of each Column Solid Core. 
 

In order to estimate the efficiency of the column solid cores for passive decontamination of 

the percolating SAMD, total amounts of elements drained through the solid cores and 

thereafter recovered were calculated. The total amount of elements/ions in mmol drained 

through each column were calculated based on the total SAMD volume drained through for 

each column solid core and the recovery was calculated based on the leachate collected for 

the study period. The calculated % contaminant removed by each column is presented in 

Table 5.7. 

 

Table 5.7: Total amount in mmol of ions drained through each column and calculated % 

contaminant removed by each column solid core 

 

mmol/element Al Fe Mn SO4 
Total input 207.56 501.34 41.51 806.79 
FA(recovered) 6.42 24.38 6.22 95.94 
% removed 96.91 95.14 85.02 88.12 
SR (recovered) 0.90 48.52 10.88 134.84 
% removed 99.57 90.32 73.79 83.29 
SR + 5 % FA(recovered) 0.30 16.92 6.39 142.55 
% removed 99.86 96.63 84.61 82.33 
SR + 6 % OPC (recovered) 8.30 25.76 3.61 105.37 
% removed 96.00 94.86 91.31 86.94 
Total input 266.85 644.62 26.21 1037.30 
SR + 25 % FA (recovered) 0.38 23.36 7.13 113.41 
% removed 99.82 95.34 82.83 89.07 
Total input 326.16 787.87 32.04 1267.82 
SR + 40 % FA (recovered) 0.63 23.45 7.24 122.76 
% removed 99.70 95.32 82.55 90.32  
 

The removal of elements from solution can be seen in table 5.7 where the total amount 

(mmol) of each constituent drained through the columns and the total amount (mmol) of each 

constituent in the leachates for each column may be seen.  The FA, SR + 25 % FA, SR + 40 

% FA and SR + 6 % OPC have a higher capacity than SR and SR + 5 % FA column solid 

core to remove SO4
2-. Apart from the SR + 6 % OPC solid core the SO4

2- removal seems to 

be favored by increasing % FA in the blend. Dissolution of CaO from the added fly ash and 

formation of Ca (OH)2 from OPC hydration in presence of SO4
2- results in precipitation of 
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gypsum. The FA, SR + 5 % FA, SR + 25 % FA, SR + 40 % FA and SR + 6 % OPC exhibit 

superior capacity to attenuate Fe and Mn2+ than the SR solid cores.  This is a result of the 

added alkalinity from the unreacted fly ash in each column raising the pH of the SAMD 

solution which results in the precipitation of those elements from solution. The SR and SR + 

FA solid cores however show a higher capacity than other columns in removal of Al. SR 

solid core was observed to have a high capacity to remove Al at low pH. The precipitated 

compounds are, however stable in all the columns and do not re-enter the leachate solution. 

The concentration of these elements only starts to increase in the leachate once the alkalinity 

in each column has been exhausted and the pH drops to below 4 (Figs 5.6, 5.8, 5.10, 5.12, 

5.14 and 5.16). Based on the calculated decontamination efficiency the re-solubilization 

observed in the early stages of the drainage experiments does not seem to be significant in 

contributing to release of previously immobilized contaminants. 

 

5.5 Contaminants Attenuation Mechanisms and Solubility Controls 

 

The contaminants profiles in the leachates as discussed in sub-sections 5.4.1, 5.4.2, 5.4.3, 

5.4.4, suggest several mechanisms that could be involved in attenuation of the contaminants 

as the percolating SAMD interacts with the solid residue particles, fly ash particles and solid 

residue + OPC particles. The high efficiency of the FA and SR + FA blends to remove Fe, 

Mn and SO4
2- suggests that the high alkalinity generated leads to precipitation of the heavy 

metals and that dissolution of CaO in the fly ash and also in the aluminosilicate matrix could 

be playing a role in the long-term attenuation of sulphate. The high efficiency of the SR cores 

to remove Al could be attributed to the slow release of alkalinity and buffering of pH at 6.5-9 

for a large duration of the study. This pH range is within the hydrolysis pH of Al (pK= 4.9) 

and precipitation of various Al hydroxides is greatly favored. The attenuation efficiency of 

the contaminants seems to be tied to the solid cores being able to generate sufficient 

alkalinity; it is observed that the contaminants concentration in the leachates starts to increase 

as the pH drops to below 4 signaling the depletion of the alkalinity in the solid cores. 

However the SR + 6 % OPC cores exhibit high attenuation efficiency even as the pH drops to 

below 4. The above observations indicate that as the SAMD percolates through the solid 

cores the contaminants are subsequently attenuated by precipitation, co-precipitation and 

adsorption reactions. The following section discusses the probable mechanisms responsible 
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for the attenuation of the contaminants and the probable secondary solid-phase controls on 

the concentration of each contaminant in the leachates. 

 

5.5.1 Sulphate and calcium 
 

The FA, SR + FA column solid cores exhibited high efficiency of SO4
2- attenuation for the 

first 81 days of the drainage experiments (Figs 5.44, 5.46, 5.48 and Table 5.4). The efficiency 

of SO4
2- removal was greatly dependent on the % FA in the blended SR. The SR + 40 % FA 

column core maintained lower levels of SO4
2- than the FA core for a longer duration of the 

study (Figs 5.44 and Table B12) indicating that SO4
2- removal was through a combination of 

several mechanisms. The removal of SO4
2- through gypsum precipitation seems to occur 

through two steps:  

a) Initial rapid dissolution of CaO from the fly ash and precipitation thereafter as 

gypsum in presence of the SO4
2- rich SAMD for the FA and SR + FA column cores. 

This is observed in the initial rapid drop of SO4
2- in these solid core leachates. 

b) An almost constant level of SO4
2- is maintained thereafter which is parallel to the 

level of Ca in the leachates. This is most noticeable in the SR leachates. Dudas (1981) 

observed that after the initial rapid release of Ca from fly ash, slow dissolution of the 

fly ash matrix with concomitant nearly constant levels of Ca is observed. The Ca 

levels observed for the SR and SR + FA cores after the initial dissolution can be 

attributed to the dissolution of the fly ash matrix and could partly account for the 

continuous attenuation of SO4
2-. 

 

Calculation of saturation indices (SI) indicates that initially the leachates were slightly  under 

saturated with respect to gypsum for the FA, SR and SR + FA solid cores attaining 

equilibrium at between 36-110 days of drainage (Table 5.4; Tables B14-B18). This 

attainment of equilibrium corresponds to the peak in Ca concentration for the mentioned 

column solid cores (Figs 5.44, 5.46, 5.48). This is most noticeable for SR cores where the 

leachates become highly oversaturated at between 53-97 days of drainage. This confirms that 

after the initial rapid dissolution of CaO, dissolution of CaO locked in the aluminosilicate 

matrix was occurring gradually as the drainage progressed and this is most evident in the SR 

solid cores. As the Ca concentration drops with increase in acidity the leachates become 

slightly under saturated again and this is paralleled by an increase in SO4
2- concentration in 
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the leachates. Plots of Log α SO4 versus Log αCa strongly points (α represents activity of the 

species as determined using PHREEQC) to control of Ca and SO4
2- by precipitation of 

gypsum (Figs 5.51-5.52). 
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Figure 5.51: Plots of log SO4

2- activity versus log Ca activity showing control of SO4
2- and 

Ca by gypsum solubility in the leachates for FA and SR solid cores. 
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Figure 5.52: Plots of log SO4

2- activity versus log Ca activity showing control of SO4
2- and 

Ca by gypsum solubility in the leachates for SR + 25 % FA column solid cores. 
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Further evidence of the gypsum precipitation came from the XRD, SEM and SEM-EDX 

analysis of the leached solid cores. SEM and SEM-EDX analysis revealed extensive 

formation of gypsum crystals in the entire length of the solid core from top to bottom (Figs 

5.53 and 5.54). High frequency of gypsum crystals was however observed in the top section 

of each column which showed the highest degree of interaction with SAMD (Figs 5.74 and 

5.75). The presence of gypsum crystals on all the sections of the leached solid residue cores 

indicates that under the strongly acidic conditions, gypsum was not significantly re-dissolved 

if any. XRD identified gypsum in all sections of the leached solid cores (Figs B20-B23). 
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Figure 5.53: SEM micrographs of leached solid residues from column 1(FA) and column 5 

(SR + 25 % FA) showing gypsum crystals, C1, C5bottom-Backscattered signal, C5top-

secondary electron signal, with accompanying EDX pattern of the spots analyzed (enclosed 

in a box). 
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Figure 5.54: SEM micrographs of leached solid residues from column 2(SR) showing 

gypsum crystals. C2Top –Backscattered signal, magnification=500. C2middle-backscattered 

electron signal, magnification=3000, with accompanying EDX pattern of the spots analyzed 

(enclosed in a box). 

 

An observation of the SO4
2- trends for the FA and SR + FA solid cores (Figs 5.44, 5.46, 5.48) 

indicates that the attenuation of SO4
2- is greatest when Fe and Al are low in the leachates. 

Attenuation of SO4
2- by Fe and Al mineral phases could be through structural incorporation 

in phases such as jarosite, jurbanite, alunite and adsorption by amorphous ferric hydroxides. 

This becomes more evident as the pH drops to below 4 when precipitation of ferrous and 

ferric ions decreases and a corresponding increase in SO4
2- is observed. PHREEQC 
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simulation predicted these minerals to be precipitating within the pH range 4.5-11 (Tables 

B14-B19). Regression of log Fe activity versus log SO4
2- activity within the pH range 4.5-11 

for the FA and SR + FA column cores leachates indicated a strong relationship (Fig 5.55 and 

Table 5.8). Although the strong regression observed is not a confirmation of any chemical 

interaction between SO4
2- and Fe-mineral phases being formed, it’s a strong indication that a 

form of interaction could be taking place. This interaction could be structural incorporation 

of SO4
2- or adsorption on the precipitate surfaces. Seth and Ghazi (1997) points out that Fe 

precipitates formed in acid mine drainage environments consist of between 600-800 mmol/kg 

SO4
2-. Seth and Elliot (2000) go on to confirm that 30-45 % of this SO4

2- is ammonium 

oxalate soluble meaning it’s associated with the amorphous iron oxy hydroxides. Despite the 

high levels of Fe and Al precipitating out within this pH range no Fe or Al mineral phase was 

detectable by XRD. 
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Figure 5.55: Regression analysis of log Fe activity versus log SO4
2- activity for the FA, SR 

and SR + FA solid cores leachates. (R2 reported at 95 % confidence limits). 
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Table 5.8: Drainage time (days) and pH range over which the regression was calculated. 
 

Column core drainage time(days) pH range R2 
FA 36-124 7-8 0.9346 
SR 22-97 8-8.5 0.002 
SR +5% FA 44-110 7.5-6.5 0.431 
SR +25% FA 15-124 8-8.5 0.9279 
SR +40% FA 22-124 4.5-11 0.7811 
 

In the SR + 6 % OPC column cores two mechanisms for the attenuation of SO4
2- were 

identified as the column core acidified.  

 

a) Ettringite formation at the high pH generated by OPC hydration in presence of Al and 

SO4
2- from SAMD. 

 

Extensive formation of ettringite was observed in all sections of the column solid core, which 

means it did not undergo dissolution as the pH dropped to below 4. Ettringite is known to 

undergo incongruent dissolution to gypsum and Al-hydroxide at pH ≤ 10.7 (Myeni et al., 

1998). Observation of ettringite in the leached solid cores is contrary to Myeni et al. (1998) 

findings since the pH dropped to below 4 during the course of the drainage experiments. 

Analysis of the ettringite crystal by SEM and SEM-EDX revealed that they were coated by 

C-S-H gel which resisted dissolution under the acidic regime and kept the crystals intact (Fig 

5.39).  

b) Gypsum formation as the leaching of CaO in the aluminosilicate matrix occurred 

gradually as the drainage progressed. Apart from the sharp increase in SO42- content 

in the leachates at 29 days of drainage, the Ca and SO42- trends appear to be parallel 

which probably indicates control by the same mineral phases over the range 29-124 

days when the pH was maintained at 4-4.5. SEM and SEM-EDX, XRD identified the 

presence of gypsum in all the sections of the leached solid cores (Fig 6.56 and Figs 

B8-B11). PHREEQC simulation predicted control of Ca and SO42- by gypsum 

solubility except at pH >10.5 (Fig 5.57) when ettringite was at equilibrium in the 

leachates (Fig 5.38). 
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Figure 5.56: SEM micrographs of leached solid residues from column 8(SR + 6 % OPC) 

showing gypsum crystals. C8Top–Backscattered signal, magnification=14000. C8bottom-

backscattered electron signal, magnification=1000, with accompanying EDS pattern of the 

spots analyzed (enclosed in a box). 
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SR + 6 % OPC
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Figure 5.57: Plots of log SO4

2- activity versus log Ca activity showing control of SO4
2- and 

Ca by gypsum solubility in the leachates for SR + 6 % OPC column solid cores. 

 

5.5.2 Sulphate, Aluminum and Iron 
 

Alkaline materials such as fly ash are highly reactive when exposed to natural waters and are 

known to modify soil element dissolution patterns and to control surface and sub-surface 

water quality in their vicinity (Mattigod et al., 1990). Reaction of these materials with acidic 

mine drainage produces varying pH (6-12) depending on FA: AMD ratios and the chemistry 

of the AMD (Gitari et al., 2006). In addition the fly ash releases dissolved Ca, Al, Mg, K, Si 

and SO4
2- which interact with species in AMD to form gypsum, amorphous Fe hydroxides, 

Al-hydroxides and jarosite-K type mineral phases.  

 

It’s reported that at near neutral pH Al-hydroxide phases such as gibbsite (γ-Al (OH)3), 

boehmite (γ-AlOOH), and diaspore (α-AlOOH) are precipitated (Fillipek et al., 1987; Doye 

and Duchesne, 2003) and control Al concentration in solution. 

 

Several authors have observed that in a Al2(SO4)3-H20 system basic Al-sulphates, such as 

basaluminite (Al4(OH)10(SO4). 5H2O, aluminite (Al2(OH)4(SO4).7H2O, jurbanite 

(Al(OH)SO4.5H2O) and alunogen (Al2(SO4)3.17 H2O form at acidic pHs (<7) (Adams and 
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Rawajfih, 1977; Khanna et al., 1987, Nordstrom and Alpers,1999). Myeni et al, (1998) goes 

on to confirm that at below neutral pH Al-hydroxy sulphate phases can precipitate rapidly in 

natural systems and thus potentially influence major and trace elements dynamics in these 

environments. 

 

Due to the high concentration of Ca from fly ash, Al and SO4
2- from SAMD, the system 

created in the drainage experiments for the FA, SR, SR + FA and SR + OPC resembled more 

closely a Ca(OH)2-Al2(SO4)3-H2O system that is open to Fe3+, Fe2+, K+, Mg2+, Mn2+, SiO2 

and CO3
2- since the drainage was done in the open hence the system was in contact with CO2 

from the atmosphere. Myeni et al, (1998) observed that addition of Fe3+, Mg2+, K+ and Si 

(OH)4
0 to the system formed Fe oxy-hydroxides, minerals belonging to alunite-jarosite 

family, clays and a zeolite leonhardite.  

 

Langmuir and Whittemore (1971) have suggested that Fe (OH)3 and poorly crystalline 

goethite are the first ferric phases to precipitate when AMD is neutralized, but transforms to 

more stable phases, crystalline goethite and lepidocrocite. At pH > 5 ferrihydite is formed 

from rapid oxidation and hydrolysis of Fe2+ (Schwertmann and Tyalor, 1989).  

 

Interaction of SAMD with FA, SR, SR + FA and SR + OPC solid cores generated pH in the 

leachates ranging from highly alkaline (> 10.7), near neutral (8-9.5) and acidic (3-6.5) as the 

drainage progressed. This section will discuss the precipitation of Fe-hydroxides, Al-

hydroxides, Al-hydroxysulphates and jarosite-K type of minerals in the column solid cores as 

the acidification progressed to pH below 4 and justify their role in the control of the major 

contaminants and eventual clean-up of the percolating SAMD. Discussion will mainly center 

on the FA, SR, SR + 25 % FA and SR + 6 % OPC with an occasional mention of the other 

solid cores. Obtaining a positive proof that a water is in equilibrium with a mineral phase 

involves two steps, first a saturation-state calculation based on a complete analysis of the 

water should indicate that the mineral occurs under equilibrium conditions and secondly 

examination of the reaction mixture should reveal evidence of crystal formation. Analysis of 

the leached solid residues by XRD did not reveal any crystalline Al or Fe mineral phases. 

This could be due to the amorphous nature of the phases precipitating out or due to the 

diluting effect of the fly ash matrix. Therefore the SEM and SEM-EDX has been used 
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extensively to analyze the leached solid residue cores to help draw a conclusion on the likely 

mineral phases that precipitated. As stated earlier in Chapter three the SEM-EDX analysis 

can only provide semi-quantitative data hence the identification of the mineral phases should 

be taken with caution. However several authors have successively utilized SEM-EDX 

technique to identify and confirm the presence of mineral phases in different matrices 

(Catalan et al., 2002; Myeni et al., 1998; Warren and Dudas, 1985) 

 

5.5.3 Fe (oxy) hydroxides and Al (oxy) hydroxides 
 

PHREEQC simulation predicted several Fe (oxy) hydroxides and Fe-hydroxysulphate to be 

precipitating on interaction of the SAMD with the FA, SR, SR + FA and SR + OPC. 

Calculation of SI indices indicated the leachates to be supersaturated with respect to 

Fe(OH)(a), ferrihydrite, goethite and hematite (Figs 5.58, 5.59 and Table B14-B19). 

Precipitation of these phases during the drainage experiments explains the low concentrations 

observed in the leachates for 110 days (Figs 5.43, 5.45, 5.47, 5.49 and Table 5.4). An 

observation of figures 5.58 and 5.59 shows that goethite, hematite and magnetite were 

predicted to be the most stable phases for all the column solid core leachates. The leachates 

were at over-saturation at pH > 3.4. Goethite and hematite have similar solubility (Ksp 

hematite ≅ 10-43-10-42, Ksp goethite ≅ 10-44-10-43) and stability, but slow kinetic rates, 

hampered nucleation of the stable phases by contaminating metal ions and anions, this leads 

to the formation of poorly crystalline metastable phases such as ferrihydrite and 

microcrystalline goethite at surficial temperatures (Bigham, 1994; Schwertmann and Taylor, 

1989). At pH > 6 the leachates appear to be over-saturated or at equilibrium with ferrihydrite, 

Bigham(1994) observed that ferrihydrite is likely to form in slightly acidic to alkaline 

solutions with high levels of dissolved Fe. At pH > 4.29 the leachates appear to become 

saturated with amorphous Fe(OH)3.  
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Figure 5.58: Plots of saturation indices for precipitating Fe-bearing mineral phases during 

the leaching study period for FA and SR solid core leachates. 
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Figure 5.59: Plots of saturation indices for precipitating Fe-bearing mineral phases during 

the leaching study period for SR + 25 % FA and SR + 6 % OPC solid core leachates. 

 

The leachates were observed to be saturated with respect to K-jarosite and (H, K, Na) Fe3 

(OH)3 (SO4)2 over a pH range 6.43-6.68 for the FA solid core, 6.99-8.33 for the SR core and 

5.94-8.52 for the SR + 25 % FA core but under-saturated over the entire pH range for the SR 

+ 6 % OPC core (Figs 5.58 and 5.59). Azzie. (2002) observed over-saturation in a set of mine 

waters with respect to K-jarosite over the pH range 2.5-8 from some South African coal 

mines. 
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At this point it can be tentatively concluded that although PHREEQC predicts crystalline Fe-

(oxy) hydroxides to precipitate, the precipitates are amorphous, XRD and SEM-EDX could 

not detect any crystalline phases in the leached solid residues. The high SO4 content and 

presence of interfering ions in the SAMD could have hampered the precipitation of these 

mineral phases. These observations strongly suggest that some kind of amorphous Fe-oxy 

(hydroxide) phase is being formed. A regression of log activities of Fe3+ versus pH over the 

entire pH range indicates two slopes at pH>5.5 and the second at pH<5.5 (Fig 5.60). If 

precipitation of a pure ferric hydroxide was controlling the chemistry of the leachates 

(equation 5.25) a plot of log Fe3+ activity versus pH should have a slope of –3. The observed 

1st slope (-2.04 to -2.89) is roughly consistent with precipitation of a ferric hydroxide phase. 

The leachate chemistry is controlled by reactions involving Fe3+ at pH>5.5 while at pH <5.5 

the chemistry of the leachate could not be interpreted in-terms of Fe3+ alone. 

( )
pHFeLogKLog

OHFeHOHFe
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33
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Figure 5.60: Logarithmic activity plot of the dissolved Fe3+ versus pH in the leachates for 

FA, SR, SR + 25 % FA and SR + 6 % OPC solid cores. 

 

For a given condition, acid mine water may precipitate not the most over-saturated solid 

phase but other metastable phases due to kinetic reasons. If an equilibrium state is reached 

among all the dissolved species in aqueous phase and the precipitating solid phases, 

equilibrium modeling may be successively utilized to interpret and predict the chemical 

compositional changes of water solutions due to precipitation. The calculated activities of the 

dissolved species are plotted on a solubility diagram to deduce the precipitating mineral 

phases, since the alignment of the plotted activities may have different slopes according to 

the stoichiometry of the precipitating solid phase (Nordstrom, 1982; Sullivan et al., 1988).  

The figures 5.61-5.63 shows the constructed solubility diagrams for selected phases in the 

Fe2O3-SO3-H2O system at 298 K for the calculated activities of Fe3+ in the leachates for the 

FA, SR, SR + 25 % FA and SR + 6 % OPC solid cores. 
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Figure 5.61: Plot of log Fe3+ activity against pH for the FA solid core leachates with 

solubility lines for,Ⅰ-Fe(OH)3(a) (logα Fe3+= -3-3pH), Ⅱ-K-jarosite (logαFe3+= -2.8-2pH), 

Ⅲ-FeOHSO4 (logαFe3+= -7.94-pH), Ⅳ-Ferrihydrite (logαFe3+= 4.89-3pH), Ⅴ-

Schwertmannite (logαFe3+= 2.52-2.75pH) added. Solubiltiy lines calculated using an average 

logα K+= -2.15 and logα SO4= -2.12 (calculated values from measured data) and log Ks values 

for Fe(OH)3(a), K-jarosite, FeOHSO4, Ferrihydrite, Schwertmannite are –3, -14.8, -10.06, 

4.891 and 18.0 respectively (Jae Young yu, 1996; Bigham et al., 1996). 
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Figure 5.62: Plot of log Fe3+ activity against pH for the SR solid core leachates with 

solubility lines for,Ⅰ-Fe(OH)3(a) (logα Fe3+= -3-3pH), Ⅱ-K-jarosite (logαFe3+= -2.16-2pH), 

Ⅲ-FeOHSO4 (logαFe3+= -8.03-pH), Ⅳ-Ferrihydrite (logαFe3+= 4.89-3pH), added. Solubiltiy 

lines calculated using an average logα K+= -3.25 and logα SO4= -2.03 (calculated values from 

measured data) and log Ks values for Fe(OH)3(a), K-jarosite, FeOHSO4, Ferrihydrite, are –

3, -14.8, -10.06 and 4.891 respectively (Jae Young yu, 1996; Bigham et al., 1996a and 

1996b). 
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Figure 5.63: Plot of log Fe3+ activity against pH for the SR + 25 % FA solid core leachates 

with solubility lines for,Ⅰ-Fe(OH)3(a) (logα Fe3+= -3-3pH), Ⅱ-K-jarosite (logαFe3+= -2.46-

2pH), Ⅲ-FeOHSO4 (logαFe3+= -7.07-pH), Ⅳ-Ferrihydrite (logαFe3+= 4.89-3pH), Ⅴ-

Schwertmannite (logαFe3+= 2.51-2.75pH) added. Solubiltiy lines calculated using an average 

logα K+= -3.23 and logα SO4= -2.09 (calculated values from measured data) and log Ks 

values for Fe(OH)3(a), K-jarosite, FeOHSO4, Ferrihydrite, Schwertmannite are –3, -14.8, -

10.06, 4.891 and 18.0 respectively (Jae Young yu, 1996; Bigham et al., 1996a and 1996b). 
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Figure 5.64: Plot of log Fe3+ activity against pH for the SR + 6 % OPC solid core leachates 

with solubility lines for,Ⅰ-Fe(OH)3(a) (logα Fe3+= -3-3pH), Ⅱ-K-jarosite (logαFe3+= -2.55-

2pH), Ⅲ-FeOHSO4 (logαFe3+= -7.83-pH), Ⅳ-Ferrihydrite (logαFe3+= 4.89-3pH), Ⅴ-

Schwertmannite (logαFe3+= 2.52-2.75pH), α-goethite (logαFe3+= 0.5-3pH) added. Solubiltiy 

lines calculated using an average logα K+= -2.90 and logα SO4= -2.12 (calculated values from 

measured data) and log Ks values for Fe(OH)3(a), K-jarosite, FeOHSO4, Ferrihydrite, 

Schwertmannite, α-goethite are –3, -14.8, -10.06, 4.891, 18.0 and 0.5 respectively (Jae 

Young yu, 1996; Bigham et al., 1996a and 1996b). 

 

The activity diagrams reveal that the leachate water chemistry is mainly controlled by 

ferrihydrite at pH>5.5 for all the solid cores, precipitation of K-jarosite and schwertmannite 

may also control the leachate chemistry at pH 4-5.5 but its not obvious (Figs 5.61-5.64). 

Bigham et al (1996) in a study involving ochreous precipitates and associated acidic mine 

drainage waters observed that above pH 5.5 mineralogy of the precipitates was influenced by 
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ferrihydrite and those at intermediate pH values by schwertmannite. At pH <5.5 FeOHSO4 

seems to control the chemistry of the leachates. 

If the chemistry of the leachates at pH < 4.5 was being controlled by the precipitation and 

dissolution of FeOHSO4 (equation 5.26) then a plot of calculated logarithmic activity of Fe3+ 

versus pH at constant SO4
2- activity should have a slope of -1.  

06.10loglog 2
4

3
2

2
4

3
4

=++=

++⇒+
−+

−++

pHSOFeKLog

OHSOFeHFeOHSO

s

………………………..………………(5.26) 

 

The observed regression slope at pH <5.5 ranged (-0.44 to –0.69) (Figs 5.60) which is fairly 

close to -1 and suggests control of the leachate chemistry by FeOHSO4. Sullivan et al. (1988) 

performed an oxidizing equilibrium study with oil shales containing pyrite and suggested that 

Fe3+ activities were controlled by FeOHSO4 solubility at a relatively low pH 

 

The Fe3+ activities are several orders of magnitude higher than those predicted from control 

by ferrihydrite. Apparent super-saturation with ferric hydroxides or ferrihydrite occurs at 

high pH values above about 4. The super-saturation may be explained by substitution or 

adsorption of sulphate for hydroxide ions or on ferrihydrite and the formation of a more 

soluble schwertmannite-like phase. Apparent super-saturation with respect to ferric 

hydroxide might also be explained by the formation of colloidal iron particles that passed 

through the 0.45μm nucleopore membranes. This apparent super-saturation behavior of 

ferrihydrite and other ferric hydroxide is commonly seen for both surface waters and ground 

waters (Nordstrom and Alpers, 1999). Regression analysis of the calculated log Fe3+ activity 

of the leachates yielded slopes ranging from (-2.04 to –2.89) which is inconsistent with the 

precipitation of a pure ferric hydroxide phase or ferrihydrite. Kimball et al. (1994) found a 

regressed slope of -2.23 from iron data on the acid mine waters during a neutralization 

experiment. The observed slope (-2.04 to –2.89) could be interpreted to represent a ferric 

hydroxide in which SO4
2- has partially substituted hydroxide, i.e., Fe (OH)2.04-2.89(SO4)0.11- 

0.96. Infra-red analysis of the leached solid residues identified structural sulphate which 

confirms incorporation of sulphate in the Fe-bearing mineral phases. Bigham (1994) noted 

that ferrihydrite is associated with mine drainage in the pH range of about 5 – 8. The slope of 

-2.04 to -2.89 is observed in the pH range 6.5-8.5 in this study. This suggests that the 

apparent stoichiometry is more likely to represent a sulphate-substituted ferrihydrite, 
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schwertmannite or other hydrous ferric oxide with a molar Fe: OH of 1: (2.04-2.89). It is also 

possible that mixtures of different iron minerals phases are precipitating from these leachates 

over this pH range and the slope is not clearly resolvable into a particular reaction. 

 

PHREEQC simulation predicted several Al (oxy) hydroxides and Al-hydroxysulphate 

mineral phases to be precipitating on interaction of the SAMD with the FA, SR, SR + FA and 

SR + OPC as the drainage progressed. Calculation of SI for Al-bearing mineral phases 

indicated super-saturation with respect to amorphous Al (OH)3, basaluminite, gibbsite, 

jurbanite, alunite, boehmite, diaspore and ettringite at different stages of the drainage process 

(Figs 5.65-5.68 and Tables B14-B19). The saturation state of the Al-bearing mineral phases 

appear to follow different patterns in each of the column probably due to the different pH 

regimes and chemical processes generated by the FA, SR, SR + 25 % FA and SR + 6 % OPC 

solid cores. The saturation of the Al-hydroxides (Al (OH)3(a), boehmite, gibbsite and diaspore 

seem to occur within the same pH range (4-11.3). At pH 4 (close to 1st pK1(Al3+) = 4.91) 

some form of hydrolyzed aluminum will precipitate (Fillipek et al., 1987). However for SR 

(pH 6.99) and SR + 25 % FA (pH 5) solid cores the pH at which initial saturation is predicted 

is higher than for FA (pH 4) and SR + 6 % OPC (pH 4). A possible reason could be that at 

high FA concentration and in presence of OPC large amounts of sulphate is removed even at 

lower pH hence formation of the (oxy)-hydroxides is more favorable.  

 

At pH 4, FA and SR + 6 % OPC solid core leachates, sulphate concentration were in the 

range (2500-5000 mg /L) while SR + 25 % FA and SR leachates were in the range (6500-

9000 mg /L). At pH > 7 the sulphate concentration was below 2500 mg/L for SR and SR + 

25 % FA core leachates which corresponds to the saturation range of boehmite, gibbsite and 

diaspore. The saturation of alunite, jurbanite and basaluminite on the contrary appear to be 

saturated at higher pH (5-8.09) for SR and SR + 25 % FA solid cores leachates, while for FA 

and SR + 6 % OPC solid cores, saturation is observed at pH (3.36-6.68).  

Ettringite saturation was only observed in FA and SR + 6 % OPC solid cores at pH > 11.15. 

Ettringite is only stable at pH>10 otherwise it undergoes incongruent dissolution to gypsum 

and Al-hydroxides (Myeni et al., 1998). 
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Figure 5.65: Plots of saturation indices for precipitating Al-(oxy) hydroxide and Al-

hydroxysulphates mineral phases during the leaching study period for FA solid core 

leachates. 
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Figure 5.66: Plots of saturation indices for precipitating Al-(oxy) hydroxide and Al-

hydroxysulphates mineral phases during the leaching study period for SR solid core 

leachates. 
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Figure 5.67: Plots of saturation indices for precipitating Al-(oxy) hydroxide and Al-

hydroxysulphates mineral phases during the leaching study period for SR + 25 % FA solid 

core leachates. 
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Figure 5.68: Plots of saturation indices for precipitating Al-(oxy) hydroxide and Al-

hydroxysulphates mineral phases during the leaching study period for SR + 6 % OPC solid 

core leachates. 

 

Similar to Fe3+ calculated Al3+ activities are plotted on a solubility diagrams to deduce the 

precipitating mineral phases. Figure 5.69 shows the constructed solubility diagrams for 

selected phases in the Al2O3-H2O system at 298 K for the calculated activities of Al3+ in the 

leachates for the FA, SR, SR + 25 % FA and SR + 6 % OPC solid cores. The corresponding 

activities due to the precipitation of the pure aluminum hydroxide phases are also shown. 
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Figure 5.69: Plot of log Al3+ activity against pH for the FA, SR, SR + 25 % FA and SR + 6 

% OPC solid core leachates with solubility lines for Al(OH)3(a) (logα Al3+= 10.8-3pH), 

gibbsite (logαAl3+ = 7.74-3pH), boehmite (logαAl3+= 8.58-3pH), Solubiltiy lines calculated 

using log Ks values for Al(OH)3(a), gibbsite, boehmite are 10.8, 7.74, and 8.58 respectively 

(Jae Young yu, 1996). 

 

Figure 5.69 suggests that the chemistry of the leachates is controlled by the precipitation of 

amorphous Al(OH)3 at between pH 5.5-9.5 for SR and SR + 25 % FA solid cores. In addition 

at pH 3.5-11 boehmite and gibbsite seems to be playing a role in the chemistry of the 

leachates for FA and SR + 6 % OPC solid cores. It can be tentatively concluded that 

amorphous Al(OH)3 is controlling Al3+ activity in the leachates for SR and SR + 25 % FA 

solid cores while boehmite or gibbsite are controlling Al3+ activity in the leachates for FA 
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and SR + 6 % OPC solid cores. It has been discussed in this section that pH and SO4
2- 

content in the leachates have a direct influence on whether Al-hydroxide or Al-

hydroxysulphates will be kinetically favored to precipitate. A low SO4
2- concentration 

(<2500 mg/L) seems to favor precipitation of Al-hydroxides and SO4
2- > 5000 mg/L favors 

precipitation of Al-hydroxysulphates. To further elucidate the Al-hydroxysulphates 

precipitating under the pH and SO4
2- regimes generated by the different solid cores, ion 

activity diagrams relative to stability lines for Al-hydroxysulphates minerals; jurbanite 

(Al(OH)SO4.5H2O), alunite (KAl3(SO4)2(OH)6) and basaluminite (Al4(OH)10SO4.17H2O), 

gibbsite and Al(OH)3(a) were generated following the method of Wolt et al.(1992).  

 

The solubility relations of basic Al-hydroxysulphates in solution can be expressed as [2pH + 

pSO4] and [pAl + pOH + pSO4] (Wolt et al., 1992) using appropriate pKsp for jurbanite 

(17.8), alunite (85.6) and basaluminite (117.7) as given by Nordstrom, 1982; Allison et al., 

1991 and the negative logarithm of the ion activity product of water, pKw =14. The following 

relations (equations 5.27-5.29) derived by Wolt et al. (1992) were used in this study: 

Jurbanite: 8.17]4[)4)()(( =++= pSOpOHpAlSOOHAlp ………………………..……(5.27) 

Basaluminite: ]42[434.8]4[ pSOpHpSOpOHpAl ++=++ ……………………..…..(5.28) 

Alunite: ]42[31])[3113.19(]4[ pSOpHpOHpKpSOpOHpAl +++−=++ …….…..(5.29) 

Since gibbsite and amorphous Al(OH)3 were proved to be controlling Al3+ in the solid cores 

the following relations were also derived using pKsp=33.9 and pKsp=31.2 (Nordtsrom et al., 

1990) for gibbsite and Al(OH)3(a) respectively. 

Gibbsite: ]42[9.5]4[ pSOpHpSOpOHpAl ++=++   ...…………..……...……….…..(5.30) 

Al(OH)3(a): ]42[2.3]4[ pSOpHpSOpOHpAl ++=++  ………………………….….(5.31) 

Figure 5.70 shows the stability lines of Al-hydroxysulphates minerals, gibbsite and 

amorphous Al(OH)3 imposed on the leachate ion activities plotted with [pAl + pOH + pSO4] 

as function of [2pH +pSO4]. The data for the leachate solutions fall along the line fixed by  

amorphous Al(OH) from which Al3+ activity was calculated for SR and SR + 25 % FA solid 

cores and along the line fixed by gibbsite from which Al3+ activity was calculated for FA and 

SR + 6 % OPC solid cores (Fig 5.70). The leachate chemistry seems to be clearly unrelated 

to alunite solubility for all the solid cores. For the FA and SR + 6 % OPC solid core leachates 

the ion activities fall within the region circumscribed by the basaluminite, jurbanite and 

gibbsite solubility (Fig 5.70). For the FA solid cores basaluminite and gibbsite seem to be the 
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stable solid-phases controlling Al3+ and SO4
2- activities when [2pH + pSO4] ≥ 19.56 and at 

[2pH + pSO4] ≤ 15.56 basaluminite, jurbanite and gibbsite control the ion activities. In the 

SR + 6 % OPC solid cores a similar solid-phase trend is observed, at [2pH + pSO4] ≥ 18.25 

basaluminite and gibbsite control the ion activities and at  [2pH + pSO4] ≤ 12.37 

basaluminite, jurbanite and gibbsite seem to control the ion activities. In the SR solid cores at 

[2pH + pSO4] ≥ 15.87 basaluminite and amorphous Al (OH)3 control the ion activities while 

at [2pH + pSO4] ≤ 10.46 jurbanite exerts control. For the SR + 25 % FA solid core at [2pH + 

pSO4] ≥ 15.33 basaluminite and amorphous Al (OH)3 control the ion activities while at [2pH 

+ pSO4] ≤ 14.06 jurbanite exerts control. There is ample evidence of solubility control of 

Al3+ activity by jurbanite under acidic and high SO4
2- conditions (Wolt et al., 1992; Von and 

Stehouwer, 2003; Agbenin, 2003). 
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Figure 5.70: Leachate ion activities relative to stability lines for Al-hydroxysulphate 

minerals, gibbsite and amorphous Al (OH)3(a). Stability line of alunite was fixed using 

average value of pK and pOH calculated using PHREEQC (FA: pOH=7.21, pK+=2.15; SR: 

pOH=7.31, pK+=3.25; SR + 25 % FA: pOH=6.70, pK+=3.25; SR + 6 % OPC: pOH=8.23; 

pK+=2.90) (average values derived from the data generated using PHREEQC). 
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5.5.4 Manganese 
 
PHREEQC simulation indicates that the leachates were saturated or over-saturated with 

respect to pyrolusite, nsutite and manganite at pH > 10.08 and rhodochrosite at pH 5.94-

10.08 (Fig 5.71). Under mildly oxidizing and high pH conditions Mn2+ can be oxidized to 

Mn4+ /Mn3+with formation of insoluble MnO2 (pyrolusite), MnOOH (manganite) and nsutite 

(MnO2). The oxidation/reduction potential at pH >11.0 in this study ranged (-32.1-268 mv). 

Manganese autooxidizes at pH values of 8.5 or > and according to Eh-pH diagrams 

developed by Faulkner and Richardson (1989) Mn2+ will be oxidized to MnO2 at pH > 11 

and Eh (mv) ≥ 250. At circumneutral to alkaline pH values carbonate minerals that form in 

an open system could remove Mn2+. Rhodochrosite was near saturation or at saturation at pH 

6.99-10.08 in this study.  
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Figure 5.71: Saturation indices versus pH for selected Mn-bearing mineral phases for FA, 

SR, SR + 25 % FA and SR + 6 % OPC solid residue cores. 

   

 

 

 

 



 

233 

Komnitsas et al. (2004) treated simulated acidic leachates with limestone and red mud in a 

column leaching study and observed precipitation of rhodochrosite when pH was at alkaline 

values. Zachara et al. (1991) also supports the probability of rhodochrosite precipitation at 

alkaline pH values. To confirm the extent to which the precipitation of rhodochrosite was 

contributing to the attenuation of Mn2+, solubility diagrams were constructed using activity 

of Mn2+ calculated using PHREEQC (Fig 5.72)(equations 5.32-5.34). The CO3
2- activities 

fall along the line described by rhodochrosite at pH 5.94 – 8.62 confirming the control of 

leachate chemistry by this mineral phase. 

39.102
3

2
3 −=+⇒ −+ KLogCOMnMnCO ………….……………………………..…..(5.32) 

where 

][][ 2
3

2 −+= COMnK ……………………………………………………………….……(5.33) 

Taking logarithms to base 10 on both sides 
−+ −−= 2

3
2 39.10 COLogMnLog ………………………………………………….…….(5.34) 
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Figure 5.72: Leachate Mn2+ activities versus CO3
2- activities for FA, SR, SR + 25 % FA and 

SR + 6 % OPC showing the pH ranges at which rhodochrosite controls Mn2+ activity. Log 

K= -10.39 (WATEQ4 database)(Ball and Nordstrom, 1991). 

 

Plotting of solubility lines of pyrolusite (β-MnO2, log K=41.38)) and manganite (γ-MnOOH log K= 

25.34) over the pH range of the leachates revealed that both pyrolusite and manganite were 

controlling the chemistry of the leachate at pH >9 for FA and SR + 6 % OPC solid cores.  

For SR and SR + 25 % FA the ion activities data cluster along the line defined by the 

manganite at pH >7.5 (Fig 5.73). Hem and Lind (1993) titrated Mn-rich ground waters with 

0.1 molar NaOH solution with and without CO2 present, these experiments yielded 

hausmannite which aged to manganite. 
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Figure 5.73: Logarithm of the activity of Mn2+ ion plotted against pH with equilibrium 

solubility lines for pyrolusite and manganite for FA, SR, SR + 25 % FA and SR + 6 % OPC 

solid cores. The default ρε = 4.0 in PHREEQC was assumed in calculating the Mn2+ activity 

in equilibrium with pyrolusite and manganite. 

 

5.6 Mineralogical and elemental analysis of leached solid cores. 

 

In view of the findings of the modeling experiments suggesting that Fe-bearing hydroxide 

phases, Fe-hydroxysulphate mineral phases, Al-bearing hydroxide minerals, Al –

hydroxysulphates, Ca-SO4 mineral phases and Mn-bearing mineral phases were likely to 

control the leachate chemistry as the drainage progressed. An attempt was made to 
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collaborate this information with direct physical evidence of these mineral phases in the 

leached solid residues. This section will present a discussion with a view to drawing a 

conclusion on the presence or absence of these predicted mineral phases.  

 

5.6.1 Visualization of the sectioned leached solid cores 
 

Figures 5.74 and 5.75 below shows the surfaces of the sectioned column solid cores for FA 

and SR cores. After sectioning of the columns the extent of interaction of the synthetic acid 

mine drainage (SAMD) with FA and the solid residues (SR) was evident. 

Yellowish/brownish coloration was observed in all the leached solid cores. The highest 

intensity of the coloration was observed at the top layer of each of the leached solid cores. 

The least coloration was observed in the FA cores. The intensity of the yellowish/brownish 

coloration decreased down the length of the leached solid core. The highest intensity of the 

coloration was observed in the SR core.  

 

Hard grayish cemented layers were observed in SR + 25 %, SR + 40 % FA and SR + 6 % 

OPC at length varying from 8.5 –13.5 cm down the length of the solid core. The appearance 

of these grayish layers suggested local formation of hardpan layers as a result of precipitates 

formed cementing the leached solid residue particles. The hardpan layer results from the 

migration of formed precipitates as the pH front moves down the column solid cores. The 

yellowish/brownish coloration is characteristic of ochreous precipitates that occur in acid 

mine drainage impacted environments (Jeong and Soo, 2003). 
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Figure 5.74: Digital photos of the sectioned FA and SR leached solid cores 
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Column 5(SR + 25 % FA) 

 

Figure 5.75: Digital photos of the SR + 25 % FA and SR + 6 % OPC leached solid cores 
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5.6.2 X-ray diffraction (XRD) analysis of the leached solid cores 
 

Although the visualization of the sectioned solid cores revealed extensive formation of 

ochreous precipitates in all sections of the solid cores XRD did not reveal presence of any 

crystalline Al or Fe-bearing mineral phases (Figs B20-B23). This would indicate that the 

precipitates were too amorphous to be detected by XRD or they were below detection limits. 

XRD revealed the presence of gypsum (CaSO4. 2H2O) and calcium sulphate hydrate 

(CaSO4.0.6H2O) as the only new crystalline mineral phases. 

 

5.6.3 Fourier Transform infra-red analysis (FTIR) of the leached solid residue cores  

 

The main absorption bands observed in the leached solid residue core sections are presented 

in the Table 5.9 and Figs 5.76-5.79. 

 

Table 5.9: Characteristic absorption bands observed for FA, SR, SR + 25 % FA and SR + 6 
% OPC leached solid residue cores. 
 

Absorption band/peak(cm-1) 

Leached solid residue cores 

FA SR SR + 25 % FA SR + 6 % OPC

3200-3600 √ √ √ √ 

2800-2915 with peaks at 2912,2844 and 2812 √ √  √ 

2290, 2350 √ √ √ √ 

1600-1606 √ √ √ √ 

1360,1382-1390   √ √ 

1070-1134 with peaks at 1122-1134 and a shoulder at 986-996 √ √ √ √ 

656-658 √ √ √ √ 

596-600 √ √ √ √ 

436-454 √ √ √ √ 
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Figure 5.76: Infra-red spectra for the top, middle and bottom slices of the fly ash (FA) 

leached solid residues cores with the spectra of a pure unhydrous ferric sulphate imposed for 

comparison. 

Solid residue (SR) cores

200700120017002200270032003700
wavenumber(cm-1)

re
la

tiv
e 

%
 T

2334

2320

3212

1598-1606

1314 780

1090

1120

442

656

596

994

3380

Arnot FA

Top

Middle

Bottom

ES

 
Figure 5.77: Infra-red spectra for the top, middle and bottom slices of the leached solid 

residues (SR) cores with the spectra of ammonium oxalate extracted (ES) top slice imposed 

for comparison. 
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SR + 25 % FA solid cores
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Figure 5.78: Infra-red spectra for the top, lower top, upper bottom and bottom slices of the 

leached solid residue (SR) + 25 % FA cores.  

 

SR + 6 % OPC solid cores

200700120017002200270032003700
wavenumber (cm-1)

re
la

tiv
e 

%
 T

Arnot FA

Top

Middle

Bottom 3418-3580

2912

2828 2328

2316

1616

1382

1146

1094

996

658

600

454

 
Figure 5.79: Infra-red spectra for the top, middle and bottom slices of the leached solid 

residue (SR) + 6 % OPC cores.  
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The unreacted fly ash displayed absorption bands within the region of 1594-1600, 900-1120 

and 440-554 cm-1. A weak broad band was observed within the region of 3300-3500 cm-1. 

The bands within the 3300-3500 cm-1 region correspond to stretching vibrations for structural 

OH groups while bands within 1594-1600 cm-1 correspond to OH stretching vibrations for 

strongly adsorbed water (Figs 5.76-5.79). The band from 900-1120 cm-1 with a maximum at 

1074 cm-1 is common for aluminosilicates and is usually well developed in spectra for glass 

materials (Farmer, 1974). XRD of Arnot fly ash revealed presence of quartz and mullite (Fig 

B20-B23). Farmer (1974) further observes that the aluminosilicate bands from 900 – 1200 

cm-1 with a maximum at 1025cm-1 will partially mask the characteristic absorption bands for 

SO4
2- containing compounds. All the leached solid residue cores displayed the bands at 3200-

3600 cm-1 and 1600-1606 cm-1 due stretching vibrations for structural and strongly adsorbed 

water OH groups respectively (Figs 6.76-6.79).  

 

All the leached solid residue cores displayed strong absorption bands within the region 1070-

1134 with peaks at 1122-1134 and a shoulder at 986-996 cm-1. Bigham et al. (1990) 

compared IR spectra of a few natural and synthetic specimens of Fe hydroxides and sulfates 

and found that any specimen containing SO4
2- either chemically bonded or adsorbed shows 

absorption bands between 1100-1200 cm-1. This band is attributed to the stretching vibrations 

of SO4
2- (ν3). The SAMD interacting with the FA and the FA blend solid residue during the 

drainage experiment contained SO4
2- > 14000 mg/L and PHREEQC simulation predicted 

precipitation of iron (oxy)-hydroxides and iron hydroxysulphates.  

 

Unlike in the unreacted fly ash the absorption band at 1100-1200 cm-1 in all the leached solid 

residue cores shows splitting into two bands with a peak at 1120-1138 cm-1, second one at 

1092 cm-1 and shoulder at 994-996 cm-1 for the FA and 6 % OPC blend solid residue cores. 

Several authors (Bigham et al., 1990; Lazaroff et al., 1982; Lazaroff et al., 1985) point out 

that if the symmetry of SO4
2- decreases with coordination, a splitting of the ν3 fundamental 

occurs. For unidentate complex (C3ν symmetry) two bands appear.  

 

Appearance of the ν1 (970 cm-1) mode may also indicates low site symmetry for SO4
2-. Thus 

the bands at1120-1138 cm-1, second one at 1092 cm-1 and shoulder at 994-996 cm-1most 

probably arise from the formation of a bidentate complex between SO4
2- and Fe in leached 
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solid residue precipitates. Such complexes forms as a result of replacement of OH groups 

with SO4
2- at the mineral surface through ligand exchange or within the structure during 

precipitation. However it would be difficult to distinguish by IR whether this SO4
2- is 

adsorbed or structural since these two bonds could be similar in energy and geometry 

(Bigham et al., 1990).  

 

The leached solid residue cores exhibited sharp absorption peaks at 656 cm-1and 600 cm-1 

which were attributed to structural OH deformation and ν4(SO4
2-) respectively (Nakamoto, 

1997). Lazaroff et al. (1982) points out that the shoulder at 640-650 cm-1 could indicate 

presence of jarosites. K-jarosite was predicted to be precipitating by PHREEQC in the FA, 

SR, SR + 25 % FA and SR + 6 % OPC solid cores. The top section of the FA, SR, SR + 25 

% FA leached solid cores exhibited broad absorption bands of the type usually associated 

with amorphous solids. Comparison with IR spectra of unhydrous ferric sulphate suggests 

that the solid precipitates are composed of ferric-oxide sulphates (Fig 5.76). Lazaroff et al. 

(1982) observed similar IR spectra for amorphous ferric sulphate precipitates produced by 

bacteria oxidation. That the absorption maxima observed at 1122-1134 cm-1 and a shoulder at 

986-996 cm-1 is due to IR activity of SO4
2- is confirmed by the disappearance of the 

absorption bands on treating the leached solid residues with ammonium oxalate for four 

hours in the dark (Fig 6.77) (Schwertmann et al., 1982). The presence of strong absorption 

bands at 778 cm-1 corresponding to OH deformation of goethite appear to suggest increased 

intensity of goethite after ammonium oxalate extraction (Shokarev et al., 1972). The peaks 

observed at 436-454cm-1 are most likely Fe-O stretching vibrations (Kulumani and Jasobanta, 

1996). Gypsum is revealed by the 2ν3 (SO4
2-) overtone near 2130-2220 cm-1 (Sutter et al., 

2005). 
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5.6.4 Conclusions 
The FTIR results revealed the incorporation of SO4

2- in the resulting Fe and Al mineral 

phases either through adsorption or structural incorporation. Splitting of the ν3 fundamental 

mode arises from the formation of a bidentate complex with the metal ions, however the 

results could not reveal whether the SO4
2- is structural or adsorbed. 

 

5.6.5 Scanning electron microscopy (SEM) and Scanning Electron microscopy-Energy 

dispersive X-ray spectroscopy (SEM-EDX) analysis of the leached column solid 

cores. 
 

Excessive aggregation of the solid residue particles in the leached solid cores was observed 

confirming the extent of formation of mineral phases other than gypsum and ettringite. As 

observed and discussed in chapter five of this work, the precipitated mineral phases tend to 

fill between the particles or deposit on the surface of the leached particles. Moreover 

PHREEQC simulation strongly predicted precipitation of Al, Fe- (oxy) hydroxides, Al-

hydroxysulphates, Fe-hydroxysulphates and it’s predicted that some Ca-Al-hydroxysulphates 

could also have been precipitating in course of the drainage experiment. None of these 

phases were detected by XRD probably due to poor crystallinity or low concentration due to 

dilution by the residue matrix. In this section attempt is made to semi-quantitatively identify 

these mineral phases in the leached solid residue (SR) and solid residue (SR) + 6 % OPC 

solid cores. Due to the limitations of the SEM-EDX as per the analysis volume (1 μm3) there 

is bound to be contribution from the underlying matrix and the results should be taken with 

caution. The results can only provide a general trend of enrichment of elements in the 

identified precipitates or crystals and hence only a general conclusion can be drawn. The un-

reacted Arnot fly ash was also analyzed by SEM-EDX to provide the baseline for comparison 

with the solid residue samples. For all the SEM-EDX analysis the Kα line was utilized in 

calculations of the % elemental concentration of the areas and spots analyzed.  

 

The figure 5.80 below shows the spots that SEM-EDX analysis were done for the leached 

solid residue cores and Table 5.10 shows the EDX elemental composition results. Where 

applicable the results are discussed and conclusions drawn in relation to the EDX analysis of 

the Arnot fly ash, three spots on the Arnot fly ash were analyzed to give an average 
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background concentration. Precipitates or crystals aggregating on the solid residue particles 

were selected for analysis. 

 

The spot SR-06 concentration differs from the fly ash in that P and S are detectable and Ca 

increases which would suggest a Ca, S rich precipitate is being formed probably CaSO4 or 

gypsum. The precipitates appear to project in three dimensions which means they are 

crystalline. The decrease in Fe, Si, O, and Ti probably represents the dilution effect due to 

increase in Ca and S, but Al is observed to increase. This spot would probably represent a 

deposition of a Ca, S rich crystalline phase on a fly ash residue that resisted dissolution and 

this could probably explain the strong Al-Si-O-Fe signal. Spot SR-07 appears to be 

amorphous precipitates cementing the residue particles together. An enrichment of Fe, Al, S 

is observed. This is supported by the increase in the Al/Si ratio (0.76) as compared to the fly 

ash (0.38) and also the decrease in O/Al ratio as compared to fly ash (1.2→0.66) (Table 

5.10). The increase in Fe, Al, and S would probably suggest some kind of Fe, Al-

hydroxysulphates. A corresponding increase in Cu would probably be due to adsorption in 

the precipitating phases. 
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Figure 5.80: SEM backscattered micrographs showing spots where EDX analysis was done 

for the solid residue (SR) cores. 
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Table 5.10: EDX elemental analysis results (weight %) for the solid residue cores 
 

Arnot 
FA  SR1-06  SR1-07  SR1-08  SR1-09  SR1-10  

Element Weight % Element Weight% Element Weight% Element Weight% Element Weight% Element Weight% 

            
O 14.52 O 13.93 O 8.3 O 5.87 O 11.73 O 12.98 
Al 12.11 Al 14.66 Al 12.6 Al 4.71 Al 22.79 Al 20.74 
Si 32.01 Si 26.57 Si 16.53 Si 4.46 Si 34.45 Si 37.95 
P  P 1.01   P 2.8 P 0.43 P 0.47 
S  S 5.11 S 6.73 S 11.02 S 3.81 S 2.39 
K  K 1.06 K 0.62     K 1.78 
Ca 2.57 Ca 3.16 Ca 1.12 Ti 0.91 Ca 0.71 Ca 2.13 
Ti 2.53 Ti 1.67 Ti 1.2 Fe 70.22 Ti 0.58 Ti 0.93 
Fe 36.66 Fe 31.58 Fe 51.55   Fe 24.3 Fe 19.63 
    Cu 1.35   Ni 0.23 Ni 0 
Cu 0.7 Cu 1.25     Cu 0.95 Cu 0.99 

Total % 102.74 
Total 
% 100 

Total 
%  100 

Total 
% 99.99 

Total 
% 99.98 

Total 
% 99.99 

 
The spot SR-08 represents a crystalline material that has tentacle like structures projecting 

outwards and some forming circular formations resulting in hollow openings in-between. The 

concentration trends indicate enrichment in Fe, S and Al (note the Al/Si ratio increases to 1.6 

as compared to FA (0.38) (Table 5.10) suggesting a similarity to the precipitates observed at 

spot SR-07. This means that SR-07 and SR-08 are both crystalline phases, it’s only that the 

detailed crystalline nature of the SR-07 could not be revealed at the lower magnification (SR-

07, magnification = 8 000: SR-08, magnification = 20 000). Area SR-09 represents an O, Al-

rich amorphous phase aggregating together to form a dense mass. There is relative increase 

in O as compared to fly ash which strongly suggests an Al-(hydr) oxide phase. PHREEQC 

modeling predicted precipitation of amorphous Al (OH)3. SR-10 is a crystalline material 

resembling in morphology the crystals observed in spot SR-08. It’s enriched in Al, O, S and 

Ca. 

In conclusion, crystalline phases enriched in Al, Fe, S and O were observed to have 

precipitated in the solid cores (SR). Although they cannot be conclusively resolved to a 

particular mineral phase from the semi-quantitative EDX elemental analysis due to 

limitations stated earlier, their elemental contents suggests Al, Fe-hydroxysulphates or Al, 

Fe-(hydr) oxides. The enrichment in Ca, Al, S and O would also suggest formation of 
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monosulphate type of minerals (3CaO. Al2O3.CaSO4.12 H2O) similar to hydrating cement in 

SO4
2- rich waters (Cocke and Mollah, 1993). Gypsum was also observed to be forming and 

depositing on the solid residue particles that resisted dissolution. 

 

The figure 5.81 below shows the various spots analyzed for SR + 6 % OPC leached solid 

cores and Table 5.11 shows the corresponding EDX analysis results. 
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Figure 5.81: SEM backscattered micrographs showing spots where EDX analysis was done 

for the SR + 6 % OPC solid cores. 
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Table 5.11: EDX elemental analysis results (weight %) for the SR + 6 % OPC solid cores. 
 

Arnot FA  SROPC-11 SROPC-12 SROPC-13 SROPC-14 SROPC-15 SROPC-16 
Element Weight % Element Weight% Element Weight% Element Weight% Element Weight% Element Weight% Element Weight%
              
O 14.52 O 19.69 O 17.71 O 15.15 O 20.23 O 12.65 O 16.63 
Mg 1.64 Mg 4.28 Mg 1.94 Mg 2.94 Mg 1.33 Mg 0.38 Mg 4.55 
Al 12.11 Al 8.45 Al 9.71 Al 9.15 Al 28.33 Al 4.97 Al 10.04 
Si 32.01 Si 17.48 Si 24.4 Si 18.79 Si 39.19 Si 4.96 Si 19.51 
P  P 3 P 1.16 S 4.86 S 0.68 S 3.59 S 10.78 
S  S 3.41 S 8.89 Ca 18.5 Ca 6.3 Ca 70.93 Ca 14.68 
Ca 2.57 Ca 33.31 Ca 26.13 Ti 2.06 Fe 3.94 Fe 2.51 Mn 1.82 
Ti 2.53 Ti 0.99 Ti 1.43 Mn 1.82     Fe 21.98 
Mn  Mn 1.92 Fe 8.62 Fe 26.73       
Fe 36.66 Fe 6.53           
Cu 0.7 Cu 0.94           
Total % 102.74 Total % 100 Total % 99.99 Total % 100 Total % 100 Total % 99.99 Total % 99.99 
  
Spot SROPC-11 represents a tube-like crystalline material. The crystal is observed to be en-

riched in Ca, Si, and O, the Ca/Si ratio = 1.9 (Table 5.11) would strongly suggest this to be 

calcium silicate hydrate gel. Cocke and Mollah. (1993) observes that CSH gels have Ca/Si 

ratio ranging from 1.5-1.7. Kindness et al. (1994) observed this crumbled foil morphology 

that is consistent with CSH gel on reacting tricalcium silicate with Cr (ⅲ) salts. The presence 

of Mg, Fe, Ti, Cu and Mn, S, Al suggests incorporation or precipitation of metal-(hydr) 

oxides in the cement matrix. Spot SROPC-12 represents a mass of what appears to be 

amorphous precipitates and crystals adhering to these precipitates. The precipitates appear to 

be enriched in Ca, S, O and Si. The Ca/Si ratio of 1:1 would suggest a CSH gel but the 

presence of S and Ca/Al ratio of 3 would suggest calcium aluminate hydrate gel or Ca, Al-

hydroxysulphate could also be present. These precipitates can best be described as a mixture 

of CSH gels, calcium aluminate hydrate gels or Ca, Al-hydroxysulphate. SROPC-13 is a 

crystalline phase with a structure similar to spot SR-10 and SR-08 observed in the solid 

residues. The elemental composition closely resembles that of SROPC-12 except the 

decrease in Ca and enrichment of Fe. The Ca/Si ratio of 0.98 suggests this is not CSH gel. 

The increase in O/Al ratio (1.7) would suggest formation of Fe-(hydr) oxide within the CSH 

gels. The formation of the Fe-(hydr) oxide is supported by the fact that S is observed to 

decrease compared to SROPC-12. 

The spot SROPC-14 appears to be a mass of solid which is en-riched in O, Si and Al 

suggesting a strongly etched solid residue particle or a mass of solid residue particles 

encapsulated with CSH gel as suggested by the high Ca content. The lower Ca/Si ratio (0.16) 
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would suggest contribution of the Si signal from the encapsulated or underlying 

aluminosilicate residual matrix. Alternatively enrichment of O, Si and Al would suggest the 

first stage of hydrolysis of an activated aluminosilicate material similar to the process of 

aluminosilicate gel formation prior to the crystallization of zeolites. Van Jaarsveld et al., 

(1997) showed that fly ash due to its large amount of amorphous aluminosilcates can easily 

dissolve in alkali media and promote geopolymerisation. The amount of the amorphous 

aluminosilicate materials can be increased by activating with alkaline solution such as NaOH 

(Chang and Shih, 1998). Addition of 6 % OPC to the solid residues was observed to initiate 

alkaline conditions that would have dissolved the amorphous aluminosilicate phases. The 

mass enriched in O, Si and Al would probably represent geopolymerisation of the dissolved 

aluminosilicate phases (Xu and Van Deventer, 2000). Van Jaarsveld et al., 1999 proposed 

that heavy metals immobilization can occur through a combination of physical encapsulation 

and chemical bonding into the amorphous phase of the geopolymeric matrix and the 

observed encapsulation of the solid residue particles is varied. 

 

Spot SROPC-15 represents aggregating mass of precipitates that don’t appear to be 

crystalline. They are en-riched in Ca, Al and O, the Ca/Si ratio of 14.3 (Table 5.11) suggests 

this not to be a CSH gel and neither a calcium aluminate hydrate gel. The high calcium 

content (70.9 %) in combination with S (3.59) would suggest a gypsum or calcium sulphate 

phase. This is supported by the enrichment of O as indicated by the increase in the O/Al ratio 

(2.54) compared to FA (1.2). Spot SROPC-16 structure closely resembles crystalline material 

observed at spot SROPC-11, judging by the Ca/Si = 0.75, Al/Si = 0.51 and O/Al =1.66, this 

material seems to be enriched in Al, Ca, O and S as compared to FA, the decrease in Si is 

probably due to dilution effect. The high concentration of Fe, Mn, and Mg would suggest a 

calcium aluminate hydrate gel incorporating or encapsulating solid residue particles. The 

high Ca and S content would suggest phases such as gypsum or Fe, Al-hydroxysulphates. 

 

In conclusion trends of the EDX analysis show that CSH gels and calcium aluminate hydrate 

gels were being precipitated. These gels were either incorporating Fe, Mg, Mn in their matrix 

or encapsulating the solid residue particles that were rich in these elements. The high Ca, S, 

O, Fe, and Al observed in some spots would strongly suggest presence of Fe, Al-(hydr) 
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oxides, Fe and Ca-Al hydroxysulphates either separately or being precipitated with CSH and 

calcium aluminate hydrate gel matrices. 

5.6.6 PH profile of the column residue cores 
 

The table 5.12 below and Figure 6.82 shows the variation of the pH of the solid cores with 

depth.  
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Table 5.12: pH profile of the column solid residue cores with depth. 
 

depth 
(cm) 

depth 
(cm) FA solid core SR core SR + 5 % FA

SR + 25 % 
FA SR + 40 % FA 

SR + 6 % 
OPC 

1 1 ave SD ave SD ave SD ave SD ave SD ave SD 

3 3.5 3.68 0.07 3.29 0 3.21 0.03 3.11 0 3.06 0.045 4.15 0.16 

5 6 4.47 0.035 3.86 0.04 3.81 0.04 3.80 0.075 3.74 0.08 7.45 0.205

7 8.5 5.06 0.16 4.22 0.05 4.14 0.01 4.26 0.09 4.03 0.075 8.81 0.145

9 11 6.65 0.125 6.54 0.14 6.56 0.02 6.08 0.165 5.30 0.1 8.95 0.195

11 14 7.17 0.055 6.92 0.22 7.37 0.12 6.85 0.24 6.36 0.31 9.29 0.34 

 15 7.47 0.11 6.98 0.21 7.5 0.15 7.35 0.18 6.66 0.295 9.07 0.215

          7.20 0.25   
Results presented as mean ± SD n=3 
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Figure 5.82: Graphical pH profile of the pore waters of the leached FA and solid residue 

(SR) cores. Error bars represent 1 standard deviation above and below the mean. 

 

The pH profile down the column solid residues exhibit similar pattern for all the columns. 

The fly ash (FA) cores showed a higher pH up to a depth of 5 cm than SR, SR + 5 % FA, 

SR+ 25 % FA and SR + 40 % FA solid cores. This is attributed to the residue alkalinity 

present in the fly ash (FA) core. The residues at the top of the solid cores had the pH ranging 

from 3.0-4.0, at the middle 5.0-6.0 and at the bottom section 6.0 -7.40. The solid cores show 

a clear transition from being acidic at the top to circum-neutral at the bottom. The transition 

is gradual for FA, SR + 25 % FA and SR+ 40 % FA solid cores and sharp for SR and SR + 5 
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% FA solid cores. The profile of SR + 6 % OPC solid core deviates from the pattern 

observed, from pH 4.31 at a depth of 1 cm, the pH shoots to 7.66 at a depth of 2 cm and is 

maintained at pH > 8.0 up to the bottom of the solid core.  The pH of solid residue cores for 

column SR + 6 % OPC were constantly higher than for SR, SR + 5 % FA, SR+ 25 % FA and 

SR + 40 % FA solid cores. The high pH of the SR + 6 % OPC solid residue cores could have 

been due to cementation reactions of ordinary Portland cement (OPC), where the generated 

calcium silicate hydrate gels (CSH) encapsulated the solid residue particles reducing the 

surface area of contact with the leachant. This was proofed by SEM and SEM-EDX analysis. 

The leachates from this column had initially high pH (Fig 5.82) which represented the onset 

of OPC hydration reactions followed by the release of the CSH products and portlandite. The 

pH thereafter dropped to below 4.0. This confirms the prediction that after formation of the 

CSH gel the interaction of the solid residue particles with SAMD was significantly reduced 

and the slow dissolution of the aluminosilicate matrix and mullite inhibited. The hydration 

reactions of OPC generate portlandite following reactions (equations 5.35 and 5.36) (Taylor, 

1998) and will contribute to the initially high pH of the leachates. 

2253 )(62 OHCaCSHOHSiOCa +⇒+ ………………………………...……………..(5.35) 

2242 )(42 OHCaCSHOHSiOCa +⇒+ ……………………….…….…..……….……(5.36) 

 

The low pH exhibited by all the solid cores at the top of the column could be due to several 

reasons; this represents the surface of initial contact of solid cores with the acidic leachant 

which is neutralized before leaching down the column hence this represents the region of 

maximum depletion of alkalinity. Being in contact with the atmosphere, oxidation of Fe2+ is 

bound to be maximum, precipitation of the oxidized Fe2+ and subsequent hydrolysis of Fe3+ 

in the leachant generates more acidity that consumes the alkalinity generated by the solid 

cores. Hydrous sulphate minerals are likely to have formed under these conditions. All the 

solid cores showed increased intensity of the yellowish coloration associated with iron 

hydroxides and (oxy) hydroxysulphates at the top section. At high Fe concentrations in 

solution, secondary sulphate phases can precipitate on the surface of the solid residue 

particles especially under evaporating conditions. These columns were left un-drained for 7-

14 days and these precipitates could have formed at the surface of the solid residue cores due 

to evaporation. The hydrous sulphate minerals can be a source of acidity (Alpers et al., 
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1994). This is could have been released on dissolution on resumption of drainage, example 

Halotrichite and Coquimbite (equations 6537 and 5.38 respectively). 

 

OHHSOOHAlOHFeOOHSOFeAl 2
2
43322442 5.1384)(2)(2.022.)( ++++⇒+ +− ..(5.37) 

OHHSOOHFeOHSOFe 2
2
432342 363)(29.)( +++⇒ +− ………………………….(5.38) 

 

It can be concluded at this point that addition of fly ash to the solid residues (SR) slows down 

the acidification of the column solid cores. Blending with OPC reduces the interaction of the 

solid residues with the leachant due to encapsulation of the residue particles by the generated 

CSH gel. This slowed down the acidification of the solid residue core and dissolution of the 

aluminosilicate matrix and mullite with subsequent reduction in Ca released. This probably 

would explain the low SO4
2- attenuation efficiency of SR + 6 % OPC solid core as compared 

to FA, SR + 25 % FA and SR + 40 % FA cores.  

 

5.6.7 Sequential chemical extraction (SSE) of the leached solid residue (SR) cores 
 

In the section of contaminant attenuation profiles it has been shown that the main 

mechanisms responsible for retention of the contaminants is precipitation, adsorption, 

oxidation and hydrolysis as the pH is buffered at alkaline (10-12) and circumneutral pH (6-

9.5). Precipitates identified include gypsum, ettringite and those predicted to be precipitating 

by PHREEQC include Al (OH)3(amorphous), Fe (OH)3(amorphous), FeOHSO4, jurbanite, manganite 

and rhodochrosite. The sequential extraction of the solid residue cores was done to assess the 

mass of trace metals associated with each of the dominant secondary mineral phases and also 

qualitatively collaborate the contaminant retention capacity of the FA, SR + FA and SR + 

OPC blends. A second objective of the sequential extraction was to confirm the mechanisms 

proposed for the attenuation of the contaminants. Three fractions were considered: water 

soluble fraction, amorphous fraction and reducible fraction. The amorphous fraction was 

considered to be significant based on the fact that despite the high % attenuation efficiency of 

the contaminants, no crystalline Al or Fe bearing mineral phases were detected by XRD. 

Consequently selective sequential extractions were done on FA, SR, SR + 25 % FA and SR + 

6 % OPC on top, middle and bottom solid core slices. However due to the similarity of the 

extraction profiles of the SR and SR + 25 % FA cores the discussion of the results is 
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confined to FA, SR and SR + 6 % OPC solid cores. The tables 6.13-6.16 shows sequential 

extraction results for FA, SR, SR + 25 % FA and SR + 6 % OPC leached solid cores. 

Detection limits (mg kg-1) for each fraction are presented together with the results in Table 

5.13. 

 

A widely used technique for understanding elemental distributions in the solid phase in soil 

and sediments involves the use of selective sequential extractions (SSE) (Chao, 1984; Tessier 

et al., 1985). SSE procedures have also been used on mine waste contaminated areas (Kuo et 

al., 1983; Ma and Rao., 1997; Ramos et al., 1994). The use of SSEs is based on the premise 

that chemical reagents can remove elements from specific fractions of the solid phase by 

destroying the binding agents between metals and the matrix (Tessier et al, 1979). However 

the amount of any one given element extracted from a particular phase is dependent on the 

reagent concentration and type, extraction sequence and solid/solution ratio hence the term 

operationally defined values (Miller et al., 1986). 

 

5.6.7.1 Water soluble fraction 
 

The water fraction contains metals derived from re-dissolution of water soluble phases such 

as gypsum (CaSO4. 2H2O) or calcium sulphate hydrate (CaSO4.0.6 H2O), both were 

identified by XRD in the leached solid cores (Figs B20-B23). These can also result from the 

re-dissolution of tertially phases which could have accumulated during the drying and 

evaporation of core surface during the drainage experiments (an interval of 7-14 days was 

imposed between respective drainages). It can also include metals desorbed from Mn, Al or 

Fe (oxy) hydroxide surfaces. 

 

5.6.7.1.1 Fly Ash (FA) leached solid core 
 

Fe shows an increase from 10.7 mg kg-1 at the top to 4446 mg kg-1 at the bottom, this 

indicates the retention profile of Fe as acidification of the FA core occurs. Least acidified 

part of the core (bottom) retains most of the Fe in the pore water (Figs 5.80 and Table 5.13). 
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Table 5.13: Sequential extraction results for the FA leached solid core (results presented as mean±SD for n=3 extractions, DL-
detection limits) 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

Fly Ash solid core  water soluble fraction (mg kg-1 dry solids)      

 Al Fe Mn Si Ca Ni Zn Cu B Sr Mg 

Top 229.3±9.4 10.7±8.4 116.0±4.0 BDL 3466.2±70.6 7.6±0.8 2.9±0.7 BDL 0.35±0 44.3±0.7 1082.3±41.9 

Middle 170.4±24.2 2758.0±89.9 2.01±0.6 BDL 2698.3±493.4 BDL BDL BDL BDL 4.5±0.4 21.2±11 

Bottom 1790.7±73.1 4446.4±364.6 17.2±0.51 486.6±15.3 1138.3±68.9 31.5±1.5 40.7±17.1 2.1±0.9 70.3±0 75.7±3.1 253.7±10.3 

DL 0.018 0.577 0.005 0.706 3.34 0.009 0.007 0.001 0.084 0,0005 1.56 

    Amorphous fraction (mg kg-1 dry solids)      

 Al Fe Mn Si Ca Ni Zn Cu B Sr Mg 

Top 1960.5±178.6 BDL 1786.1±21.9 BDL 84598.7±11208 BDL 48.5±7.5 BDL BDL 1056±70.7 20570.8±1299 

Middle 15484.5±669.4 18056.1±3772.4 58.1±15.7 5669.8±0 BDL 225.8±0 131.3±9.3 105.2±72.2 1410±0 68.1±3.6 1172.9±75.5 

Bottom 49718.3±2533 94258.7±6998 487±45.4 12468.7±749 102398.1±12115 641.4±64.6 231.2±13.5 102.8±6.7 73.1±0 3191.1±155.9 6381.9±241.2 

DL 0.332 10.86 0.088 13.3 62.83 0.164 0.128 0.018 1.58 0.010 29.42 

    Reducible fraction (mg kg-1 dry solids)      

 Al Fe Mn Si Ca Ni Zn Cu B Sr Mg 

Top 3.7±2.8 BDL 292.9±2 BDL 11899.4±2698 BDL 18.7±0 BDL 4.3±0 201.8±4.5 3876.2±21.2 

Middle 2149.5±8.6 922.3±214 76.8±8.4 251.8±124 BDL 24.5±18.9 16.5±15.3 16.2±0 26.3±0 8.9±0.02 630.4±48.7 

Bottom 7486.7±305.3 13136±344 200.6±14.5 1868.8±18.9 15786.5±178 90.4±4.1 28.9±3.7 7.3±2.4 BDL 536.7±2.1 983.2±42.5 

DL 0.05 1.62 0.013 1.98 9.39 0.024 0.019 0.003 0.236 0.002 4.90 
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Table 5.14: Sequential extraction results for the solid residue (SR) leached solid core (results presented as mean±SD for n=3 
extractions) 
 

Solid residue core  water soluble fraction (mg kg-1 dry weight)      

 Al Fe Mn Si Ca Ni Zn Cu B Sr Mg 

Top 744.7±13.7 BDL 158.4±3.3 BDL 3835.6±136 4.2±0 7.3±1.1 BDL BDL 71.5±1.8 850.7±23 

Middle BDL 5184.8±297 0.71±0.7 85.6±0 852.3±0 5.7±0.4 91.5±30 BDL 49±14.6 9.5±0.5 5.9±0.2 

Bottom 2385.9±130 4536.6±275 20.3±1 866.9±85.5 2487.1±180 32.6±1.2 6.3±6.3 3.2±0 BDL 173.9±5.7 350.3±20.7 

            

    Amorphous fraction fraction (mg kg-1 dry weight)      

 Al Fe Mn Si Ca Ni Zn Cu B Sr Mg 

Top 6969.7±21.2 BDL 1803.9±86 BDL 54358.3±2317 BDL 404.1±266 BDL BDL 1170.7±20 14094.2±588

Middle 25056.7±635 13289±3729 7.8±7.3 5064.1±1111 BDL BDL: 2358.5±0 BDL BDL 189.4±134 1360.2±101 

Bottom 53632.4±1811 53682.5±2302 339.7±0.97 18056.9±58 97514.9±3816 342.3±18.8 181.3±81 35.5±3.5 BDL 4772.8±126 6604.7±176 

            

    Reducible fraction fraction (mg kg-1 dry weight)      

 Al Fe Mn Si Ca Ni Zn Cu B Sr Mg 

Top 1.9±0 BDL 212.5±19.7 BDL 9993.4±988 BDL 71.9±63 BDL BDL 250.1±18.5 3578.8±222 

Middle 1195.1±51 2760.9±376 189.8±7.9 804.9±104 BDL 12.7±0 372.5±0 BDL BDL 27.6±7.9 1316±56 

Bottom 10433.4±1777 8460.8±59.5 371.9±12 3255.3±38.8 18507±2037 49.1±1.6 15.3±3 3.6±0 BDL 884.4±1.2 1315.6±1 
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Table 5.15: Sequential extraction results for the SR + 25 % FA leached solid core (results presented as mean±SD for n=3 
 extractions) 
 

SR + 25 % FA solid core   Water soluble fraction (mg kg-1dry weight)    

 Al Fe Mn Si Ca Ni Zn Cu B Sr Mg 

Top 759.4±1 BDL 147.2±3.8 13.7±5.4 3880.8±380 BDL 12.9±6 DBL BDL 72±0.5 752.1±7.4 

Middle 279.4±47 3934.4±390 1.8±1 BDL 1510.5±1120 16.5±3 BDL 31.2±12.2 BDL 6.8±0.1 21.6±1.4 

Bottom 2674.6±48 4599.5±65 22.6±0.1 616.9±28 3373.3±2148 9.1±0.4 BDL 6.6±0.6 BDL 206.4±13 394.7±4.5 

            

     Amorphous fraction (mg kg-1 dry weight)     

 Al Fe Mn Si Ca Ni Zn Cu B Sr Mg 

Top 7564.8±262 38.4±0 1614±123 642.7±207 66183.1±323 BDL 127.8±60.7 BDL BDL 1135.6±32.4 11427±1070 

Middle 27389±287 19341.5±681 29.9±3 5226.7±1122 46022.2±7122 219.5±17.8 BDL 319±16.4 BDL 69.3±2 1426.6±27.8 

Bottom 43568.5±9322 47850.9±17577 332.3±98.3 11582.3±1448 135313.5±47718 142.5±9.2 16.2±0 102.5±3.9 BDL 4120.9±1248 5560.2±1389 

            

     Reducible fraction (mg kg-1 dry weight)     

 Al Fe Mn Si Ca Ni Zn Cu B Sr Mg 

Top 21.2±14.3 BDL 143.8±15.2 BDL 13786±609 5.6±5.6 56.6±36.3 3±0 BDL 264.3±17.8 4080.7±353 

Middle 2467.7±142 2715.5±67.8 321.5±6.9 4208.1±2745 41130.3±30499 58.9±7.2 BDL 35±12.7 377±0 15.6±1.5 1936.5±56.7 

Bottom 8412.9±288 9977.1±822 436.5±6.3 2446.3±133 23765.9±1175 23.1±0.3 19.7±0 16.8±1 BDL 939.3±35.1 1249.5±59 
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Table 5.16: Sequential extraction results for the SR + 6 % OPC leached solid core (results presented as mean±SD for n=3 
 extractions). 
 

SR + 6 % OPC leached solid core   Water soluble fraction (mg kg-1dry weight)           

  Al Fe Mn Si Ca Ni Zn Cu B Sr Mg 

Top 316.6±2.1 31.9±18.5 66.8±6.4 17.4±7.3 5067.2±629 3.6±0.84 0.93±0.3 3.5±1.6 7.3±0 72.8±0.3 455±38.5 

Middle 918.6±97.9 3441.9±274 2.1±0 84.6±71.2 63561.3±22827 5.1±0 BDL 19.1±0.06 17.6±0 5.6±0.16 46.2±4 

Bottom 2662.6±65.5 5713.4±754 22.4±0.72 714.5±29.1 10500.4±152 6.6±0.5 BDL 7.1±0.5 BDL 271.4±3.5 371.3±7.6 

            

    Amorphous fraction (mg kg-1 dry weight)      

 Al Fe Mn Si Ca Ni Zn Cu B Sr Mg 

Top 141.6±71.5 434.2±0 912.5±19 BDL 94080.9±6561 66.9±15.2 4.5±4.5 20.9±8.1 163.8±0 1785.2±47 15522.2±598.4 

Middle 23705.3±353 25404.8±432 1567.6±7.2 3783.9±1 1704152.7±66180 140.6±49.2 BDL 163.7±40.9 BDL 95.1±5.7 10917.3±183 

Bottom 66678±1020 117019.6±3051 4741±506 21531±1207 315495.3±22965 177.2±15.5 71.6±10.7 131.5±46.4 BDL 7535.8±71.7 17065.5±2484 

            

    Reducible fraction (mg kg-1 dry weight)      

 Al Fe Mn Si Ca Ni Zn Cu B Sr Mg 

Top 33.3±12.9 42.3±42.3 2.4±0.5 BDL 15687.2±1139.6 11.5±0.3 BDL 6.67±2 0.073±0 245.3±2.5 740.8±24.5 

Middle 2286.1±153 2089.5±610 114.3±16.7 578.8±0 240551.4±13117 27.3±1 BDL 63±34.4 BDL 7.2±0.5 1380.9±70 

Bottom 7867.3±274 12448.8±805.8 319.5±6.6 2944.8±8.1 35617.6±6599 17.1±0.32 5±6.3 20.7±4.7 BDL 980.7±5 2120.4±374.4 
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This further indicates that the Fe in this fraction is probably derived from dissolution of 

previously precipitated phases which moved with the pH front as the core acidified. Ca 

exhibited high concentration at the top decreasing at the bottom section. This indicates that 

the retention profile of Ca was probably dictated by precipitation of soluble phases such as 

gypsum which decreased as the SO4
2- was attenuated with migration of the SAMD down the 

solid core. SEM-EDX revealed gypsum crystals to be highly concentrated at the top section 

of the solid cores (Fig 5.81). 

 

 

Figure 5.83: SEM micrograph showing numerous gypsum crystals in the top section of the 

leached solid residue (SR) cores. 

 
Al, Mn, Ni, Zn, Cu, B, Sr and Mg show a similar retention profile with high concentration at 

the top and bottom section. However for Al, Ni, Zn, Cu, B and Sr the bottom section 

indicated higher concentration, this corresponds to the high pH of the pore water at this 

section (Fig 5.80). This probably indicates that the high concentrations were derived from 

soluble mineral phases that precipitated at alkaline pH. The high concentration at the top and 

bottom section could also be indicative of re-dissolution of tertially mineral phases formed as 

a result of evaporation and drying of the pore water at the top and bottom of the solid cores. 

The solid cores were in contact with the atmosphere at the top and bottom. Si, Ni, Zn, Cu and 

B were not detected in the middle section. 
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5.6.7.1.2 Solid residue (SR) leached solid core 
 

Al, Mn, Ca, Sr and Mg show a similar profile with high concentration exhibited at the top 

and bottom section, with the middle section only exhibiting low or non detectable 

concentrations (Table 5.12). This profile is similar to that observed for FA solid cores. Fe, Zn 

and B exhibit a similar trend showing high concentration in the middle section. Si, Ni and Cu 

show a similar pattern increasing down from the surface to the bottom of the solid core. This 

trend mirrors the increasing pH of the pore water in the solid residue core (Fig 5.80). This 

probably indicates re-dissolution of previously formed precipitates under the circum-neutral 

pH regime. 

 

5.6.7.1.3 Solid residue + 6 % Ordinary Portland Cement (SR + 6 % OPC) leached 

solid core 

 

Al, Fe, Si, Ca and Ni show increasing trend from top to the bottom section of the solid core. 

This increasing trend mirrors the pH profile of the pore water (Table 5.16 and Fig 5.82) in 

the solid core and probably reflects the dissolution of mineral phases precipitated during the 

high pH initially generated on initial contact with SAMD. Mn, Sr and Mg exhibit high 

concentration in the top and bottom sections. For Mn this probably indicates dissolution of 

phases that formed as a result of oxidation at alkaline pH near surface where supply of O2 

was adequate. PHREEQC predicted manganite to be controlling Mn2+ activity at alkaline pH. 

Rhodochrosite that formed under alkaline pH (8-9) as predicted by PHREEQC would 

dissolve as the solid core acidifies. 

 

5.6.7.2 Amorphous fraction  
 
 
Mineralogical analysis of the leached solid residue cores by XRD did not reveal any 

crystalline Fe or Al-bearing mineral phases. FTIR analysis suggested adsorption or 

incorporation of SO4
2- in Al or Fe bearing mineral phases. However visualization of the 

sectioned leached solid cores revealed extensive yellowish/brownish coloration characteristic 

of ochreous precipitates (Jeong and Soo, 2003) (Figs 5.74-5.75). SEM and SEM-EDX 
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revealed amorphous precipitates, ettringite, gypsum and CSH gels in the leached solid 

residue cores. PHREEQC simulation predicted precipitation of amorphous Al (OH)3(amorphous), 

Fe (OH)3(amorphous), FeOHSO4, jurbanite, ferrihydrite in the leachates of the solid residue 

cores. The ammonium oxalate extraction (AOD) in the dark was intended to remove the 

amorphous Fe, Al and Mn (oxy) hydroxides together with adsorbed or co-precipitated ions. 

The AOD does not specifically extract one particular phase but all non-crystalline Al, Fe and 

Mn all at once from the solid phase (Jackson et al., 1986) 

 

5.6.7.2.1 Fly Ash (FA) leached solid core 
 

Al, Fe, Si, Ni, Zn, Cu, and Ca show an increase from the top to the bottom section (Table 

5.13). It should be noted that the increase of Al (from 1960.5-49718.3 mg kg-1), Fe (detection 

limit to 10.86-94258.7 mg kg-1) and Si (13.3-12468 mg kg-1) is significantly greater than for 

other elements. This suggests that the increase in AOD extracted Ni, Zn, and Cu corresponds 

to the amounts adsorbed on amorphous Al, Fe and Si precipitates down the solid core. Mn, Sr 

and Mg show a similar concentration profile with high concentration at the top and bottom 

section. The high concentration for Mn at the top section indicates that Mn was retained at 

the top section where high pH was generated initially and oxidation was likely occurring. 

PHREEQC simulation predicted formation of manganite at alkaline pH. For Mg this could 

also represent dissolution of precipitates formed under the alkaline pH regime or increased 

adsorption of Mg. Sr probably represents increased retention as celestite (SrSO4) which was 

predicted to be precipitating by PHREEQC and would consequently undergo dissolution 

under the acidic conditions employed. Ca concentration profile indicates a trend that is not 

dictated by adsorption on amorphous Al or Fe phases but by a phase like gypsum. The 

increased concentration in this fraction is probably due to increased dissolution of gypsum 

under the acidic regime employed. The fact that Ni, Cu, Zn and B were detected in the 

middle section of this fraction while they were at detection limits in the same section for the 

water soluble fraction strongly indicates their adsorption onto the Al and Fe amorphous 

precipitates. 
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5.6.7.2.2 Solid residue (SR) leached solid core 
 

Al, Fe and Si show a steady increase from the top to bottom section of the solid core (Table 

5.14). This points to an increase in amorphous precipitates down the solid core and relocation 

of precipitates formed earlier at the top of the solid core. The trend mirrors the pH profile of 

the pore water in the solid core with the pH increasing down the solid core (Fig 5.80). The 

non-detectability of Ni and Cu in the top and middle section and subsequent detection in the 

bottom section probably indicates translocation with the amorphous Al and Fe precipitates. 

Ca exhibits high concentration at the top and bottom section being undetected in the middle 

section. Mn, Sr and Mg were detected in all the sections with the top and bottom section 

exhibiting high concentrations. 

 

5.6.7.2.3 Solid residue + 6 % Ordinary Portland Cement (SR + 6 % OPC) leached 

solid core 

 

Al, Fe, Mn and Si exhibited an increasing trend from the top to the bottom section of the 

solid residue core (Table 5.16). This strongly indicates importance of the amorphous 

precipitates in retaining the contaminants in the solid cores. A marked efficiency of the SR + 

6 % OPC solid core than FA and SR in retention of the contaminants is observed. This is 

most noticeable with Fe, the amount retained in the bottom section is double (117019 mg kg-

1) compared to that retained by SR (53682 mg kg-1). A similar phenomenon is observed with 

Mn, Mg, Cu, Sr and B. This probably indicates the role encapsulation of the precipitates and 

solid residue particles by the CSH gel had on the contaminants retention capacity of this solid 

core. SEM-EDX identified Fe, Mn rich Ca-Si-Al-O gels (Fig 5.84) in this solid core which 

suggests adsorption or incorporation of Mn in amorphous Fe rich precipitates or Al-Si-O rich 

gels.  
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Figure 5.84: Backscattered SEM micrograph showing Fe, Mn, S rich Ca-Al-Si-O gel with 

accompanying EDX analysis. 

This could also represent encapsulation of Mn (oxy) hydroxides and Fe amorphous (oxy) 

hydroxides in Al-Si-O or Ca-Si-Al-O gels. Encapsulation was extensive in this solid core as 

identified by SEM (Fig 5.85). 

 

Figure 5.85: SEM micrograph showing Ca-Si-Al-O rich gel encapsulating precipitates and 

solid residue particles (CSO-Ca-Si-O gel was identified earlier on by SEM-EDX). 

The increased Ca retention as compared to other solid cores was due to precipitation of 

gypsum, ettringite and the high Ca content of OPC (Table 5.5). The increased retention could 
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also be due to incorporation of Ca in precipitating Si-Al-O rich gels that were identified in 

the solid residue cores by SEM-EDX (Fig 5.84). This solid core also exhibited increased 

retention of B. Eary et al. (1990) points out that borate can be incorporated in precipitating 

aluminum hydroxides.  

 

5.6.7.3 Reducible Fraction 
 

This fraction was intended to quantitatively estimate the effect of the strongly acidic SAMD 

on the crystalline Fe, Mn (oxy) hydroxides in the fly ash residues. 

 

5.6.7.3.1 Fly ash (FA) leached solid core 
 

The Fe concentration shows an increase (from detection limits 1.62 mg kg-1 to13136 mg kg-

1), Mn registered high concentration in the top and bottom section while Al shows a smooth 

increase in concentration from top to bottom (3.7-7486 mg kg-1). This probably indicates the 

degradation of the residual matrix of the fly ash which decreases down the solid core as the 

SAMD interacted with the fly ash. Ca, Zn and Ni show the same trend reinforcing this 

concept. 

 

5.6.7.3.2 Solid residue (SR) leached solid core 
 

Al, Fe and Si show an increasing trend from non-detectability for Fe and Si at the top section 

to highest concentration at the bottom section. Again the increasing trend seems to show the 

gradation of the fly ash residual matrix as the SAMD percolates down the solid residue core. 

The concentration for the other elements observed probably represents concentration locked 

in the residual matrix. B was not detected indicating that it’s only present as soluble salts on 

the surfaces of the fly ash spheres and not in the aluminosilicate matrix. Mg seems to be 

highly concentrated in the top section for all the extractions but shows highest concentration 

in the amorphous fraction. 
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In conclusion the importance of amorphous precipitates in the attenuation of contaminants 

was demonstrated in the high concentrations retained in the amorphous fraction in the 

sequential extractions. Gypsum precipitation was also observed to be a significant SO4 

retention pathway as also evidenced by the high concentrations of Ca observed in the water 

soluble fraction and also in the amorphous fraction. High retention of contaminants Fe, Mn, 

Al, Ca and Si was observed in the amorphous fraction in the SR + 6 % OPC solid core which 

renders credence to the fact that formation of amorphous calcium silicate hydrate, calcium 

ferrite hydrate and possibly calcium aluminate hydrate gels were contributing to the 

increased contaminants retention in this solid core. Glasser (1970) observes that cation 

immobilization by CSH gels and by (hydr) oxide precipitation is the most important in 

cement systems. 

 

5.6.8 Strength development of Ordinary Portland Cement (OPC) blend Solid 

Residues (SR) and implication for backfilling application. 

 

The strength development of the solid residues blended with Ordinary Portland Cement was 

done over one year period as a preliminary study to evaluate possibility of using the solid 

residues for backfilling of mined areas. The study was carried out with Matla fly ash and 

Navigation AMD and the solid residues (SR) were generated at circum-neutral pH 9 for 

batch one and two and pH 11 for batch three. 

 

Strength measurement of the solid residues blended with varying rates of OPC (1 %, 3 %, 

and 6 %) on a dry weight basis was done as a function of time. The solid residues in addition 

to treating AMD passively, should also provide mechanical strength to support the 

overburden, moreover the unconfined compressive strength (UCS) are essential for the rock 

mechanics to model the force interaction and lateral load bearing of cemented strength. 

Unconfined compressive strength testing was performed according to ASTM (D2166-85) for 

the cured cylinders. Samples prepared from Matla fly ash/Navigation AMD were used for the 

strength testing. Samples were formulated using municipal tap water and process water from 

the FA/AMD treatment process. 
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5.6.8.1 Particle size analysis 
 

Figure 6.86 shows the particle size distribution for unreacted Matla fly ash and AMD reacted 

fly ash (i.e., solid residues (SR) made from the reaction between Matla fly ash and 

Navigation AMD). After reaction with AMD, there was a slight increase in the percentage of 

particle size in the range of 1 to 20 μm. This is probably a consequence of the precipitates 

being formed during the neutralization reaction. The other size fractions (< 1 μm and > 20 

μm) were not modified by the reaction with AMD. The overall pattern of size distribution is 

not affected when fly ash is reacted with AMD. This fly ash appears to be very fine; all its 

particles are smaller than 40 μm in size. 
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Figure 5.86: Particle size distribution for unreacted and AMD reacted Matla fly ash 
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5.6.8.2 Strength development testing 
 

The water/solid ratios of the solid residue slurries and cured samples from the three different 

batches are presented in Table 5.17. The initial water/solid ratios in the co-disposal material 

were 0.727, 0.692 and 0.700 for batch one, two and three respectively. 

 

Table 5.17: Water/solid ratios of solid residue slurries and cured samples for batch one.  
 

Batch 
number 

Binder ratio 
(%) 

Water/solid ratio 
in slurry 

Water/solid ratio 
in cured sample 

1 
1 0.589 0.533 
3 0.577 0.510 
6 0.559 0.499 

2 
1 0.714 0.538 
3 0.700 0.612 
6 0.678 0.533 

3 
1 0.860 0.600 
3 0.850 0.555 
6 0.823 0.625 

 
 

Figures 5.87-5.89 shows the strength development profiles of the cylinders prepared from the 

three batches of solid residue slurries. Strength development testing was reported as 

unconfined compressive strength (UCS).  

 

Strength development in the three different batches was found to be proportional to the 

proportion of binder used (Figs 5.87, 5.88 and 5.89). A more rapid strength development is 

observed in the first 28 days of curing for the solid residue slurries formulated with process 

waters (batch two) than the one formulated with tap water (batch one). This early accelerated 

strength development could be due to the formation of gypsum on hydration of the cement 

binder, with the process waters acting as a rich source of sulphates. The process waters had 

SO4
2- content ranging from 5483 ±14.9 at circum-neutral pH and 4570.7 ± 110.3 (n=3) at 

alkaline pH. Overall the solid residue slurries formulated using the process waters had greater 

unconfined compressive strength at all levels than the solid residues slurries formulated using 

municipal tap water. 
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Figure 5.87: Unconfined compressive strength of batch one solid residue slurries.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.88: Unconfined compressive strength of batch two solid residue slurries. 

 

Moreover similar trends were observed in these studies compared to values obtained from the 

literature (Grice, 1998) that indicated addition of a binder increased compressive strength, to 

between 0.75-4MPa, and values obtained in this study were within this range. The UCS and 

EM are essential for the rock mechanics to model the force interaction and lateral load 
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bearing of cemented strength. Both compressive strength and elastic modulus were still 

increasing after one year under the experimental conditions of storage. The best result was 

achieved by batch two, as the UCS reached 1.23 MPa (with 1% binder mix) to 3.03 MPa 

(with 6 % binder) after one year. These results tend to validate the possibility of using solid 

residues for backfilling. The lower strength development values observed for batch three 

could be due to less CaO available for formation of CSH gel since it had already been 

consumed during the neutralization process. This system was driven to pH 11 unlike batch 

one and two. Another reason could be the lower SO4
2- content hence less precipitation of 

gypsum. Benzaazoua and others (2002) observed that gypsum was significant in contributing 

to the final strength of sulphidic mine tailings backfill paste samples prepared with OPC 

binders ranging from 1-6 %. 
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Figure 5.89: Unconfined compressive strength of batch three solid residue slurries. 

 

 

 

 



 

272 

5.6.9 Conclusions 
 

In conclusion, with the addition of cement as a binder, the strength of the solid residue 

slurries is relatively high and it appears suitable for the purpose of confinement of mined out 

areas. The stability of the OPC blend solid slurries is demonstrated through its capacity to 

develop strength over time. Similar results were obtained in a previous study made on 

unreacted fly ash (Ilgner, 2000). These experiments tend to confirm that even after being 

submitted to reaction with AMD, fly ash remains a suitable material for backfilling. Hence, 

the proposed use of fly ash to first ameliorate AMD by use as a substitute liming treatment, 

and then apply the recovered solid residues for back fill material is herewith proved to be 

feasible. 

 

5.7 Discussion and Conclusions 

 

The FA cores, the solid residue (SR) + FA and solid residue (SR) + 6 % OPC cores were 

observed to undergo a stepwise acidification process with several acidity attenuation 

mechanisms involved as the drainage progressed. The higher pH buffer region (7.5-9) was 

sustained for a longer duration than the lower one (3-4) in SR and SR+FA cores. SR+ 6 % 

OPC cores sustained the lower buffer region (3.5-4) for a longer duration of the experiment 

than the other solid cores.  

An observed similarity in pH profile of the SR + 40 % FA solid core with the FA column 

core probably indicates that at 40 % or higher blending rate, dissolution kinetics of the fly 

ash will dominate and this would probably represent the highest fly ash blending rate that is 

practical under field conditions. The solid residue cores (SR) appeared to have a significant 

buffering capacity, maintaining a neutral to slightly alkaline pH in the leachates for an 

extended period of time (97 days). Blending of the solid residue (SR) with fly ash had the 

effect of increasing the pH of the initial leachates to circum-neutral, alkaline pH and 

increased the time of breakthrough to acidic zone. This work has proved that, if placed in a 

mining area generating AMD, these SR could provide a passive method of treatment of 

polluted coal mine water over an extended period of time. The use of Ordinary Portland 

Cement as a binder reduced this neutralization capacity to 22 days and release of alkalinity 

was slowed down. Results obtained in the case of addition of the OPC binder may indicate 

possible excessive aggregation of residue particles or physical encapsulation by the generated 
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C-S-H gel in the Ordinary Portland Cement amendment that may have reduced the active 

surface area of particles available for neutralization. The solid residues promise to provide a 

further passive treatment or prevent AMD formation underground and thereby reduce 

contamination caused by AMD by maintaining alkaline to circum-neutral pH over extended 

period. 

 

Three main acidification steps were observed as the solid cores released alkalinity on contact 

with SAMD. These were pH 9.2-12, 7.5-9.5 and 4.5. The initial alkaline pH that was not 

sustained for long was due to the dissolution of CaO in the unreacted fly ash in FA solid core 

and the FA blend solid residues (SR). The pH of the initial leachates for the solid resides 

(SR) and solid residue (SR) + FA solid cores decreased in the order FA > SR + 25 %> SR + 

5 % > SR strongly indicating that addition of fly ash to the solid residues was responsible for 

the initially high pH generated in the leachates. In the OPC blend solid core the cement 

hydration reactions generated portlandite that was immediately consumed as a result of 

formation of gypsum, ettringite and other cement hydration products. The SR and SR + FA 

column cores sustained a strong buffering capacity at pH 7.5-9.5 for a longer duration of the 

experiment than FA and SR + 6 % OPC. PHREEQC simulation predicted that the 

aluminosilicate glass and mullite were undergoing dissolution and were responsible for 

buffering in this pH region. XRD also confirmed the dissolution of the aluminosilicate glass 

matrix covering the fly ash spheres. This feature was proved to be significant in retardation 

of heavy metal contaminants via precipitation. This buffering will be maintained as long the 

dissolution of the aluminosilicate glass matrix and mullite is occurring otherwise the pH 

drops to below 4. A sharp drop in pH was thereafter observed. This concept is further 

confirmed by the lack of the buffering at pH 6.5-9 in SR + 6 % OPC solid core which was 

attributed to the possible aggregation and physical encapsulation of the solid residues by the 

C-S-H gel formed. Yong et al. (2001) working on heavy metal soil retention capacity of 

some alluvia soils mainly composed of kaolinite, illite and chlorite when drained with landfill 

leachate spiked with Pb, Cu and Zn observed that the pH was successively buffered at 

between 7.5-9.5. They further observed that this feature was significant in retardation of 

heavy metal contaminants via precipitation. Dissolution and formation of alunite was 

predicted to buffer pH at ≈6.5 indicating that it could have contributed to the overall pH 

buffering in this region.  
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Rapid dissolution of CaO from the fly ash and precipitation thereafter as gypsum in presence 

of the SO4
2- rich SAMD for the FA and SR + FA column cores led to the initial drop of Ca 

and SO4
2- in the leachates. An almost constant level of SO4

2- was thereafter maintained which 

was parallel to the level of Ca in the leachates. This was attributed to the slow dissolution of 

the fly ash matrix with concomitant nearly constant levels of Ca released. The Ca levels 

attributed to the dissolution of the fly ash matrix could partly account for the continuous 

attenuation of SO4
2-. As the acidification of the solid cores progressed the leachate pH 

dropped and subsequently the SO4
2- levels were observed to increase steadily but the increase 

differed for different solid cores. SR + 6 % OPC was observed to be superior in attenuation 

of SO4
2- even at acidic pH. At low pH basaluminite was predicted to be strongly controlling 

Al3+ and SO4
2- at pH>4 in this solid core. Incorporation of SO4

2- in the generated Al-Si-O 

rich gels could also account for the high SO4
2- retention efficiency of this solid core. 

Extensive formation of ettringite that was eventually encapsulated by C-S-H gel which 

resisted dissolution under the acidic regime also contributed to the SO4
2- retention efficiency 

in this solid core. 

 

The main mechanisms responsible for the eventual clean-up of AMD was observed in the fly 

ash blends to be increase of the pH to alkaline and circum-neutral levels and sustainability of 

the buffering capacity at circum-neutral pH, this was observed to depend on the % FA in the 

blend. Addition of % fly ash in the range (5 - 25) to the solid residues (SR) would increase 

the time that buffering capacity at circum-neutral pH is sustained. Addition of 40 % FA to 

the solid residues obscures the activity of the residue aluminosilicate glass matrix and mullite 

of the solid residues such that the buffering capacity at circum-neutral pH is not a significant 

feature. The buffering capacity exhibited at 40 % FA resembles that of unreacted fly ash 

core. Addition of OPC to the solid residues was observed to introduce significant changes to 

the leachate chemistry as compared to the FA blends. 

The FA, SR + 5 % FA, SR + 25 % FA, SR + 40 % FA and SR + 6 % OPC all exhibit high 

capacity to attenuate Fe and Mn2+ than the SR solid cores. The added alkalinity from the un-

reacted fly ash in each column increased the pH of the SAMD solution which resulted in the 

precipitation of those elements from solution. PHREEQC simulation predicted precipitation 

of Al, Fe and Mn (oxy) hydroxides at alkaline pH. Al and Fe-hydroxysulphates were also 

 

 

 

 



 

275 

predicted to be precipitating at pH 3.5-6.5. This is confirmed by the fact that a steady 

increase in the contaminants concentration is observed in all the solid cores as the pH drops 

to below 4. However the SR + 6 % OPC cores continued exhibit high attenuation efficiency 

even as the pH dropped to below 4. The above observations goes on to confirm that apart 

from precipitation, the OPC blend solid residue initiated other attenuation mechanisms such 

as co-precipitation and encapsulation of precipitates formed by generated CSH gels. The 

importance of amorphous precipitates in the attenuation of contaminants was demonstrated in 

the high concentrations retained in the amorphous fraction in the sequential extractions. 

Gypsum precipitation was also observed to be a significant SO4
2- retention pathway as also 

evidenced by the high concentrations of Ca observed in the water soluble fraction and also in 

the amorphous fraction. High retention of contaminants Fe, Mn, Al, Ca and Si was observed 

in the amorphous fraction in the SR + 6 % OPC solid core which renders credence to the fact 

that formation of amorphous calcium silicate hydrate, calcium ferrite hydrate and possibly 

calcium aluminate hydrate gels were contributing to the increased contaminants retention in 

this solid core. 

In addition to passively treating the AMD, the solid residues (SR) were observed to develop 

strength that can be crucial if they were used for backfilling applications. Addition of OPC 

binder to the solid residues (SR) at the rates of (1-6 %) achieved unconfined compressive 

strength (UCS) of 1.23 MPa (with 1 % binder mix) to 3.03 MPa (with 6 % binder) after one 

year.  

Hence the solid residues (SR) can successively be applied for a dual purpose in mined out 

areas: remediate acid mine drainage waters over an extended period of time and also provide 

support for the overburden. 
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Chapter Six 
 
Conclusions and Recommendations 
 

6 Introduction 
 

This study was designed to try and answer the following questions regarding the application 

of fly ash for remediation of coal mines waste waters  

Is fly ash a suitable remediation material for AMD and at what FA: AMD ratios and contact 

times will neutral and alkaline water be produced? 

Which elements are effectively scrubbed from AMD and which ones are released from the 

fly ash and what mechanisms are involved? 

What associations if any exist between the trace elements and mineral phases precipitating in 

the neutralization process? 

Can amendment of the solid residues with unreacted fly ash or Ordinary Portland Cement 

(OPC) reduce the leachability of the precipitated or immobilized elements? 

Can the OPC blended solid residues (SR) develop strength essential for the support of the 

overburden and passively remediate acid mine drainage over time?  

 

Therefore the following discussion will dwell on the success and limitations of the study with 

regard to each of the above questions and also give recommendations on the way forward. 

 
6.1 Neutralization of AMD with fly ash 

 
Neutralization reactions carried with different fly ash and AMD revealed that fly ash can be 

used effectively to neutralize AMD (question a). Several significant features were observed 

in these neutralization reactions.  

 The pH and EC trends were observed to follow the same trends for different fly ashes 

which imply the same neutralization and contaminants removal mechanisms were 

involved regardless of type of fly ash.  

 In the reactions using FA: AMD ratio of 1:3, it was observed that the time needed for 

Arnot FA to overstep the acidic buffering capacity is longer in the reaction with 

Navigation AMD than with Bank AMD. Eventually, both solutions were taken to a 
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pH of ≈ 9, but it took more than 200 minutes for Navigation and only 150 minutes for 

Bank AMD. This implies that residence time during the neutralization will depend on 

type of fly ash and AMD. 

 The EC trends similarly indicated interesting trends for the two reactions, the EC of 

Navigation and Bank AMD followed the same trend during the treatment with Arnot 

FA. While pH neutralization was faster in Bank AMD, EC was kept at higher levels 

in Bank than in Navigation AMD. This may be a consequence of the sulphate, which 

were initially high in Bank AMD. This implies that effective remediation of a given 

coal mine waste water will depend on its chemistry and also on the type of fly ash.  

The effect of the AMD chemistry was exhibited when different AMD samples were treated 

with Matla fly ash. The treatment of Brugspruit AMD with low ratios of Matla FA led to 

neutral pH values in the residual solution, after less than one hour of reaction time indicating 

that even low amounts of FA could be used to achieve neutralization in some cases. The 

reactions with ratios of FA: AMD between 1:3.5 and 1:8 allowed highly alkaline values of 

pH (pH >12) to be obtained and only a few minutes were necessary for FA to neutralize 

Brugspruit AMD.  

These results clearly indicate that the neutralization capacity of FA is combination specific 

and depends on the initial characteristics of the acid mine waters to be treated. This means 

that each fly ash/AMD mixture has its own specific optimum ratio at which breakthrough to 

alkaline pH will occur. This might present a limitation to the neutralization of AMD with fly 

ash with regard to location of the two waste streams, for instance the best suited fly ash to 

treat a given AMD water might not be located close enough for the process to be the most 

economically a viable option.  

 

6.2 Contaminants removal in AMDs 

 
This section addresses question (b). Major inorganic contaminants removal was directly 

linked to the increase of fly ash in the reaction mixture which indicates that precipitation of 

metal oxides/hydroxides was the dominant removal mechanism.  

 The treatment seems to have a mixture of success with the reaction between Matla fly 

ash and Brugspruit AMD showing relatively lower levels removal of efficiency. 

Selected FA: AMD ratios can be used to achieve neutral to circum-neutral pH. 
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Compared to the DWAF water quality limits, treatments of Navigation AMD with Matla fly 

ash resulted in much clean water with Cu, K, Mo, Na, Zn being within the domestic water 

use limits for 1:3 FA: AMD ratio and Co, Cu, K, Na and Zn being within the domestic water 

limits for 1: 2.5 FA: AMD ratio. Treatment of Brugspruit AMD with Matla fly ash produced 

less clean water although breakthrough to alkaline pH was established within less than an 

hour. Only Cu, K were within the domestic limits for 1:30 FA: AMD ratio. However this 

comparison includes only the FA: AMD ratios that resulted in process water in the pH range 

6-9. (Table B1-B3). 

 The poor element removal efficiency in the Brugspruit AMD can be traced to low 

concentration of the major hydrolysable contaminants which buffer the pH at 4.5-7 and 

induce several contaminants attenuation mechanisms which may include adsorption 

(Drever, 1997). This aspect needs to be investigated more fully with synthetic AMD 

containing various concentrations of the major hydrolysable contaminants to establish 

the baseline concentration at which these adsorption processes are induced.  

 

From these results it appears that this treatment system will work best if the major 

hydrolysable contaminants are above a certain critical baseline concentration otherwise the 

trace elements remain above the DWAF domestic water limits.  

 

6.3 Solubility controls on major contaminants. 

 

Knowing the mineral phases likely to control a contaminant in a water treatment process is 

crucial in designing the remediation technology to employ and what optimum conditions to 

employ. This also contributes to assisting in the design of the treatment plant. Experiments 

were designed to evaluate the solubility controls on the major elements. The challenge that 

was experienced in achieving this objective (questions b and c) was that the solid residues 

collected after given reaction times were largely amorphous. This was partly due to dilution 

by the un-reacted residue matrix of the fly ash. The precipitating contaminant bearing 

mineral phases were predicted by PHREEQC modeling based on aqueous solution analysis. 

The only direct physical evidence of the precipitation of these mineral phases is by SEM-

EDX which must be taken with caution since it cannot conclusively identify the mineral 
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phases due to the analysis volume limitations and contribution of signal by the underlying 

residual fly ash matrix.  

 SEM-EDX analysis strongly suggested precipitation of Fe-O rich and Ca-S rich phases. 

The results indicated that the major inorganic contaminants Fe, Al, B concentrations 

were controlled by mineral solubility. Other contaminants concentrations such as Ca, 

Na, Mg, Si and Mn seemed to develop solubility control after the initial rapid 

dissolution.  

Increase in pH seemed to play a crucial role in the removal of the major and minor inorganic 

contaminants. Fe was mainly removed as Fe (OH)3(a), while Al3+ as basaluminite, boehmite 

and alunite at pH 5.28-6.95, Al (OH)3(a) at pH 6.45-6.95, and as gibbsite and diaspore at pH 

5.53-9.12. Cu and Zn removal seemed to be tied strongly to the precipitation of Al (OH)3(a) at 

pH 5.3-6.5 confirming the importance of this major inorganic contaminant in the treatment 

process. Gypsum was observed to be crucial in the removal of sulphate and this was the only 

mineral phase that was identified directly by XRD. In addition celestite and barite played a 

role in attenuation of sulphate. Na removal could only be accounted for at 3.96-6.95 due to 

precipitation of Na-jarosite.  

 

PHREEQC modeling suggested that at pH > 8.5 Mn2+ was being oxidized and forming 

insoluble manganite. 

 

Judging by the information from the solubility controls it’s evident that this treatment process 

has a limitation in that the contaminants will be removed from solution at different contact 

times and PHS. This might suggest designing a multi-stage treatment process for eventual 

clean-up of the AMDs. Another limitation would be retention of the alkali metal 

contaminants such as Na, Ca, Mg and Sr and oxyanions such as Mo in solution at pH > 9. 

Another step would have to be incorporated to lower the concentration of these elements 

after the initial treatment process. 

Sequential extractions confirmed the observation that adsorption or co-precipitation on the 

amorphous phases was one of the contaminants removal mechanisms. The amorphous 

fraction was observed to be the most important in retention of the major and minor 

contaminants at pH > 6.32 which implies that the concentration of total Fe and Al in the 

AMD being treated could have a direct effect on the clean-up efficiency of the process. 
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6.4 Contaminant attenuation by the fly ash and Ordinary Portland Cement blended 

solid residue (SR) cores. 

 
Column leaching has been used to simulate conditions of co-disposal of solid waste such as 

mine spoils and fly ash or sludge from different chemical processes as described in Chapter 

Two. The idea being to model the situation in the field and thereafter use the information to 

predict the effect on the environment probably on disposal of sludge or co-disposing two 

solid waste streams. In this study solid residues (SR) were modified with fly ash at varying % 

and 6 % Ordinary Portland Cement, fly ash was also monitored as a control. The effect of the 

blended solid residues on the chemistry of the synthetic AMD was evaluated with drainage 

time (questions d and e). 

 

The leachate chemistry revealed interesting results.  

 Acidification of all the solid cores was observed to occur in a stepwise fashion. 

Blending of the solid residues with fly ash had several effects on the leachate 

chemistry, the initial leachate pH was observed to be dependent on the % fly ash in 

the blend and secondly it influenced the duration of sustainability of buffering at pH 

7-9.5.  

 A significant feature of the solid residue and fly ash blended solid residue cores was 

the sustained buffering at pH 7-9.5. Another significant feature of the solid residue 

core drainage results is the potential of the solid residues to buffer pH at 7-9.5 and 

contribute to contaminants attenuation for extended periods of time. This was quite 

significant, since the solid residues resulted from the treatment of AMD with fly ash 

where the alkalinity due to CaO had been fully utilized. This important finding goes 

to confirm the importance of these solid residues for the purpose of mine backfilling 

since they will continue to passively buffer pH and clean-up percolating AMD. 

  Another important finding is that blending with 6 % OPC obscured the release of this 

alkalinity from the solid residues but this was compensated by the inducement of 

other contaminants attenuation mechanisms even at pH below 5.  

 By the time of stoppage of the drainage experiments at 165 days, contaminants 

concentration in the leachates in the SR + 40 % solid residue cores were observed to 
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be increasing. Since this particular core contaminants concentrations release kinetics 

were observed to follow closely that of the fly ash solid core, It could be argued that 

at 165 days the buffering capacity due to CaO was exhausted and this solid core was 

now entering the phase where the dissolution of SiO2(amorphous) and mullite were 

buffering the pH at 7-9.5. Therefore it’s recommended for longer drainage 

experiments probably for one year or longer to be carried out to ascertain the final 

break-up of the alkalinity of this solid core and also confirm to what extent the re-

dissolution of the previously formed precipitates will occur.  

 

Alternatively the solid residues could be used as passive treatment barriers, this would 

require probably drainage of the solid residues with SAMD under a dynamic flow regime to 

quantify the amount of coal mines waste water that can be treated over a given period of 

time. This study considered a worst case scenario by using a highly polluted SAMD 

simulating Navigation Dam toe seep (5000 ppm Fe, 14407 mg/L SO4
2-, 1000 mg /L Al, 250 

mg/L Mn2+ and 4253 mg/L CaCO3 acidity). As a passive treatment barrier it can possibly be 

effectively used to treat large quantities of moderately polluted AMD. 

 Sequential extractions again revealed that the amorphous fraction was the most 

important in retention of the major contaminants and was most enhanced in the OPC 

blend solid residues due to formation of amorphous CSH gels. 

 

 The unconfined compressive strength (UCS) (2-3 Mpa) developed by the OPC blend 

solid residue slurries of (2-3 Mpa) confirms that the solid residues can be used for 

backfilling. More extensive investigations need to be carried out by using different 

binders such as blast furnace slag and silica fumes which are waste products 

possessing pozzolanic properties.  

 

In conclusion the study has shown to a high degree of certainty that the solid residues (SR) 

can successively be applied for a dual purpose in mined out areas: remediate acid mine 

drainage waters and also provide support for the overburden in mined out areas. 

 

The geochemistry of the interaction of the backfilled solid residues will greatly depend on the 

chemistry of the percolating solutions, this study looked at the worst case scenario of a highly 
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acidic acid mine water. Future studies should be carried out with various polluted mine 

waters and models developed to be able to predict environmental benefits of this envisaged 

practice. 
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Appendices 
 

Appendix A 
 
Analytical Techniques 
 

A Introduction 
 

This chapter describes the analytical techniques used and the principles involved. A summary of 

the experimental design, execution, analytical techniques used, data generated and application is 

presented in figure A1 below 

I. FA: AMD Reactions, different ratios, 
various types of fly ashes used

II. Two FA: AMD ratios (1:3, 1:1.5), reaction chemistry
investigated with time

III. Column leaching with SAMD, solid residues blended with 
% FA and % OPC

process water (ⅰ& ⅱ)
Column leachates (ⅲ)

Solid residues(ⅰ& ⅱ)
leached solid cores (ⅲ)

Chemistry of aqueous samples
Acidity, Alkalinity, 
ICP-MS for trace and major elements, 
IC for anions analysis

Mineralogical and elemental analysis
FTIR, XRD,SEM, SEM-EDX
Sequential extraction

Input for
Geochemical modeling (PHREEQC) Elucidation of attenuation control mechanisms

Development of mineralogical
model

 
FigureA1: Flow diagram of the experimental sequence, analytical techniques used, type of data 

generated and application 
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A.1 Inductively coupled plasma mass spectrometry (ICP-MS) 

 
A.1.1 Introduction 
 

Inductively coupled plasma mass spectroscopy (ICP-MS) was developed in the late 1980's to 

combine the easy sample introduction and quick analysis of ICP technology with the accurate and 

low detection limits of a mass spectrometer. The resulting instrument is capable of trace 

multielement analysis, often at the part per trillion level. ICP-MS has been used widely over the 

years, finding applications in a number of different fields including drinking water, wastewater, 

natural water systems/hydrogeology, geology and soil science, mining/metallurgy, food sciences, 

and medicine. 

A.1.2 Instrument Description and Theory 
 

ICP technology was built upon the same principles used in atomic emission spectrometry. In ICP-

MS, a plasma or gas consisting of ions, electrons and neutral particles, is formed from Argon gas, 

which is then utilized to atomize and ionize the elements in the sample matrix. These resulting 

ions are then passed through a series of apertures (cones) into a high vacuum mass analyzer 

where the isotopes of the elements are identified by their mass-to-charge ratio. The intensity of a 

specific peak in the mass spectrum is proportional to the amount of the elemental isotope from the 

original sample. An ICP-MS can be thought of as four main processes, including sample 

introduction and aerosol generation, ionization by an argon plasma source, mass discrimination, 

and the detection system. The figure A2 below illustrates this sequence of processes. 
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Figure A2: Schematic diagram of ICP-MS main processes 

 

A.1.3 Sample Introduction 
 

ICP-MS spectrometers can accept solid as well as liquid samples. Solid samples are introduced 

into the ICP by way of a laser ablation. Aqueous samples are introduced by way of a nebulizer 

which aspirates the sample with high velocity argon, forming a fine mist. The aerosol then passes 

into a spray chamber where larger droplets are removed via a drain (Jarvis et al., 1992). 

Typically, only 2% of the original mist passes through the spray chamber (Olesik, 1996). This 

process is necessary to produce droplets small enough to be vaporized in the plasma torch. 

 

A.1.4 Argon Plasma/Sample Ionization 
 

Once the sample passes through the nebulizer and is partially desolvated, the aerosol moves into 

the torch body and is mixed with more argon gas. A coupling coil is used to transmit radio 

frequency to the heated argon gas, producing an argon plasma "flame" located at the torch (Jarvis 

et al., 1992). The hot plasma removes any remaining solvent.  As this aerosol sample passes 

through the plasma, it collides with free electrons, argon cations, and neutral argon atoms, 

causing any molecules initially present in the aerosol to be quickly and completely broken down 

into charged atoms. Some of these charged atoms will recombine with other species in the plasma 

to create both stable and meta-stable molecular species, which will then be transmitted into the 
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mass analyzer along with the charged atoms. In addition to being ionized, sample atoms are 

excited in the hot plasma, a phenomenon which is used in ICP-atomic emission spectroscopy.  

 

A.1.5 ICP-MS Interface 
 

Because atomization/ionization occurs at atmospheric pressure, the interface between the ICP and 

MS components becomes crucial in creating a vacuum environment for the MS system. Ions flow 

through a small orifice, approximately 1 millimeter in diameter, into a pumped vacuum system. 

Here a supersonic jet forms and the sample ions are passed into the MS system at high speeds, 

expanding in the vacuum system (Jarvis et al., 1992). The entire mass spectrometer must be kept 

in a vacuum so that the ions are free to move without collisions with air molecules. Since the ICP 

is maintained at atmospheric pressure, a pumping system is needed to continuously pull a vacuum 

inside the spectrometer. In order to most efficiently reduce the pressure several pumps are 

typically used to gradually reduce pressure to 10-5 mbar before the ion stream reaches the 

quadrupole.  

 
A.1.6 Mass Spectrometer (MS) 
 

In the first stage of the mass spectrometer ions are removed from the plasma by a pumped 

extraction system. An ion beam is produced and focused further into the actual unit. There are 

several different types of mass analyzers which can be employed to separate isotopes based on 

their mass to charge ratio. Quadrupole analyzers are compact and easy to use but offer lower 

resolution when dealing with ions of the same mass to charge (m/z) ratio. Double focusing sector 

analyzers offer better resolution but are larger and have higher capital cost. The quadrupole mass 

filter is made up of four metal rods aligned in a parallel diamond pattern. A combined DC and AC 

electrical potential is applied to the rods with opposite rods having a net negative or positive 

potential. Ions enter into the path between all of the rods. When the DC and AC voltages are set 

to certain values only one particular ion is able to continue on a path between the rods and the 

others are forced out of this path. This ion will have a specific m/z ratio. Many combinations of 

voltages are chosen which allows an array of different m/z ratio ions to be detected. 
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A.1.7 Detector 
 

The most common type of ion detector found in an ICP-MS system is the channeltron electron 

multiplier. This cone or horn shaped tube has a high voltage applied to it opposite in charge to 

that of the ions being detected. Ions leaving the quadrupole are attracted to the interior cone 

surface. When they strike the surface additional secondary electrons are emitted which move 

farther into the tube emitting additional secondary electrons. As the process continues even more 

electrons are formed, resulting in as many as 108 electrons at the other end of the tube after one 

ion strikes at the entrance of the cone (Jarvis et al., 1992).  

 

A.1.8 Instrument Calibration 
 

Any sample entered into the mass spectrometer under similar conditions will return a count rate 

of events at the detector that can be converted directly to the concentration for each element from 

an established calibration curve. The response of the mass spectrometer in counts per second is 

directly proportional to the concentration of a given element in a sample; this allows the system to 

be calibrated by incorporating a series of external standards of differing concentrations. The 

challenge, therefore, is to ensure that conditions are identical for each sample, and that potential 

variables that can affect the analysis are recognized and compensated. Possible factors that can 

affect the sampling conditions of the ICP-MS are: variations in plasma ionization efficiency; 

possible clogging or erosion of cone apertures; differing matrix concentrations in samples that 

could result in matrix suppression; temperature and humidity fluctuations in the laboratory 

environment; and or, formation of molecular species within the sample that may interfere with 

another element in an unexpected manner. Any one of these variations or conditions can render 

the accurate analysis of the respective sample difficult or impossible unless certain methods or 

procedures are employed to minimize the potential for such difficulties. Some of the procedures 

employed to minimize these problems are:  

• Incorporation of an external calibration series encompassing the elements to be analyzed. 

This is designed to cover a range of concentrations that will completely bracket the 

concentration of analyte in the sample.  

 

 

 

 



 

315 

• Internal standards can be incorporated for each sample at known concentrations for the 

desired element(s) to compensate for any variation in the intensity of the element signal. 

These internal standards can then be used to correct the measured instrument response to 

the known concentration.  

 
A.1.9 Sources of interference 
 
There are two types of interferences that affect ICP-MS, these are spectral and matrix. 

Spectral interference arises from ions other than the analyte ions (M+) which form in the plasma 

from the plasma gas atoms or atmospheric gas. The most abundant ions are from atoms such as 

Ar, O, N and H. They form polyatomic ions which have the same mass as some metals. Examples 

of ions causing spectral interference include Ar+, Ar2
+, ArO+, ArH+, M-Ar, O+, O2

+, OH+, H2O+, 

N2
+, MO+, M-H+, M-OH+ and doubly charged analyte ions. 

ICP-MS is sensitive to dissolved solids (lower counts are reflected in its response). Dilution of the 

sample minimizes these effects. Samples were filtered through 0.45µm cellulose nitrate filter and 

diluted to EC < 1.5 mS/cm with Milli-Q (18 MΩ) water and stabilized with HNO3 acid. 

 
A.1.10 Accuracy of the method and detection Limits 
 
After the experiments, filtration and preservation with ultra pure HNO3, the aqueous samples 

were submitted to the instrument operator for analysis. 

An ELAN 6000 PE-SCIEX ICP-MS system at University of Cape Town (UCT) geology 

department was used to carry out the analysis of water samples reported in this work. The 

preserved samples were then prepared for analysis by diluting 150 μL to 15 ml with 5 % ultra 

pure HNO3. 50 μL of 3 ppm internal standard consisting of In and Bi was added to correct for 

drift. A certified reference material (NIST 1640) diluted 10 times in 5 % ultra pure HNO3 was 

analyzed under the same conditions to ascertain the accuracy of the analysis. Several blank 

samples prepared from MilliQ water were also analyzed along side the samples. Multi-element 

standards consisting of B, Na, Mg, Al, Si, K, Ca, V, Cr, Mn, Fe, Ni, Co, Cu, Zn, As, Se, Sr, Mo, 

Cd, Ba and Pb at concentration of 13, 45, 150 and 250 ppb prepared in 5 % HNO3 was used for 

the instrument calibration. 
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One of the great advantages of ICP-MS is extremely low detection limits for a wide variety of 

elements. Some elements can be measured down to part per quadrillion range while most can be 

detected at part per trillion levels. The lower limits of detection (LLD) were calculated for various 

elements and reported as mg/L and mmol/L (Table 3.1) using equation equation A1 below. 

)./(()2(3 cpswblkcpsstdstdinionconcentratcpswblkLLD −×××= …………….………..(A1) 

where wblk cps and std cps are the counts per second in the water blank and standard respectively 

(Andreas Spath pers comm, 2005) 

Table A1: Calculated lower limits of detection for elements analysed. 
 

Element mg/L mmol/L Element mg/L mmol/L 
B 0.00672 6.22E-07 Co 3.78E-05 6.41E-10 
Na 0.73271 3.19E-05 Cu 7.77E-05 1.22E-09 
Mg 0.12548 5.16E-06 Zn 0.00055 8.38E-09 
Al 0.00142 5.25E-08 As 0.00012 1.6E-09 
Si 0.05664 2.02E-06 Se 0.00037 4.72E-09 
Ca 0.26798 6.69E-06 Sr 4.35E-05 4.96E-10 
V 0.00005  Mo 1.37E-05 1.42E-10 
Cr 0.00063 1.24E-08 Cd 6.32E-06 5.63E-11 
Mn 0.00037 6.82E-09 Ba 8.11E-06 5.9E-11 
Fe 0.04632 8.29E-07 Pb 1.93E-05 9.32E-11 
Ni 0.00070 1.19E-08    

 

To assess the accuracy during sample measurements, results of NIST-1640 water standard 

analyzed with each batch of samples was used to calculate the bias. The results are presented in 

table 3.2 which compares the mean measured values and certified values of the elements 

analyzed. Bias is calculated to show the deviation of the measured values from the certified 

values. 

Bias= Mean measured concentration-certified concentration 

% Bias=bias/certified concentration in standard*100 

Most of the elements exhibited a % bias of less than 10 % except Si, Fe, Zn and Mo. 
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Table A2: ICP-MS analysis of NIST-1640 certified reference material (n=10) 
 

Element certified ave std dev Bias(-/+) % Bias 
B 0.3011 0.3011 0.0053 0.0053 1.7635 

Na 29.350 29.350 2.5682 2.0323 6.9243 
Mg 5.8190 5.8190 0.2762 0.1210 2.0794 
Al 0.0520 0.0520 0.0032 0.0031 5.9570 
Si 4.7300 4.7300 0.5389 0.7074 14.956 
K 0.9940 0.9940 0.0941 0.0988 9.9346 
Ca 7.0450 7.0450 0.1431 0.2217 3.1466 
Cr 0.0386 0.0386 0.0008 0.0014 3.6412 
Mn 0.1215 0.1215 0.0021 0.0009 0.7235 
Fe 0.0343 0.0301 0.0027 0.0042 12.244 
Ni 0.0274 0.0274 0.0006 0.0005 1.8572 
Co 0.0203 0.0203 0.0002 0.0002 0.7655 
Cu 0.0852 0.0852 0.0015 0.0012 1.3577 
Zn 0.0532 0.0532 0.0063 0.0074 13.981 
As 0.0267 0.0267 0.0005 0.0005 1.8888 
Se 0.0220 0.0220 0.0003 0.0000 0.0007 
Sr 0.1242 0.1242 0.0011 0.0007 0.5670 

Mo 0.0468 0.0468 0.0128 0.0084 18.021 
Cd 0.0228 0.0228 0.0006 0.0006 2.5440 
Ba 0.1480 0.1480 0.0028 0.0003 0.2277 
Pb 0.0279 0.0279 0.0006 0.0001 0.4831 

 
A.2  Ion chromatography 

Ion chromatography is a form of liquid chromatography that uses ion-exchange resins to separate 

atomic or molecular ions based on their interaction with the resin. Its greatest utility is for 

analysis of anions (such as fluoride, chloride, nitrite, nitrate, and sulfate) for which there are no 

other rapid analytical methods. It is also commonly used for cations (like lithium, sodium, 

ammonium, and potassium) and biochemical species such as amino acids and proteins. Most ion-

exchange separations are done with pumps and metal columns using conductivity detectors. 

 

The column packings for ion chromatography consist of ion-exchange resins bonded to inert 

polymeric particles (typically 10 µm diameter). For cation separation the cation-exchange resin is 

usually a sulfonic or carboxylic acid, and for anion separation the anion-exchange resin is usually 

a quaternary ammonium group. For cation-exchange with a sulfonic acid group the reaction is: 

-SO3
- H+(s) + Mx+(aq) <===> -SO3

- Mx+(s) + H+(aq)……………………………….……….(A2) 
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where Mx+ is a cation of charge x, (s) indicates the solid or stationary phase, and (aq) indicates the 

aqueous or mobile phase. The equilibrium constant for this reaction is: 

          [-SO3
- Mx+]s [H+]aq 

   Keq = --------------------  ……………………………..…………………………………………………….…..(A3) 
          [-SO3

- H+]s [Mx+]aq 
Different cations have different values of Keq and are therefore retained on the column for 

different lengths of time. The time at which a given cation elutes from the column can be 

controlled by adjusting the pH ([H+]aq).  

 

Ions in solution are detected by measuring the conductivity of the solution. In ion 

chromatography, the mobile phase contains ions that create a background conductivity, making it 

difficult to measure the conductivity due only to the analyte ions as they exit the column. This 

problem is reduced by selectively removing the mobile phase ions after the analytical column and 

before the detector. This is done by converting the mobile phase ions to a neutral form or 

removing them with an eluent suppressor, which consists of an ion-exchange column or 

membrane. For cation analysis, the mobile phase is often HCl or HNO3, which can be neutralized 

by an eluent suppressor that supplies OH-. The Cl- or NO3
- is either retained or removed by the 

suppressor column or membrane. The same principle holds for anion analysis. The mobile phase 

is often NaOH or NaHCO3, and the eluent suppressor supplies H+ to neutralize the anion and 

retain or remove the Na+. 

 

Any ionic substance that produces a detector response and has a retention time coinciding with 

that of an analyte, or near enough to cause peak overlap, may interfere with the determination. 

Low molecular weight organic acids, such as formic acid, may interfere with the determination of 

fluoride and chloride. A high concentration of any one ion may interfere with the resolution, and 

sometimes the retention, of others (Eaton et al., 1995). Most samples require dilution for 

determination of major ions by ion chromatography, which can introduce additional errors. 

Generally the minimum detectable concentrations for anions by this method are near 0.1 mg/L for 

Br-1, Cl-1, NO3
-, NO2

-, PO4
3- and SO4

2- (Eaton et al., 1995). 
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A.2.1 Procedure  
 

The samples were filtered through 0.22 μm Millipore filter membranes to remove suspended 

solids and then diluted with MilliQ water to obtain EC values of between 50 and 100 μS/cm. 

Samples were then submitted to the operator for analysis. SO4
2-, Cl-, NO3

- and PO4
3- anions were 

analyzed using a Dionex DX-120 ion chromatograph with an Ion Pac AS14A column and AG14-

4 mm guard column at Soil Science department in Stellenbosch University. The eluent was 

Na2CO3 and NaHCO3. 

 

A.3 Determination of Ferrous iron by colorimetry 

 

A.3.1 Principle 
 

Ferrous iron in the raw AMD samples, co-disposal process waters and the column leachates were 

determined by the bipyridal complex method. The method is applicable to filtered samples 

containing between 10 and 4000 mg/L Fe2+ or total iron. It consists of adding 1 ml of 

2,2’.bipyridine solution (0.5 g/L) to a 25-ml sample. The Fe2+ reacts immediately to form a red 

complex. The complex forms when the pH of the test solution is between 3 and 10 (Skougstad et 

al., 1979). If the pH is not within this range it’s adjusted with a sodium acetate/acetic acid buffer. 

The absorbance of the colored solution at 540 nm wavelength obeys Beer’s law. A Double beam 

GBC UV/VIS 920 spectrophotometer at the department of chemistry in the University of the 

Western Cape was utilized by the author for absorbance measurement. 

The buffer giving the pH range for maximum formation of the Fe2+ complex was prepared as 

follows: 

 

70 g sodium acetate and 0.2 g 2,2-bipyridyl reagent was made up to 500 ml using MQ water. The 

Fe2+ complex was produced by adding 2 ml of the buffered 2,2-bipyridyl solution to 2 ml of the 

sample solution and then adding 1.6 ml MQ water. The sample solutions were diluted so that the 

Fe2+ concentration was in the range of 1-15 mg/L. The absorbance of the samples at 540 nm 

wavelength was measured by UV spectrophotometer. Standard Fe2+ solutions ranging in 
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concentration from, 0, 1, 2, 3, 4, 5, 7, 10, and 15 mg/L were used for instrument calibration. The 

figure 3.2 shows a calibration graph obtained with the prepared standards. 

y = 0.059x + 0.0196
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Figure A3: Calibration graph of Fe2+ standard solutions 

 

A.4 PH measurements 

 
The pH of a solution is a measure of the hydrogen ion activity (αH

+) in solution: 
PH= -log αH

+ 

 
The glass membrane electrode used to measure pH generates an electrical potential in response to 

the H+ activity in solution. When combined with a reference electrode of known constant 

potential, the potential difference between the two electrodes can be measured by a potentiometer 

(pH meter) to determine the solution pH. Combination electrodes have a glass electrode and 

reference electrode combined in one probe. PH is measured relative to the known H+ activity of 

one or more pH buffer solutions which are used to calibrate the pH meter.  

All pH measurements were done using a Hanna HI 991301 portable pH/EC/TDS/Temperature 

probe. The pH probe was calibrated using two buffer solutions of pH 4.01 and 7.01. 
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A.5 Electrical conductivity (EC). 

 

Conductivity is a measure of the ability of an aqueous solution to carry an electric current. This 

ability depends on the presence of ions, on their total concentration, mobility, and valence, and on 

the temperature of measurements. Solutions of most inorganic compounds are relatively good 

conductors.  Molecules that do not ionize significantly in aqueous solutions do not conduct a 

current or if they do, its very low. 

The electrical conductivity measurements were done using a Hanna HI 991301 portable 

pH/EC/TDS/Temperature probe. Prior to measurements the probe was calibrated by using a 

standard of 12.88 mS/cm at room temperature. 

 

A.6 Alkalinity Measurement 

 

Alkalinity is defined as the capacity of the water to neutralize a strong acid to a designated pH. 

Alkalinity in most natural waters is due to bicarbonate, but other salts of weak acids and 

hydroxide may also contribute to alkalinity. Water samples with pH between 4.5 and about 8.5 

will most likely have only bicarbonate alkalinity. Alkalinity is determined by titration with an 

acid. The method of Eaton et al. (1995) in determining alkalinity. 

 

The method involved titrating 20 ml of the sample solution with 0.01 N HCl to an end point of 

4.5. The alkalinity was then calculated using the formula shown below (equation A4) and 

reported in mg/L CaCO3. The pH during titration was monitored by use of a Metrohm pH meter 

equipped with a combined LL pH glass electrode. 

[ ] samplemlNALmgCaCOAlkalinity 100050/( 3 ×××= …………………………..………(A4) 

where:  

A=ml standard acid used 

N=normality/molarity of acid used. 

 

The alkalinity reported as mg /L CaCO3 was recalculated to mg/L HCO3
- (equations A5 and A6) 

and this data was used for input during solution modeling by PHREEQC software. 
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10000171.6133 ××= −− LHCOmolLHCOmg ………………………………..…..……(A5) 
 
where 

00050
3

3
LCaCOmg

LHCOmol =− ………………………………………………….……….(A6) 

 

A.7 Acidity Measurements 

 

The acidity of water is defined as its quantitative capacity to neutralize a strong base to a 

designated pH and is generally considered with alkalinity because of their interrelationship. The 

measured value may vary significantly with the end-point pH used in the determination, 

hydrolyzing salts such as iron or aluminium sulphates may contribute to the measured acidity 

according to the method of determination. There are three general reasons for determining 

acidity: 

• To check the pH 

• To estimate the amount of liming agent that is required for neutralization 

• To obtain a parameter to relatively compare water samples. Acidity is quantitatively used 

in modeling.  

Acidity is dependent on the pH value and the buffering capacity of the water body and is also 

expressed interms of an equivalent concentration of CaCO3 in mg/L at the designated pH. 

 

The procedure involved titrating 20 ml sample with 0.1M NaOH to an end point of 8.3. Samples 

in this study had high concentration of hydrolysable ions (Gitari et al., 2005) and were pretreated 

with hot hydrogen peroxide. The peroxide treatment involved adding 5 drops of the hydrogen 

peroxide and heating for five minutes. The solution after cooling was titrated with 0.1 M NaOH 

to pH 8.3. The acidity was then calculated using the formula shown below (equation A7) (Eaton 

et al., 1995) and reported in mg/L CaCO3. The pH during titration was monitored by use of a 

Metrohm pH meter equipped with a combined LL pH glass electrode. 

[ ] samplemlNBLmgCaCOAcidity 100050/( 3 ×××= …………………………………….(A7) 

where: 

B= volume of 0.1 M NaOH used 

N= Normality/Molarity of NaOH used. 
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Titration to pH 8.3 endpoint represents a measure of total acidity 

 

A.8 X-ray diffractometry 

 

Fresh fly ash samples, co-disposal solid samples collected at neutral and alkaline pH ranges and 

column solid residue core samples were analysed by XRD. Powder XRD is a standard analytical 

technique in mineralogy. XRD has been widely used in study of mineral assemblage resulting 

from acid mine environments and for synthesized acid mine drainage oxides (Bigham et al 1990; 

Murad et al., 1994; Webster et al., 1998). Slow step scanning in combination with other 

techniques such as FTIR can allow identification of poorly crystalline iron oxide minerals (Murad 

et al., 1994). 

XRD utilizes the fact that X-rays of similar wavelength (λ) to the distance between lattice planes 

in a crystal (d) are diffracted by the nuclei of atoms. At certain angles of incidence of the X-rays 

to the lattice planes (θ), the diffracted X-rays positively interfere, creating a peak in the detected 

signal. The angles at which this occurs are defined by the Braggs’law (equation A8): 

nλ=2dsin θ…………………..……………………………………………….………………(A8) 

If the angle of incidence θ and the wavelength λ are known, the spacing d of the reflecting atomic 

planes can be determined from the above equation. The lattice spacing is characteristic of the 

mineral, thus, the X-ray diffraction method can be used for the identification of minerals and for 

the analysis of mixtures of minerals. Tables of d-spacing have been compiled for most minerals. 

XRD instruments produce charts of 2θ (abscissa) vs intensity (ordinate), i.e. peaks are shown 

against double the incident angle (i.e, incident +diffracted). Samples are powdered to ensure that 

the grains are randomly orientated. 

The identification of minerals in this work was done by comparison with published d –spacing 

data and relative intensities for the major peaks (Joint Committee on Powder Diffraction 

Standards) manual (JCPDS, 1980) and X’pert Graphics and identify software. 

 

A.8.1 Procedure 
 

The solid residue samples were dried for 12 hours at 105oC to remove the adsorbed water and 

ground to a fine powder. The fine powdered samples were then pressed into rectangular 
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aluminum sample holders using the back of an alcohol wiped spatula and then clipped into the 

instrument sample holder. The powder mounts were step-scanned at intervals of 0.02o 2θ from 5o 

to 85o and counted for 0.5 seconds per step. A Phillips PANalytical instrument was used with a 

pw3830 x-ray generator operated at 40 kV and 25 mA University of Cape Town, Geology 

Department. 

 

A.9 Fourier-Transform Infrared Spectrometry 

 

Infrared spectrometry is a standard analytical tool that utilizes the fact that chemical bonds 

between unlike atoms can absorb IR light and cause vibrations of the bonds. The IR wavelength 

absorbed is characteristic of a particular bond in a particular molecule or mineral and can be 

measured by an FT-IR spectrometer. The different functional groups (SO4
2-, OH-, NO3

-, O-Si-O) 

can be identified in unknown material by comparison with published charts. 

Bond vibrations are of two main types; stretching vibrations in which the bond-length changes 

and bending (deformation) vibrations in which bond angles change. Most modern FT-IR 

instruments produce plots with wave number (units: cm-1) on the abscissa and percent 

transmission (or absorbance) on the ordinate. 

The FT-IR analysis of all samples in this work were carried out on a Perkin Elmer 1600 series 

spectrophotometer in the range 4000 cm-1 and 200 cm-1. The results were compared with 

published data for the purpose of identification of the functional groups. 

 

A.10 Scanning Electron Microscopy Analysis (SEM). 

 

A.10.1 Introduction 
 

Fresh fly ash samples, fly ash/acid mine drainage and column solid residues were analysed with 

scanning electron microscopy in an attempt to understand the mineralogical changes occurring. 

Three signals were used during the analysis: secondary electrons, backscattered electrons and X-

rays. 
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A.10.2 Electron beam-specimen interaction 
 

Solid specimens subjected to electron beam excitation in a scanning electron microscope exhibit 

complex interaction with primary beam electrons which result in a variety of signals. To analyze 

a specimen visually one might choose to see the “picture” by collecting and displaying secondary 

or backscattered electrons among other signals. The interactions of the electron beam and the 

specimen may be classified in two groups elastic and inelastic. The elastic interaction results 

when the primary electron beam comes into close proximity with a specimen atom nucleus and 

bounds with negligible energy loss, the electrons so scattered are referred to as backscattered 

electrons. Inelastic interaction results when a primary electron beam collides with an electron 

from the specimen atom and loses significant energy to that atom, this causes the atom to ionize 

and electrons may be emitted as a result of that ionization, these electrons are referred to as the 

secondary electrons. The backscattered mode is useful for several applications. One is atomic 

number contrast, topographic contrast which maximizes the effect of straight line paths of these 

electrons. This results in shadowing effects unlike secondary electron mode where imaging is 

done around corners. 

 

A.11 Scanning electron microscopy-Energy dispersive spectroscopy X-ray analysis (SEM-

EDX). 

 

Characteristic x-ray emission is one process by which an atom may stabilize itself following 

ionization by the electron beam. It follows that their energy difference, emitted as x-radiation, is 

also a discrete quantity and is characteristic of the atom from which it is released. SEM-EDX 

analysis is based on the identification of radiation of a specific wavelength or energy for 

elemental analysis of the specimen since each element in the specimen has its characteristic 

wavelength and energy. EDX is useful in obtaining rapid quantitative analysis of an unknown 

sample.  

Qualitative and quantitative analytical information obtained by SEM can be presented in several 

ways. 

a) Analysis of a selected region of chemically homogeneous region such as a phase 
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b) Analysis of a part of a sample. 

c) An analysis to determine the variation of composition within a region of the sample 

This is normally accomplished by a spot analysis in which the electron beam is stopped and 

positioned on the point to be analyzed (considered a sampling volume of 1μm3). Alternatively this 

can be done by scanning an area (area analysis) within a chemically homogeneous region. 

Variation of chemical composition within a sample can be carried out by use of backscattered 

electron compositional imaging to identify regions of chemical homogeneity and then carry out 

spot analysis of these areas. 

The volume analyzed is that region for which the x-rays which reach the detector are emitted and 

this depends on where the x-rays are generated (i.e., how far the electron beam penetrates the 

sample) and how strongly the x-rays are absorbed by the specimen on the way out. The volume 

therefore is going to depend on the electron beam energy, the average atomic weight of the 

sampling volume, the wavelength of the characteristic x-rays being studied, and the absorption 

coefficient of the specimen for these x-rays and the angle of incidence of the electrons on the 

surface. Of the x-rays emitted, more will probably come from near the surface than will be able to 

escape from deeper inside the specimen. The analysis is therefore not a uniformly representative 

of the whole sampling volume. Therefore the analysis of a bulk specimen is likely to come from a 

volume of about 1μm x 1μm x 1μm hence the likelihood of contribution from the bulky matrix in 

the specimen.  

 

Further the quantitative energy dispersive analysis involves the determination of the actual 

elemental composition of a sample as a percent of the total detectable sample composition. This 

type of analysis would be very simple if the relative intensities of the spectral peaks obtained 

were equal to the relative abundance of the atoms of the corresponding elements in the specimen, 

in such a case the ratio of a peak’s intensity to the sum of intensities of all peaks would equal that 

element’s composition as a percent of the whole specimen. In reality this is not the case, peak 

intensity is not a direct measure of specimen composition. Several factors other than elemental 

abundance affect relative peak intensities. For example rate of x-ray production varies with 

atomic number such that heavy elements produce more x-rays than light elements and x-ray yield 

varies from one element to another because of differences in absorption and secondary 

fluorescence 
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The results are thus at best regarded as semi-quantitative and the results are used to better 

understand the complex mineralogical changes taking place on interaction of acid mine drainage 

with fly ash, interaction of solid residues with simulated acid mine water in presence of unreacted 

fly ash or ordinary Portland cement (OPC) over an extended period of time. 

 

In this work backscattered electron imaging was used to identify regions of relative homogeneity 

and thereafter spot or area analysis done. The results were reported as percent content of the total 

per the volume analyzed.  

Analysis was done on powder samples that had been oven dried at 105oC for 12 hours and 

crushed to fine particles. The powder samples were sprinkled on a special glue mixed with carbon 

graphite and subsequently coated with carbon to produce sample conductance. The morphology 

of the samples was established by both the backscattered and secondary electron mode. Both the 

secondary and backscattered electron detector were operated at the following settings: 

EHT: 2.93 A 

Beam current: 20 kV which was enough to excite X-rays. 

 

A.12 Total elemental analysis by X-ray fluorescence spectroscopy (XRFS) 

 

XRF utilizes the characterization of X-ray spectral information to determine the elemental 

composition of solid samples. X-ray spectra are created by the interaction of an X-ray source with 

the electrons of the sample atoms. The excitation source causes ejection of an inner shell electron 

from a sample atom, creating a vacancy in the electron shell and leaving the atom in an excited 

state. During de-excitation, an electron transition occurs from an outer shell to fill this vacancy. 

The change in energy associated with the transition takes the form of X-ray radiation, which is 

detected and analyzed. The electronic configuration for each element is unique and thus the atoms 

of an element produce a characteristic set of X-ray spectral lines for the elements in the portion of 

the sample undergoing excitation.  

Wavelength dispersive XRF uses the rotation through a measured angle (2θ) of a crystal known 

interplanar spacing (d) to separate the X-ray energy of different wavelengths (λ) from the sample, 

in accordance with the Bragg equation: nλ=2dsin θ 
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 where n is an integer denoting the spectral order. A proportional detector then measures the 

intensity of radiation at each wavelength as the analyzing crystal is rotated. The intensity is 

plotted against wavelength (or rotation angle) to produce a spectrum of peaks from which the 

elements in the sample are determined qualitatively, or quantitatively if the instrument is 

calibrated for each element. 

Major elements, Fe, Mn, Ti, Ca, K, S, P, Si, Al, Mg and Na were determined using powder 

briquettes and reported in weight % oxide. All analysis were done at Stellenbosch University at 

the central analytical facility. 

 

A.12.1 Procedure 
 

Chemical analyses were done by XRFS on a Philips 1404 Wavelength Dispersive spectrometer, 

at the University of Stellenbosch. The spectrometer is fitted with a Rh tube, six analyzing 

crystals, namely: LIF200, LIF220, LIF420, PE, TLAP and PX1 and the detectors are a gas-flow 

proportional counter, scintillation detector or a combination of the two. The gas-flow proportional 

counter uses P10 gas, which is a mixture of 90% Argon and 10% Methane. Major elements were 

analysed on a fused glass bead at 50 kV and 50 am tube operating conditions and trace elements 

were analyzed on a powder briquette at 60 kV and 40 mA tube operating conditions. Matrix 

effects in the samples were corrected for by applying theoretical apha factors and measured line 

overlap factors to the raw intensities measured with the SuperQ Philips software. Standards that 

were used in the calibration procedures for both major and trace element analyses are as follows: 

AGV-1 (Andesite from USGS), BHVO-1 (Basalt from USGS), JG-1 (Granodiorite from GSJ), 

JB-1 (Granodiorite from GSJ), GSP-1 (Granodiorite from USGS), SY-2 (Syenite from CCRMP), 

SY-3 (Syenite from CCRMP), STM-1 (Syenite from USGS), NIM-G (Granite from MINTEK), 

NIM-S (Syenite from MINTEK), NIM-N (Norite from MINTEK), NIM-P (Pyroxenite from 

MINTEK), NIM-D (Dunite from MINTEK), BCR (Basalt from USGS), GA (Granite from 

CRPG), GH (Granite from CRPG), DRN (Diorite from A NRT), and BR (Basalt from CRPG).  

 

 

 

 



 

329 

 

A.13 Geochemical modeling of the Fly Ash and Acid Mine Drainage Interactions 

 

Geochemical modeling is a powerful tool for evaluating geochemical processes. When properly 

applied modeling can provide valuable insights into processes controlling the release, transport 

and fate of contaminants in surface water environments. Several computer codes are available for 

modeling, these include WATEQ4F (Ball and Nordstrom, 1991), MINTEQA2 ( Allison et al., 

1991) and PHREEQC (Parkhurst, 1995). All these computer codes perform the following type of 

calculations using chemical analysis of aqueous samples as input, temperature and pH. The 

geochemical code PHREEQC was used in this work. PHREEQC simulates chemical reactions 

and transport processes in natural as well as polluted waters. The WATEQ4F database supplied 

with the PHREEQC computer code was used for the calculations.  

 

A.13.1 Saturation Indices (SI) and Solubility Equilibria 
 

The saturation index (SI) is used to describe the extent to which a particular solution is 

supersaturated or under saturated with respect to a particular solid phase. Saturation index only 

indicates what would happen thermodynamically; it does not indicate the rate at which the 

process will proceed. A mineral having a saturation index less than zero may dissolve very slowly 

or not at all depending on the kinetics of the reaction (Drever, 1997). If the saturation index is 

greater than zero, the mineral might precipitate but cannot dissolve. If the saturation index is close 

to zero, the mineral may not be reacting at all or may be reacting reversibly, which means the 

mineral could be dissolving or precipitating. Hence the SI is an important tool in the geochemical 

interpretation of water chemistry. The saturation indices and activities utilized in this work were 

calculated using PHREEQC computer code using the formula: 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
=

eqK
IAPSI log …………………………………………………………………………………(A9 ) 

where IAP is the ion activity product calculated from measured solution concentrations after 

activity and speciation calculations were performed, Keq is the equilibrium constant. 
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Appendix B: Analytical, saturation indices and XRD analysis data. 
This section presents the data generated from analysis of aqueous samples by the analytical techniques presented in Appendix A, the 

saturation indices data generated using PHREEQC, the XRD graphics and summarized graphic trends of leachate pH with drainage, of 

the leached column solid cores. 
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Concentration of final process water at different FA: AMD ratios for reactions using Matla fly Ash (mg/L) (n=3) 

Tables B1-B3 presents the clean-up efficiency of Matla fly ash for different acid mine drainage samples at different FA: AMD ratios 
and pH 
 
Table B1: Concentration of contaminants at different FA: AMD ratio for Matla flies ash and Brugspruit AMD reactions 
             DWAF Lmits 
FA: AMD AMD  1:3.5  1:5  1:8  1:20  1:30  IrrigationDomestic use
elements ave  SD ave SD ave SD ave SD ave SD ave SD    
B 2.29 0.221 1.92 0.123 2.79 0.004 5.93 0.57 6.12 0.59 4.48 1.35 0.5 0-0.5 
Na 4137.99 233.007 1482.34 50.64 1561.34 55.04 1580.24 45.5 3034.67 80.84 2394.18 100.4 70 100 
Mg 388.65 19.707 0.24 0.021 1.46 0.21 0.833 0.021 297.04 21.4 236.86 25.3  30 
Al 60.04 2.886 0.15 0.003 0.99 0.06 2.44 0.25 0.153 0.011 0.32 0.015    
Si 69.73 3.495 0.82 0.013 2.65 0.28 3.29 0.201 13.99 2.91 16.72 1.25    
K 52.59 3.634 20.21 3.74 21.26 1.34 15.54 2.5 45.33 5.69 37.53 5.43  50 
Ca 842.11 117.44 546.89 60.34 478.65 20.56 793.38 30.58 877.22 20.56 635.68 30.98  32 
Cr 0.77 0.067 0.5 0.034 0.526 0.023 0.375 0.028 0.525 0.021 0.176 0.022    
Mn 31.58 1.481 0.028 0.002 0.066 0.013 0.026 0.002 0.339 0.004 6.24 0.65    
Fe 250.84 11.203 2.62 0.421 3.497 0.251 0.853 0.037 4.23 0.15 3.52 0.15    
Ni 2.35 0.127 0.031 0.002 0.051 0.002 0.194 0.022 0.332 0.002 0.602 0.021 0.2 0-0.02 
Co 1.15 0.063 0.001 0.0005 0.002 0.0005 0.004 0.00057 0.017 0.001 0.115 0.002 0.05 0-0.05 
Cu 0.11 0.011 0.031 0.001 0.04 0.002 0.049 0.003 0.044 0.002 0.045 0.0015 0.2 1 
Zn 9.52 0.491 1.13 0.052 9.19 1.19 16.44 3.45 1.21 0.05 5.047 0.035 1 3 
As 0.11 0.004 0.004 0.001 0.006 0.001 BDL  0.014 0.002 0.007 0.002    
Se 0.032 0.006 0.072 0.003 0.054 0.003 0.054 0.018 0.04 0.015 0.017 0.001    
Sr 1.046 0.057 13.86 2.54 9.539 2.31 9.23 2.68 10.23 1.58 5.71 0.32    
Mo 0.036 0.0037 0.219 0.002 0.181 0.011 0.16 0.004 0.134 0.013 0.092 0.003 0.01 0-0.05 
Cd 0.012 0.0007 0.002 0.0004 0.002 0.001 0.003 0.00035 0.001 0.0005 0.002 0.0005    
Ba 0.148 0.0147 0.569 0.005 0.684 0.026 0.626 0.058 0.579 0.026 0.432 0.015    
Pb 0.178 0.02 0.015 0.002 0.017 0.002 0.018 0.003 0.011 0.005 0.013 0.001    
SO4 6165 10 6137 7 5668.03 47.53 4601.77 3.37 7182.96 7.46 3709.80 58.99    
Cl 720 22.3 385.28 19.5 285.52 6.8 276.15 20.3 449.73 15.8 326.12 19.2    
pH 2.55 0.12 9.16 0.04 9.73 0.13 12.04 0.05 12.64 0.14 12.62 0.12  6-9 
  
Ave=average, SD=standard deviation 
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Table B2: Concentration of contaminants at different FA: AMD ratio for Matla flies ash and Navigation AMD reactions 
 
FA: AM D  AM D  1:3  1:2.5  1:2  1:1.5  DW AF Lim its 
elements ave SD ave SD ave SD ave SD ave SD IrrigationDomestic use
B 1.37 0.163 23.44 3.44 24.38 2.56 17.57 2.356 17.86 3.456 0.5 0-0.5 
Na 358.72 2.946 71.76 10.23 72.53 9.87 68.21 10.12 62.02 21.8 70 100 
M g 2661.67 35.008 636.85 80.45 618.06 70.8 200.04 34.5 1.5 0.02  30 
Al 1068.09 11.279 2.85 0.05 3.26 0.35 2.35 0.56 9.41 1.97    
Si 82.01 1.238 4.39 0.52 2.05 0.003 2.3 0.16 1.09 0.03    
K  23.03 2.856 16.27 2.45 19.45 1.56 14.87 2.35 10.33 2.45  50 
Ca 653.33 10.626 368.19 23.8 495.11 20.45 448.53 19.67 477.92 35.63  32 
Cr 1.11 0.009 0.069 0.003 0.163 0.013 0.141 0.001 0.083 0.015    
M n 226.25 4.742 56.65 5.68 5.15 0.456 1.11 0.005 0.133 0.005    
Fe 5599.92 80.862 293.3 19.57 52.25 6.78 43.23 4.578 4.7 0.67    
N i 6.95 0.018 0.58 0.04 0.134 0.002 0.088 0.004 0.051 0.001 0.2 0-0.02 
Co 4.3 0.105 0.312 0.012 0.014 0.001 0.019 0.003 0.002 0.0015 0.05 0-0.05 
Cu 0.355 0.007 0.045 0.003 0.055 0.011 0.073 0.005 0.034 0.006 0.2 1 
Zn 48.99 30.624 1.3 0.012 1.2 0.05 1.26 0.02 0.736 0.012 1 3 
As 0.193 0.012 0.003 0.0005 0.005 0.0015 0.003 0.0005 0.004 0.001    
Se 0.032 0.002 0.037 0.002 0.026 0.003 0.052 0.001 0.112 0.003    
Sr 7.69 0.226 15.71 1.34 17.18 2.543 14.48 2.87 17.72 1.48    
M o 0.04 0.002 0.025 0.002 0.622 0.002 0.665 0.002 0.77 0.04 0.01 0-0.05 
Cd 0.032 0.001 0.003 0.0015 0.004 0.001 0.003 0.0015 0.002 0.0004    
Ba 0.209 0.002 0.369 0.003 0.347 0.032 0.336 0.034 0.319 0.013    
Pb 0.314 0.107 0.019 0.002 0.041 0.004 0.0301 0.005 0.0154 0.0021    
SO4 11949.6 61.5 5483.3 14.9 2414.3 28.1 2508.1 247.6 4570.7 110.3    
NO3 163.17 10.01 68.43 7.82 23.69 5.34 <0.1 0 93.44 10.21    
C l 729.27 100.1 65.8 3.21 63.168 6.21 44.744 3.03 88.172 9.65   
pH  2.69 0.21 6.33 0.15 8.72 0.62 9.47 0.43 12.1 0.18  6-9 
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Table B3: Concentration of contaminants at different FA: AMD ratio for Matla flies ash and Bank AMD reactions 
 
           DW AF Lim its 

FA: AM D  AM D  1:3  1:2  1:1.5  1:1  Irrigation 
Domestic 
 use 

elem ents ave SD ave SD ave SD ave SD ave SD   
B 1.51 0.081 15.02 2.23 24.58 4.23 18.22 3.65 3.19 0.05 0.5 0-0.5 
Na 399.96 21.304 116.02 10.61 127.98 15.68 127.36 12.56 133.98 20.65 70 100 
M g 2844.17 148.053 891.27 50.78 434 20.45 2.29 0.22 0.382 0.001  30 
Al 1140.06 61.582 0.476 0.025 0.587 0.006 7.79 0.36 0.559 0.021   
Si 87.77 5.866 1.32 0.015 2.53 0.15 1.14 0.021 0.824 0.032   
K 19.34 4.205 11.26 3.521 2.98 0.23 8.37 0.534 8.19 0.121  50 
Ca 1012.25 75.883 289.06 30.63 464.15 36.75 409.45 25.56 439.38 20.65  32 
Cr 1.15 0.106 0.186 0.016 0.05 0.004 0.063 0.002 0.107 0.002   
M n 242.33 12.973 2.66 0.05 0.297 0.003 0.049 0.003 0.052 0.002   
Fe 6115.87 327.503 2.249 0.013 0.41 0.06 2.08 0.02 1.89 0.04   
Ni 7.96 1.155 0.118 0.003 0.215 0.002 0.032 0.001 0.075 0.003 0.2 0-0.02 
Co 4.57 0.322 0.003 0.0005 0.002 0.0001 0.002 0.0004 0.002 0.0004 0.05 0-0.05 
Cu 0.344 0.018 0.031 0.001 0.03 0.002 0.019 0.003 0.022 0.001 0.2 1 
Zn 17.66 0.651 0.469 0.016 0.412 0.006 2.18 0.02 0.689 0.006 1 3 
As 0.074 0.008 0.017 0.001 0.003 0.0005 0.005 0.0003 0.003 0.0002   
Se 0.033 0.006 0.029 0.004 0.101 0.001 0.129 0.005 0.111 0.001   
Sr 8.39 0.435 11.28 3.61 12.87 2.13 15.69 1.29 29.23 3.57   
M o 0.044 0.003 0.472 0.025 0.76 0.04 0.859 0.006 0.86 0.015 0.01 0-0.05 
Cd 0.03 0.002 0.001 0.0002 0.002 0.0002 0.003 0.0003 0.003 0.0004   
Ba 0.189 0.010 0.225 0.004 0.253 0.001 0.436 0.001 0.96 0.005   
Pb 0.175 0.0003 0.023 0.001 0.027 0.003 0.012 0.0004 0.019 0.002   
SO 4 14949.69 100.100 3737.6 60.8 7275.5 120.5 1813.48 30.5 1774.22 20.3   
NO 3 41.55 5.700 17.92 4.5 46.08 3.7 14.058 2.3 30.558 6.1   
Cl 265.92 10.600 35.84 3.9 119.04 3.21 40.612 7.3 77.784 11.6   
pH  2.5 0.3 8.7 0.42 9.08 0.23 11.78 0.46 12.32 0.25  6-9 
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 Analytical Data for FA: AMD reactions 1:3, 1:1.5 for Matla fly ash and Navigation AMD reactions. 
 
Table B4: Concentration (mg/L) with reaction time for 1:3 FA: AMD ratio (n=3) 
 
reac tion  tim e A M D   1  m ins  3  m ins  1 0  m ins  1 5  m ins  3 0  m ins  6 0  m ins  9 0  m ins  1 5 0  m ins  
E lem ents ave  S D  ave  S D  ave  S D  ave  S D  ave  S D  ave  S D  ave  S D  ave  S D  ave  S D  
B  1 0 .3  1 .2 6  2 7 .4 8  3 .4 5  2 9 .4 6  2 .6 5  3 7 .4 1  5 .4  3 4 .3 1  6 .5 4  3 5 .9 3  5 .8 7  3 3 .2 0  3 .6 8  2 8 .7 6  5 .7 9  3 5 .5 9  7 .5 2  
N a 1 0 2 .9 3  1 0 .5 6  1 1 4 .3 1  9 .7 8  1 1 3 .2 9  8 .9 7  1 2 5 .5 0  9 .7 6  1 2 8 .3 2  8 .7 5  1 2 3 .7 5  3 .7 8  1 1 7 .1 7  9 .7 2  1 0 6 .7 4  1 0 .5 6 1 1 4 .6 7  1 1 .6 5  
M g 3 9 9 .3 5  3 0 .6 7  5 5 4 .1 7  1 7 .6  6 6 2 .8 8  2 1 .6  7 7 7 .3 9  2 1 .6  8 1 9 .6 6  1 8 .6 7 8 7 4 .1 6  1 3 .7 9  8 9 9 .8 7  2 1 .7 8 8 7 0 .3 4  2 0 .6 7 1 0 3 4 .1 6  2 3 .4 5  
A l 4 5 3 .3 8  1 7 .8 5  5 8 .4 4  9 .8  1 5 4 .7 8  5 .7 8  7 9 .1 8  6 .7  4 5 .1 7  2 .3 4  1 1 .5 4  4 .5 6  2 .0 4  0 .4 1  2 .2 8  0 .0 7 8 2 .4 6  0 .5 4 6  
S i 9 9 .1 6  9 .4 3  5 2 .1 8  6 .7  7 4 .6 4  6 .4  7 7 .1 9  3 .9  6 5 .2 6  4 .5 8  4 7 .6 4  3 .7 8  1 7 .2 2  2 .5 7  1 2 .3 8  1 .2 8  1 2 .5 4  2 .3 5  
K  B D L   B D L   B D L   7 6 .0 7  7 .9 1  B D L   B D L   1 2 .3 5  4 .7 3  1 2 .6 8  3 .4 7  1 9 .9 6  3 .6 8  
C a 1 4 6 .9 1  1 2 .4 5  1 7 4 .2 1  1 3 .5  3 2 8 .4 0  1 0 .6  4 4 3 .7 5  1 5 .6 7 4 5 8 .0 6  1 9 .6 8 4 7 2 .6 3  1 9 .0 7  5 1 9 .8 2  2 0 .7 5 4 7 6 .3 1  1 7 .5 6 4 9 8 .6 7  2 3 .4 5  
C r B D L   B D L   B D L   0 .6 3 9  0 .0 3 1 B D L   B D L   B D L   B D L   B D L   
M n 9 5 .8  7 .8 9  7 3 .7 9  6 .2  9 3 .0 2  7 .6  1 0 3 .4 1  9 .0 1  1 0 0 .5 3  7 .7 5  1 0 3 .9 8  6 .7 8  1 0 3 .2 3  7 .3 4  9 9 .7 8  6 .7 8  1 0 0 .8 0  7 .6 7  
F e  6 5 7 6 .9 7  5 6 .8 9  5 0 1 4 .9 4  5 6 .7  5 3 7 8 .2 4  3 8 .9  5 7 9 8 .3 0 4 3 .7 8 5 6 2 3 .3 5 3 8 .9  5 5 7 3 .3 3  4 5 .7 8  5 3 6 2 .4 2 5 0 .6 7 5 1 1 2 .6 5 5 4 .3 5 3 5 7 2 .1 8  3 4 .5 7  
N i 6 .1 6  1 .2 3  5 .4 4  0 .8 6  4 .9 9  0 .7 8  1 0 .8 5  2 .1 7  6 .9 1  1 .1  7 .3 2  0 .6 9  6 .9 5  0 .3 8 7 7 .0 1  0 .2 5 4 4 .5 3  0 .5 4 6  
C o  2 .4 9  0 .5 6 7  1 .9 5  0 .3 4  2 .4 8  0 .2 1  2 .7 5  0 .3 4 5 2 .6 9  0 .0 6 7 2 .6 8  0 .0 2 3  2 .5 5  0 .0 5 6 2 .5 0  0 .0 2 1 2 .0 0  0 .0 2 2  
C u 7 .1 0  2 .1 3 5  2 .6 1  0 .2 1 3  2 .2 4  0 .0 0 4 2 .1 4  0 .1 2  2 .0 9  0 .0 3 4 1 .9 1  0 .0 1 2  0 .6 0 5  0 .0 2 5 0 .3 6 2  0 .0 0 2 0 .3 5 1  0 .0 0 1  
Z n 1 5 .7 1  3 .4 5 6  1 0 .9 1  1 .5 6  1 4 .1 8  2 .3 5  1 4 .9 2  2 .1 1 3 1 3 .3 7  1 .0 7  1 0 .3 5  2 .1 0 4  4 .2 0  1 .0 5  4 .4 2  1 .0 3  1 .8 7  0 .0 3 5  
A s* B D L   0 .0 2 1  0 .0 0 1  0 .0 2 4  0 .0 0 2 0 .0 0 6  0 .0 0 2 B D L   0 .0 0 1  0 .0 0 0 5 0 .0 0 5  0 .0 0 1 0 .0 0 5  0 .0 0 1 0 .0 0 1  0 .0 0 0 3
S e  0 .3 9 0  0 .0 2 3  0 .1 7 8  0 .0 0 2  0 .1 1 9  0 .0 0 4 0 .0 2 2  0 .0 0 1 0 .0 2 7  0 .0 0 2 B D L   B D L   0 .0 3 8  0 .0 0 2 0 .0 3 5  0 .0 0 1  
S r 1 .9 5  0 .0 2 1  5 .5 5  0 .5 5  9 .0 2  1 .0 6  9 .8 8  2 .1 1  9 .4 7  2 .1 9  1 0 .2 5  0 .1 4  1 1 .1 2  2 .5 7  1 2 .3 4  2 .1 4  1 1 .9 9  1 .1 1 2  
M o  0 .0 1 4  0 .0 0 2  0 .0 3 7  0 .0 0 2  0 .0 2 7  0 .0 3  0 .0 4 9  0 .0 1 4 0 .0 5 7  0 .0 0 3 0 .1 1 2  0 .0 0 1  0 .2 0 8  0 .0 0 2 0 .1 3 4  0 .0 0 2 0 .1 9 0  0 .0 0 5  
B a 0 .1 0 8  0 .0 0 3  0 .0 8 1  0 .0 2  0 .0 4 4  0 .0 0 1 0 .1 3 3  0 .0 0 1 0 .1 2 8  0 .0 0 2 0 .1 1 8  0 .0 0 2  0 .1 5 4  0 .0 0 3 0 .1 7 9  0 .0 0 5 0 .1 8 1  0 .0 0 1  
P b  0 .4 5 5  0 .0 2 2  0 .0 8 0  0 .0 0 1  0 .0 1 4  0 .0 0 2 0 .0 1 2  0 .0 0 1 0 .0 5 9  0 .0 0 5 0 .0 0 5  0 .0 0 1  0 .0 0 8  0 .0 0 1 0 .0 0 5  0 .0 0 2 0 .0 0 5  0 .0 0 2  
C l 3 7 0  5 5 .6  3 0 4   2 2 6 .6 8   1 4 5   1 5 5   1 3 5   2 2 4 0   2 8 0   1 7 5   
N O 3  9 0  2 0 .3  2 7 0   1 6 0 .0 1   8 5   B D L   B D L   4 5   8 5   B D L   
S O 4  2 4 8 8 0  9 6 .7  1 5 3 9 0  1 0 0 .5  2 2 3 4 7 .7 8 4 6 5 .4  1 9 4 4 5  1 0 3 .2 2 0 6 0 5  6 8 .4  1 9 4 9 0  1 9 .8  1 7 3 0 5  1 5 0 .3 1 7 5 3 5  2 0 0 .5 1 6 9 4 0  1 0 0 .6  
p H  2 .7 8  0 .0 1  3 .9 6  0 .0 2  4 .1 7  0 .0 1  4 .6 6  0 .0 3  4 .9 2  0 .1  5 .2 8  0 .2  6 .0 2  0 .0 1  5 .5 3  0 .0 1  6 .1  0 .0 1  
A cid ity  1 4 4 5 0  5 0 .6  1 1 2 0 0  3 3 .5  1 0 8 5 0  6 0 .8  1 1 6 0 0  9 0 .2  1 0 7 2 5  2 2 .5  1 0 1 0 0  3 3 .4  9 7 2 5  2 0 .6  9 2 5 0  7 0 .4  7 3 5 0  6 0 .5  
E C (m S /cm ) 1 5 .5  0 .0 1  1 3 .8 7  0 .2  1 3 .9 6  0 .1 2  1 3 .1 6  0 .0 5  1 1 .9 5  0 .4 1  1 1 .4 4  0 .0 3  1 0 .9 4  0 .0 6  1 0 .7 9  0 .0 1  9 .5 2  0 .0 2  
F e2 +  4 4 4 4 .9 1  5 9 .8  4 8 0 1 .9 4  1 0 .6  4 6 3 6 .8 9  3 0 0 .6 4 3 0 9 .5  4 0 0 .2 4 4 2 9 .8 6 2 5 0 .4 4 2 6 0 .7 9  3 6 0 .5  4 1 6 2 .3 7 3 9 9 .2 3 9 8 7 .9 5 3 2 1 .5 2 9 1 7 .3  2 0 1 .7  
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Table B4: continued….. 
 
 2 1 0  m ins  2 7 0  m ins  3 0 0 m ins  3 6 0  m ins  4 2 0 m ins  4 8 0  m ins  7 2 0  m ins  1 4 4 0  m ins  

E lem ents ave  S D  ave  S D  ave  S D  ave  S D  ave  S D  ave  S D  ave  S D  ave  S D  
B  3 9 .6 2  3 .7 9  3 8 .4 2  4 .8 7  3 8 .6 7 4  5 .6 7  3 6 .1 0 0  5 .7 3  4 1 .0 4 0  5 .7 3  3 4 .6 7 7  2 .3 5 6  2 0 .8 1 9  3 .1 4  1 8 .9 1 2  4 .3 1  

N a  1 0 8 .4 0  1 0 .6 6  1 0 5 .2 1  8 .9 8  1 0 7 .6 2 3  1 0 .1 1  1 0 3 .6 6 6  1 2 .3 4  1 0 5 .7 0 1  1 3 .7 4  9 7 .2 8 0  1 1 .4 5  9 0 .7 2 6  7 .8 9  9 8 .6 2 6  9 .3 5  
M g 1 0 3 8 .8 5  3 0 .1 2  1 1 2 5 .3 1  2 5 .6 8  1 1 3 1 .5 7 2 3 2 .1 7  1 1 7 7 .1 0 1 3 4 .7 6  1 4 5 9 .8 0 9 2 5 .6 5  1 4 0 6 .1 3 4 2 7 .8 4  1 2 6 8 .1 2 3 2 6 .7 9  9 9 1 .9 0 5  2 1 .5 4
A l 1 .0 8  0 .0 5  1 .6 9  0 .0 6  0 .6 4 6  0 .0 0 5  1 .2 0 6  0 .0 0 3  0 .5 9 3  0 .0 0 2  0 .3 5 6  0 .0 0 1  0 .3 5 8  0 .0 0 2  0 .1 6 6  0 .0 1 5
S i 1 1 .0 1  1 .0 4  6 .7 1  0 .9 8  6 .0 4 1  1 .0 6  5 .9 7 6  0 .1 6  3 .0 6 1  0 .1 4  2 .2 7 6  0 .0 5 5  0 .2 3 3  0 .0 0 1  0 .8 5 3  0 .0 0 3
K  1 7 .0 0  2 .6 5  2 1 .9 3  1 .7 6  2 2 .8 0 3  1 .5 6  2 3 .0 2 6  3 .5 6  2 2 .0 0 0  2 .8 8  1 9 .8 3 7  1 .3  1 6 .9 8 6  3 .5 8  1 8 .0 1 7  1 .9 8  
C a  4 6 1 .5 9  2 1 .6  4 4 7 .0 2  1 8 .9 7  4 5 0 .2 0 0  1 4 .5 7  4 6 1 .8 9 4  1 2 .7 8  3 6 4 .1 6 2  1 4 .5 7  3 5 7 .2 5 5  1 6 .7 7  4 1 8 .5 1 9  1 0 .9 9  3 1 4 .4 1 8  1 3 .7 6
C r B D L   B D L   B D L   B D L   B D L   B D L   0 .0 0 5  0 .0 0 1  0 .0 0 7  0 .0 0 2
M n 9 4 .2 2  8 .7 9  8 8 .0 4  9 .8 7  9 2 .4 5 9  1 0 .6 5  9 3 .8 7 5  9 .9 8  6 6 .3 1 3  7 .8 3  6 3 .6 2 5  6 .3 4  6 .3 4 1  0 .0 4 1  1 .1 7 9  0 .0 2 3
F e  2 8 5 9 .9 0  3 5 .6 7  1 9 1 2 .1 4  3 7 .8 9  1 9 5 8 .0 5 7 3 7 .2 8  2 0 9 1 .9 3 5 2 7 .5 7  2 6 2 .5 5 1  1 3 .7 7  3 5 8 .8 4 0  1 1 .1 3  3 .0 3 5  0 .0 0 2  2 .6 2 8  0 .0 1 3
N i 3 .2 7  0 .2 5 4  2 .3 1  0 .1 5  2 .6 9 3  0 .1 2 8  1 .7 3 6  0 .2 0 1  0 .2 1 7  0 .0 0 5  0 .2 7 5  0 .0 0 4  B D L   B D L   
C o  1 .6 8  0 .0 2 3  1 .2 5  0 .0 4 1  1 .3 9 6  0 .0 4 6  1 .3 8 1  0 .0 0 1  0 .3 4 5  0 .0 0 2  0 .3 8 4  0 .0 0 2  0 .0 1 0  0 .0 0 1  0 .0 0 3  0 .0 0 1
C u  0 .3 5 9  0 .0 0 5  0 .0 2 3  0 .0 1 3  0 .0 0 3  0 .0 0 1  0 .0 0 6  0 .0 0 1  0 .0 1 2  0 .0 0 1  0 .0 0 3  0 .0 0 1  0 .0 1 9  0 .0 0 2  0 .0 0 8  0 .0 0 2
Z n  1 .4 8  0 .0 1 5  0 .7 8 3  0 .0 2 3  0 .7 6 9  0 .0 0 4  0 .8 7 7  0 .0 2 3  0 .4 0 7  0 .0 0 3  0 .3 6 0  0 .5 1  0 .3 4 8  0 .0 0 3  0 .1 9 2  0 .0 0 1

A s* 0 .0 0 4  0 .0 0 1  0 .0 0 1  0 .0 0 0 3 0 .0 0 1  0 .0 0 0 3 0 .0 0 1  0 .0 0 0 5 0 .0 0 1  0 .0 0 0 3  B D L   0 .0 0 1  0 .0 0 0 5 0 .0 0 2  0 .0 0 1
S e  0 .0 3 6  0 .0 0 2  0 .0 3 2  0 .0 0 2  0 .0 4 8  0 .0 0 2  0 .0 3 1  0 .0 0 1  0 .0 2 0  0 .0 0 2  0 .0 3 7  0 .0 0 3  0 .0 7 5  0 .0 0 2  0 .1 4 6  0 .0 0 3
S r 1 1 .8 7  1 .2 5 4  1 2 .8 0  1 .4 5  1 3 .3 1 4  2 .1 6  1 3 .5 6 9  3 .1 5  1 4 .5 6 9  0 .6 1  1 4 .8 1 6  1 .4 7  1 2 .3 7 6  1 .5 9  1 3 .5 3 5  2 .1 3 5

M o  0 .1 9 5  0 .0 0 3  0 .1 6 3  0 .0 0 1  0 .1 4 7  0 .0 0 4  0 .1 3 8  0 .0 0 2  0 .1 9 0  0 .0 0 1  0 .1 3 6  0 .0 0 2  0 .4 0 0  0 .0 0 2  0 .8 3 4  0 .0 0 3
B a  0 .1 6 3  0 .0 0 1  0 .1 4 2  0 .0 0 2  0 .1 3 5  0 .0 0 1  0 .1 3 6  0 .0 0 4  0 .1 4 0  0 .0 0 2  0 .1 3 5  0 .0 0 1  0 .1 0 0  0 .0 1 3  0 .1 1 2  0 .0 0 1
P b  0 .0 1 2  0 .0 0 1  0 .0 0 2  0 .0 0 1  B D L   0 .0 0 1  0 .0 0 0 3 0 .0 0 2  0 .0 0 1  0 .0 0 1  0 .0 0 0 5 0 .0 0 4  0 .0 0 1  0 .0 0 2  0 .0 0 1
C l 1 2 5   8 6 .2 5   9 2 .5  1 1 .1  6 5  6 .4  7 3 .3 3  9 .8  7 5  3 .2  6 0  5 .6  6 5  7 .3  

N O 3  2 5   B D L   2 5   B D L   B D L   5 7 .5   B D L   B D L   
S O 4  1 4 4 0 0  8 0 .5  1 2 8 5 8 .7 5  6 0 .2  1 1 0 3 7 .5  8 5 .4  1 1 8 1 2 .5  2 0 .6  8 7 5 5 .7 9  1 0 1 .2  6 5 6 5  6 5 .5  8 3 5 5  4 5 .6  5 3 6 5  3 0 .2  
p H  5 .9  0 .0 5  6 .3 2  0 .0 3  6 .1 9  0 .0 8  6 .2 2  0 .0 1  6 .8 6  0 .0 5  6 .9 5  0 .5 4  8 .4 9  0 .8 5  9 .1 2  0 .0 5  

A cid ity  4 9 0 0  7 0 .1  2 9 2 5  2 6 .5  2 8 2 5  2 2 .3  3 3 2 5  1 0 0 .4  5 7 5  2 8 .6  6 0 0  1 3 .4  7 5  7 .4  1 5 0  1 1 .8  
E C (m S /cm ) 8 .7 9  0 .0 4  6 .2 6  0 .0 1  6 .1  0 .1 1  7 .9 2  0 .2 2  7 .4 3  0 .1 3  7 .2 2  0 .0 2  6 .8 5  0 .0 1  4 .8  0 .0 5  

F e2 +  2 4 0 0 .8 7  1 6 5 .7  1 5 2 2  1 3 9 .8  1 6 6 3 .5 7  1 2 0 .4  1 8 6 5 .8 6  6 8 .7  3 4 9 .3 9  5 4 .7  3 1 5 .0 5  6 8 .2  0 .9 0 4  0 .1 8 9  0 .9 1  0 .1 2 6
  
Ave=average, SD=standard deviation 
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Table B5: Concentration (mg/L) with reaction time for 1:1.5 FA: AMD ratio (n=3) 
 
reac tio n  tim e  A M D   1 m in   3 m ins  1 0 m ins  3 0 m ins  6 0 m ins  9 0 m ins  

E lem ents ave  S D  A ve  S D  A ve  S D  A ve  S D  A ve  S D  A ve  S D  A ve  S D  
B  1 0 .2 9 5  1 .2 6  9 .8 8 2  0 .0 2 1  1 6 .0 7 3  2 .3 1  1 9 .0 7 7  3 .3 3 0 1 7 .5 6 7  2 .5 4 0  3 6 .9 7 7  3 .2 1  4 2 .5 1 1  2 .6 3  
N a  1 0 2 .9 3 2  1 0 .5 6  1 3 4 .1 4 1  5 .7 6  1 5 6 .6 9 2  1 3 .0 5 1 5 7 .3 0 0  1 4 .5 2 1 4 8 .5 4 2  1 2 .0 1  1 2 6 .4 8 7  1 3 .4 6  1 3 0 .0 9 0  1 0 .1 2  
M g 3 9 9 .3 5 2  3 0 .6 7  7 2 9 .9 3 4  1 .9 1  9 4 0 .5 6 8  2 0 .5 6 9 8 6 .6 9 8  2 5 .0 2 9 6 8 .0 6 5  3 0 .6 1  1 0 6 4 .2 2 1 3 1 .4 6  1 2 0 0 .9 4 1 2 7 .8 1  
A l 4 5 3 .3 7 7  1 7 .8 5  1 4 0 .1 0 2  4 .5 7 8  7 5 .0 2 4  3 .8 7  1 4 .1 5 5  2 .5 6 0 1 3 .4 3 4  1 .9 7 0  1 .9 0 5  0 .1 0 2  1 .6 6 5  0 .0 1 3  
S i 9 9 .1 5 9  9 .4 3  8 7 .0 1 0  4 .5 3  9 5 .6 0 0  6 .5 4  7 5 .5 0 8  5 .7 9  7 7 .6 4 1  3 .9 8  1 2 .4 5 9  1 .4 6  1 4 .5 0 1  3 .4 1  
K  N D   N D   9 3 .7 2 9  3 .5 4  4 2 .0 6 1  2 .3 4  1 1 5 .4 3 0  5 .3 2  2 .6 1 7  0 .2 1  9 .2 3 1  0 .6 5 0  
C a  1 4 6 .9 0 7  1 2 .4 5  1 0 2 3 .4 3 3  1 2 .6 7  4 2 7 .1 1 6  1 4 .5 6 3 0 2 .5 3 7  1 0 .8 9 4 1 7 .0 0 9  7 .6 5  4 5 3 .3 7 8  1 0 .3 1  4 8 1 .2 6 1  7 .8 9  
C r N D   N D   N D   0 .1 9 1  0 .0 0 1 N D   N D   N D   
M n 9 5 .7 9 7  7 .8 9  8 6 .8 4 6  5 .7 6  1 0 8 .2 7 4  7 .5 6  1 0 6 .6 4 1  9 .4 5  1 0 5 .9 0 8  1 1 .1 4  9 6 .1 1 2  6 .3 2  9 8 .1 1 8  5 .4 8  
F e  6 5 7 6 .9 6 5  5 6 .8 9  4 5 4 7 .3 0 7  3 0 .5 1  5 7 0 6 .4 9 6 4 0 .4 5 4 6 7 3 .6 3 7 2 8 .9 6 5 1 3 4 .3 9 1 3 0 .6 7  3 1 4 1 .9 2 6 2 1 .6 3  2 2 1 8 .2 7 1 2 0 .6 5  
N i 6 .1 5 7  1 .2 3  1 .1 7 8  0 .0 1 1  3 .1 0 3  0 .0 0 2 2 .2 8 8  0 .0 0 7 2 .7 2 1  0 .0 0 1  2 .0 9 9  0 .0 1 2  1 .4 3 9  0 .0 3 2  
C o  2 .4 8 7  0 .5 6 7  2 .3 9 3  0 .0 1 2  2 .9 7 0  0 .0 0 3 2 .9 6 2  0 .0 0 2 2 .7 5 0  0 .0 0 2  1 .7 7 2  0 .0 1 5  1 .3 5 9  0 .0 2 3  
C u  7 .1 0 3  2 .1 3 5  8 .9 6 9  1 .0 3  7 .7 9 3  1 .3 0 2 7 .8 9 3  1 .1 0 1 7 .5 5 0  0 .4 3 1  0 .7 2 9  0 .0 1 3  0 .7 8 2  0 .0 1 7  
Z n  1 5 .7 1 2  3 .4 5 6  1 3 .7 4 4  2 .0 2  1 5 .6 3 0  2 .1 0 3 1 1 .2 9 1  2 .3 0 1 1 0 .0 5 4  1 .4 6 1  1 .3 6 8  0 .0 0 4  1 .6 0 6  0 .0 1 4  
A s N D   0 .0 3 0  0 .0 0 2  0 .0 9 1  0 .0 0 2 0 .0 5 7  0 .0 0 2 0 .0 7 7  0 .0 0 2  0 .0 2 8  0 .0 0 2  0 .0 1 4  0 .0 1 1  
S e  0 .3 9 0  0 .0 2 3  1 .6 5 8  0 .0 1 3  N D   0 .6 0 3  0 .0 0 2 0 .6 9 4  0 .0 0 3  0 .0 5 0  0 .0 0 1  0 .1 6 2  0 .0 0 2  
S r 1 .9 4 5  0 .0 2 1  1 4 .5 3 2  1 .4 8  1 2 .1 1 7  1 .1 1  1 0 .8 4 5  2 .1 0 3 1 1 .4 1 5  2 .1 0 2  1 1 .6 3 3  2 .1 0 3  1 1 .9 1 2  1 .1 1  
M o  0 .0 1 4  0 .0 0 2  0 .0 5 6  0 .0 1 3  0 .1 0 7  0 .0 0 2 N D   0 .1 1 8  0 .0 0 1  0 .3 3 9  0 .0 0 3  0 .3 0 7  0 .0 0 3  
B a  0 .1 0 8  0 .0 0 3  0 .3 6 8  0 .0 0 4  0 .5 3 0  0 .0 0 5 0 .0 4 5  0 .0 0 1 1 .1 4 0  0 .0 0 5  0 .1 0 4  0 .0 0 2  0 .1 5 9  0 .0 0 4  
P b  0 .4 5 5  0 .0 2 2  0 .1 1 4  0 .0 0 1  0 .2 5 5  0 .0 0 2 0 .1 8 1  0 .0 0 1 0 .1 6 4  0 .0 0 2  0 .0 1 6  0 .0 0 1  0 .0 1 3  0 .0 0 1  
C l 3 7 0  2 0 .1  1 2 5  1 3 .9 0 0 5 5  3 .2 0 0 7 5  6 .7 0 0 1 3 5  1 1 .4 0 0  1 2 0  1 2 .6 0 0 8 5  7 .7 0 0  
N O 3  9 0  1 0 .3  3 0  1 1 .7 0 0 6 5  4 .8 1 0 2 0  2 .5 4 0 N D   3 8 5  3 0 .5 0 0 2 2 0  2 0 .3 0 0
P O 4  N D   1 3 0  2 0 .7 0 0 N D   N D   N D   N D   9 5  6 .2 0 0  
S O 4  2 4 8 8 0   2 1 8 4 0   2 0 7 8 0   1 9 0 3 5   1 8 0 9 5   1 6 5 2 0   1 3 3 6 0   
p H  2 .1 9  0 .0 2  4 .1 7  0 .0 3  4 .4 5  0 .2 6  5 .4 9  0 .0 3  5 .6 9  0 .0 2  6 .4 5  0 .1 1  6 .3 2  0 .0 4  
A cid ity  1 4 4 5 0   1 2 1 7 5   1 1 5 2 5   1 1 1 7 5   1 0 5 2 5   6 4 7 5   5 3 2 5   
E C (m S /cm ) 1 5 .7 7  1 .2 1  1 1 .3 6  0 .0 5  1 0 .6 3  0 .0 2  9 .1 6  0 .1 1  8 .8 1  0 .0 2  7 .6  0 .0 5  7 .6 7  0 .0 3  
F e2 +  4 4 4 4 .9 1  1 8 7 .9  4 4 0 5 .3  3 0 0 .6  4 7 7 7 .2  2 3 5 .6 4 0 3 0 .9 6  2 0 0 .1 3 8 7 6  1 2 0 .6  2 3 2 7  9 0 .8  1 8 0 0  1 1 0 .2  
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Table B5: continued…… 
 
 
reaction tim e 150m ins  21 0m ins  300m ins  360m ins  48 0m ins  720 m ins  1440m ins  
E lem ents Ave SD  A ve SD  A ve SD  A ve SD  A ve SD  A ve SD  A ve SD  
B  29 .037  1 .38  24 .118  1 .42  18 .2 34  2 .34  17 .420  3 .4 2  17 .015  3 .45  16 .3 93  3 .42  14 .167  3 .21  
N a 118 .40 2  9 .86  10 8 .608  10 .24  102 .082  6 .89  108 .25 0  7 .8 9  96 .171  8 .45  101 .279  7 .68  95 .908  6 .78  
M g 836 .35 7  23 .45  34 9 .595  30 .42  849 .643  21 .36  427 .46 8  23 .67  30 8 .518  22 .31  137 .295  21 .35  10 .873  1 .21  
A l 0 .185  0 .00  0 .162  0 .002  0 .40 0  0 .005  1 .612  0 .0 12  0 .384  0 .004  0 .23 6  0 .002  0 .608  0 .002  
S i 1 .038  0 .00  1 .165  0 .004  0 .971  0 .023  2 .841  0 .001  1 .188  0 .011  0 .937  0 .007  1 .173  0 .003  
K  19 .790  2 .31  16 .595  3 .45  12 .1 98  2 .51  13 .152  2 .3 11  11 .717  1 .37  12 .6 58  1 .31  9 .365  0 .98  
C a 539 .49 8  10 .75  54 0 .952  20 .75  394 .706  19 .71  412 .24 3  20 .123 42 5 .376  24 .16  454 .476  21 .05  462 .77 3  2 0 .13  
C r N D   N D   N D   N D   N D   N D   0 .011  0 .001  
M n 1 .948  0 .005  0 .358  0 .003  1 .72 1  0 .021  0 .435  0 .0 03  0 .276  0 .004  0 .13 6  0 .003  0 .008  0 .002  
Fe 1 .801  0 .001  1 .550  0 .003  2 .194  0 .014  1 .845  0 .012  1 .434  0 .013  1 .458  0 .006  1 .542  0 .012  
N i 0 .012  0 .001  0 .011  0 .001  0 .01 8  0 .003  0 .015  0 .0 02  0 .009  0 .002  0 .00 8  0 .002  0 .007  0 .002  
C o  0 .006  0 .002  0 .001  0 .001  0 .00 2  0 .001  0 .002  0 .0 01  N D   N D   N D   
C u 0 .008  0 .001  0 .018  0 .002  0 .01 3  0 .002  0 .012  0 .0 02  0 .009  0 .003  0 .01 5  0 .001  0 .034  0 .003  
Z n 0 .195  0 .002  0 .111  0 .001  0 .20 3  0 .001  0 .140  0 .0 04  0 .131  0 .001  0 .10 0  0 .005  0 .087  0 .013  
A s 0 .002  0 .001  0 .003  0 .001  0 .00 3  0 .001  0 .003  0 .0 01  0 .002  0 .001  0 .00 3  0 .001  0 .004  0 .001  
Se 0 .140  0 .003  0 .210  0 .005  0 .114  0 .011  0 .285  0 .015  0 .250  0 .006  0 .357  0 .021  0 .539  0 .013  
Sr 10 .181  1 .006  10 .555  1 .503  11 .952  2 .150  13 .763  2 .540  14 .628  2 .301  16 .799  3 .211  17 .303  2 .301  
M o 1 .015  0 .001  1 .014  0 .011  0 .59 0  0 .050  0 .736  0 .0 16  0 .800  0 .035  0 .90 1  0 .006  1 .055  0 .023  
B a 0 .137  0 .003  0 .162  0 .002  0 .14 0  0 .020  0 .187  0 .0 12  0 .152  0 .002  0 .08 7  0 .001  0 .177  0 .015  
P b  0 .002  0 .001  0 .002  0 .001  0 .00 5  0 .002  0 .006  0 .0 02  0 .005  0 .002  0 .00 2  0 .001  0 .013  0 .001  
C l 40  10 .600  20  11 .30 0 23  2 .100  23  3 .4 00  17  1 .200  81  13 .100 78  1 5 .400  
N O 3 97 .5  10 .300  39  5 .800  12  4 .200  148  16 .400 82  12 .80 0  15  1 .870  75  1 6 .400  
P O 4 N D   16  3 .800  N D   N D   N D   190   151   
SO 4 5320   3178   5789  35 .800 3796  80 .200 3385  120 .300  10272  60 .500 8104  250 .200
pH  8 .92  0 .38  9 .16  0 .02  8 .7  0 .04  9 .14  0 .0 3  9 .15  0 .15  9 .2  0 .04  9 .88  0 .02  
A cid ity N D   N D   N D   N D   N D   N D   N D   
E C (m S/cm ) 4 .52  0 .02  3 .16  0 .03  4 .5  0 .01  4 .12  0 .2  3 .7  0 .02  3 .12  0 .03  1 .95  0 .03  

Fe2+ N D  N D  N D  N D  N D  N D  N D  N D  N D  N D  N D  N D  N D  N D  
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Table B6: Concentration in mol/L and Molc/L for FA: AMD ratios of 1:3 for Matla fly ash and Navigation AMD. 
 
reaction 
time 

1 
mins  

3 
mins  

10 
mins  

30 
mins  

 60 
mins  

90 
mins  

150 
mins  

210 
mins  

300 
mins  

480 
mins  

1440 
mins  

Elements mol/L molc/L mol/L molc/L mol/L molc/L mol/L molc/L mol/L molc/L mol/L molc/L mol/L molc/L mol/L molc/L mol/L molc/L mol/L molc/L mol/L molc/L 
Na 4.972 4.972 4.928 4.928 5.459 5.459 5.383 5.383 5.096 5.096 4.643 4.643 4.988 4.988 4.715 4.715 4.681 4.681 4.231 4.231 4.290 4.290 

M g 22.796 45.592 27.268 54.536 31.978 63.956 35.959 71.918 37.017 74.033 35.802 71.604 42.540 85.081 42.734 85.467 46.548 93.095 57.842 115.684 40.802 81.605 

Al 2.166 6.498 5.737 17.210 2.935 8.804 0.428 1.283 0.076 0.227 0.085 0.254 0.091 0.274 0.040 0.120 0.024 0.072 0.013 0.040 0.006 0.018 

K ND  ND 0.000 1.946 1.946 ND 0.000 0.316 0.316 0.324 0.324 0.510 0.510 0.435 0.435 0.583 0.583 0.507 0.507 0.461 0.461 

Ca 4.347 8.693 8.194 16.387 11.072 22.143 11.792 23.584 12.970 25.939 11.884 23.768 12.442 24.884 11.517 23.034 11.233 22.465 8.914 17.827 7.845 15.690 

M n 1.343 2.686 1.693 3.386 1.882 3.765 1.893 3.785 1.879 3.758 1.816 3.632 1.835 3.669 1.715 3.430 1.683 3.366 1.158 2.316 0.021 0.043 

Fe3+ 3.814 11.441 13.274 39.822 26.657 79.970 5.596 16.788 21.488 64.464 20.138 60.414 11.726 35.177 8.219 24.656 5.273 15.818 0.784 2.352 0.031 0.092 

Ni 0.093 0.185 0.085 0.170 0.185 0.370 0.125 0.249 0.118 0.237 0.119 0.239 0.077 0.154 0.056 0.111 0.046 0.092 0.005 0.009 ND 0.000 

Co 0.033 0.066 0.042 0.084 0.047 0.093 0.045 0.091 0.043 0.087 0.043 0.085 0.034 0.068 0.028 0.057 0.024 0.047 0.007 0.013 0.000 0.000 

Cu 0.041 0.082 0.035 0.070 0.034 0.067 0.030 0.060 0.010 0.019 0.006 0.011 0.006 0.011 0.006 0.011 0.000 0.000 0.000 0.000 0.000 0.000 

Zn 0.167 0.334 0.217 0.434 0.228 0.457 0.158 0.317 0.064 0.129 0.068 0.135 0.029 0.057 0.023 0.045 0.012 0.024 0.006 0.011 0.003 0.006 

Fe2+ 85.979 171.958 83.024 166.048 77.163 154.325 76.290 152.580 74.528 149.056 71.405 142.810 52.235 104.469 42.988 85.976 29.786 59.573 5.641 11.282 0.016 0.033 

Ba 0.001 0.001 0.000 0.001 0.001 0.002 0.001 0.002 0.001 0.002 0.001 0.003 0.001 0.003 0.001 0.002 0.001 0.002 0.001 0.002 0.001 0.002 

Pb 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Sr 0.063 0.127 0.103 0.206 0.113 0.226 0.117 0.234 0.127 0.254 0.141 0.282 0.137 0.274 0.135 0.271 0.152 0.304 0.169 0.338 0.154 0.309 

total  252.636  303.282  341.582  276.274  323.616  308.204  259.619  228.330  200.122  154.613  102.548 

                       

As* 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000 

Se 0.002 0.004 0.002 0.003 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.001 0.001 0.001 0.000 0.001 0.002 0.004 

M o 0.000 0.001 0.000 0.001 0.001 0.001 0.001 0.002 0.002 0.004 0.001 0.003 0.002 0.004 0.002 0.004 0.002 0.003 0.001 0.003 0.009 0.017 

Cl 8.575 8.575 6.394 6.394 4.090 4.090 3.808 3.808 63.188 63.188 7.898 7.898 4.937 4.937 3.526 3.526 2.609 2.609 2.116 2.116 1.834 1.834 

NO3 4.354 4.354 2.580 2.580 1.371 1.371 0.000 0.000 0.726 0.726 1.371 1.371 0.000 0.000 0.403 0.403 0.403 0.403 0.927 0.927 ND 0.000 

SO4 160.212 320.425 232.644 465.288 202.426 404.851 202.894 405.788 180.148 360.296 182.542 365.084 176.348 352.696 149.906 299.813 114.902 229.804 68.343 136.685 55.851 111.701 

Cr ND 0.000 ND 0.000 0.012 0.012 ND 0.000 ND 0.000 ND 0.000 ND 0.000 ND 0.000 ND 0.000 ND  0.000 0.000 

total  333.360  474.267  410.326  409.599  424.213  374.357  357.638  303.747  232.821  139.732  113.556 

 
%  
error -13.8 

%  
error -22 

%  
error -9.14 

%  
error -19.44

%  
error -13.45

%  
error -9.69 

%  
error -15.9 

%  
error -14.2 

%  
error -7.55 

%  
error 6.18 %  error -5.09 

  
As, Se and Mo were assumed to be existing as oxyanions carrying a charge of -2 for As, -2 for Se and –2 for Mo over the pH range 
investigated (Eary et al.,1990) 
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Table B7: Concentration in mol/L and Molc/L for FA: AMD ratios of 1:1.5 for Matla fly ash and Navigation AMD. 
 
 1  m in   3 m in s  1 0  m in s  3 0 m in s  6 0 m in s  9 0 m in s  1 5 0 m ins  2 1 0 m in s  3 6 0 m in s  
E lem e n ts  m o l/L  m o lc /L  m o l/L   m o l/L  m o lc /L m o l/L   m o l/L   m o l/L   m o l/L   m o l/L   m o l/L   
N a  5 .8 3 5  5 .8 3 5  6 .8 1 6  6 .8 1 6  6 .8 4 2  6 .8 4 2  6 .4 6 1  6 .4 6 1  5 .5 0 2  5 .5 0 2  5 .6 5 9  5 .6 5 9  5 .1 5 0  5 .1 5 0  4 .7 2 4  4 .7 2 4  4 .7 0 9  4 .7 0 9  
M g  3 0 .0 2 6  6 0 .0 5 2  3 8 .6 9 1  7 7 .3 8 1  4 0 .5 8 8  8 1 .1 7 6  3 9 .8 2 2  7 9 .6 4 3  4 3 .7 7 7  8 7 .5 5 4  4 9 .4 0 1  9 8 .8 0 2  3 4 .4 0 4  6 8 .8 0 8  1 4 .3 8 1  2 8 .7 6 1 1 7 .5 8 4  3 5 .1 6 8  
A l 5 .1 9 3  1 5 .5 7 8  2 .7 8 1  8 .3 4 2  0 .5 2 5  1 .5 7 4  0 .4 9 8  1 .4 9 4  0 .0 7 1  0 .2 1 2  0 .0 6 2  0 .1 8 5  0 .0 0 7  0 .0 2 1  0 .0 0 6  0 .0 1 8  0 .0 6 0  0 .1 7 9  
K  N D  N D  2 .3 9 7  2 .3 9 7  1 .0 7 6  1 .0 7 6  2 .9 5 2  2 .9 5 2  0 .0 6 7  0 .0 6 7  0 .2 3 6  0 .2 3 6  0 .5 0 6  0 .5 0 6  0 .4 2 4  0 .4 2 4  0 .3 3 6  0 .3 3 6  
C a  2 5 .5 3 5  5 1 .0 6 9  1 0 .6 5 7  2 1 .3 1 3  7 .5 4 8  1 5 .0 9 7  1 0 .4 0 4  2 0 .8 0 9  1 1 .3 1 2  2 2 .6 2 4  1 2 .0 0 7  2 4 .0 1 5  1 3 .4 6 1  2 6 .9 2 1  1 3 .4 9 7  2 6 .9 9 4 1 0 .2 8 6  2 0 .5 7 1  
M n  1 .5 8 1  3 .1 6 1  1 .9 7 1  3 .9 4 2  1 .9 4 1  3 .8 8 2  1 .9 2 8  3 .8 5 5  1 .7 4 9  3 .4 9 9  1 .7 8 6  3 .5 7 2  0 .0 3 5  0 .0 7 1  0 .0 0 7  0 .0 1 3  0 .0 0 8  0 .0 1 6  
F e3 +  2 .5 4 3  7 .6 2 8  1 6 .6 3 9  4 9 .9 1 8  1 1 .5 0 7  3 4 .5 2 2  2 2 .5 3 2  6 7 .5 9 5  1 4 .5 9 1  4 3 .7 7 4  7 .4 8 9  2 2 .4 6 8  0 .0 3 2  0 .0 9 7  0 .0 2 8  0 .0 8 3  0 .0 3 3  0 .0 9 9  
N i 0 .0 2 0  0 .0 4 0  0 .0 5 3  0 .1 0 6  0 .0 3 9  0 .0 7 8  0 .0 4 6  0 .0 9 3  0 .0 3 6  0 .0 7 2  0 .0 2 5  0 .0 4 9  0 .0 0 0  0 .0 0 0  0 .0 0 0  0 .0 0 0  0 .0 0 0  0 .0 0 1  
C o  0 .0 4 1  0 .0 8 1  0 .0 5 0  0 .1 0 1  0 .0 5 0  0 .1 0 1  0 .0 4 7  0 .0 9 3  0 .0 3 0  0 .0 6 0  0 .0 2 3  0 .0 4 6  0 .0 0 0  0 .0 0 0  0 .0 0 0  0 .0 0 0  0 .0 0 0  0 .0 0 0  
C u  0 .1 4 1  0 .2 8 2  0 .1 2 3  0 .2 4 5  0 .1 2 4  0 .2 4 8  0 .1 1 9  0 .2 3 8  0 .0 1 1  0 .0 2 3  0 .0 1 2  0 .0 2 5  0 .0 0 0  0 .0 0 0  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 0  
Z n  0 .2 1 0  0 .4 2 1  0 .2 3 9  0 .4 7 8  0 .1 7 3  0 .3 4 5  0 .1 5 4  0 .3 0 8  0 .0 2 1  0 .0 4 2  0 .0 2 5  0 .0 4 9  0 .0 0 3  0 .0 0 6  0 .0 0 2  0 .0 0 3  0 .0 0 2  0 .0 0 4  
F e2 +  7 8 .8 7 7  1 5 7 .7 5 5  8 5 .5 3 6  1 7 1 .0 7 3 7 2 .1 7 5  1 4 4 .3 5 0 6 9 .4 0 0  1 3 8 .8 0 0 4 1 .6 6 5  8 3 .3 3 0  3 2 .2 2 9  6 4 .4 5 8  0 .0 0 1  0 .0 0 2  0 .0 0 1  0 .0 0 2  0 .0 0 1  0 .0 0 3  
B a  0 .0 0 3  0 .0 0 5  0 .0 0 4  0 .0 0 8  0 .0 0 0  0 .0 0 1  0 .0 0 8  0 .0 1 7  0 .0 0 1  0 .0 0 2  0 .0 0 1  0 .0 0 2  0 .0 0 0  0 .0 0 0  0 .0 0 0  0 .0 0 0  0 .0 0 0  0 .0 0 0  
P b  0 .0 0 1  0 .0 0 1  0 .0 0 1  0 .0 0 2  0 .0 0 1  0 .0 0 2  0 .0 0 1  0 .0 0 2  0 .0 0 0  0 .0 0 0  0 .0 0 0  0 .0 0 0  0 .1 1 6  0 .2 3 2  0 .1 2 0  0 .2 4 1  0 .1 5 7  0 .3 1 4  
S r 0 .1 6 6  0 .3 3 2  0 .1 3 8  0 .2 7 7  0 .1 2 4  0 .2 4 8  0 .1 3 0  0 .2 6 1  0 .1 3 3  0 .2 6 6  0 .1 3 6  0 .2 7 2        
  3 0 2 .2 4 1   3 4 2 .3 9 8  2 8 9 .5 4 0  3 2 2 .6 2 0  2 4 7 .0 2 5   2 1 9 .8 3 8  1 0 1 .8 1 4  6 1 .2 6 6  6 1 .4 0 0  
                   
A s 0 .0 0 0  0 .0 0 1  0 .0 0 1  0 .0 0 2  0 .0 0 1  0 .0 0 2  0 .0 0 1  0 .0 0 2  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 0  0 .0 0 0  0 .0 0 0  0 .0 0 0  0 .0 0 0  0 .0 0 0  0 .0 0 0  
S e  0 .0 2 1  0 .0 4 2  0 .0 0 0  0 .0 0 0  0 .0 0 8  0 .0 1 5  0 .0 0 9  0 .0 1 8  0 .0 0 1  0 .0 0 1  0 .0 0 2  0 .0 0 4  0 .0 0 2  0 .0 0 4  0 .0 0 3  0 .0 0 5  0 .0 0 4  0 .0 0 7  
M o  0 .0 0 1  0 .0 0 1  0 .0 0 1  0 .0 0 2  0 .0 0 0  0 .0 0 0  0 .0 0 1  0 .0 0 2  0 .0 0 4  0 .0 0 7  0 .0 0 3  0 .0 0 6  0 .0 1 1  0 .0 2 1  0 .0 1 1  0 .0 2 1  0 .0 0 8  0 .0 1 5  
C l 3 .5 2 6  3 .5 2 6  1 .5 5 1  1 .5 5 1  2 .1 1 6  2 .1 1 6  3 .8 0 8  3 .8 0 8  3 .3 8 5  3 .3 8 5  2 .3 9 8  2 .3 9 8  1 .1 2 8  1 .1 2 8  0 .5 6 4  0 .5 6 4  0 .6 4 9  0 .6 4 9  
N O 3  0 .4 8 4  0 .4 8 4  1 .0 4 8  1 .0 4 8  0 .3 2 3  0 .3 2 3  N D  0 .0 0 0  6 .2 0 9  6 .2 0 9  3 .5 4 8  3 .5 4 8  1 .5 7 2  1 .5 7 2  0 .6 2 9  0 .6 2 9  2 .3 8 7  2 .3 8 7  
P O 4  1 .3 6 9  4 .1 0 7  N D  0 .0 0 0  N D  0 .0 0 0  N D  0 .0 0 0  N D  0 .0 0 0  1 .0 0 0  3 .0 0 1  0 .0 0 0  0 .0 0 0  0 .1 6 8  0 .5 0 5  0 .0 0 0  0 .0 0 0  
S O 4  2 2 7 .3 5 8  4 5 4 .7 1 6  2 1 6 .3 2 3  4 3 2 .6 4 6 1 9 8 .1 5 7 3 9 6 .3 1 5 1 8 8 .3 7 2 3 7 6 .7 4 4 1 7 1 .9 7 6 3 4 3 .9 5 2  1 3 9 .0 8 0 2 7 8 .1 5 9 5 5 .3 8 2  1 1 0 .7 6 4 3 3 .0 8 3  6 6 .1 6 7 3 9 .5 1 7  7 9 .0 3 4  
C r N D  N D  N D  0 .0 0 0  0 .0 0 4  0 .0 0 4  N D  0 .0 0 0  N D  0 .0 0 0  N D  0 .0 0 0  N D  0 .0 0 0  N D  0 .0 0 0  N D  0 .0 0 0  

  4 6 2 .8 7 6   4 3 5 .2 5 1  3 9 8 .7 7 3  3 8 0 .5 7 4  3 5 3 .5 5 5   2 8 7 .1 1 7  1 1 3 .4 9 0  6 7 .8 9 2  8 2 .0 9 2  
 %  e rro r  2 0 .9 9  %  e rro r  1 1 .9 4  %  e rro r 1 5 .8 7  %  e rro r 8 .2 6  %  e rro r 1 7 .6 0  %  e rro r 1 3 .2 7  %  e rro r 5 .4 2  %  e rro r 5 .1 3  %  e rro r 1 4 .4 2  
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Column leachate concentration for elements analyzed with drainage volume (mg/L) (n=4) 
 
Table B8. Analytical results for fly ash solid core  
 
FA core drainage 1  drainage 2   drainage3  drainage4  drainage 5   drainage6  drainage7  drainage8  
element ave SD  ave SD  ave SD  ave SD  ave SD  ave SD  ave SD  ave SD  
B  7 .0674 1.8557 0.8574 0.5558 0.7273 0.4591 1.6012 0.1714 2.7532 0.5029 3.9601 0 .6362 5.6466 0.2170 5.8206 2.6734 
N a 118.2698 9.7266 51.5786 1.2157 53.5169 0.3220 42.9099 1.3052 36.8938 0.9194 28.9214 0 .8708 22.2097 0.2775 35.2795 13.0306 
M g 0.0494 0.0073 6.7123 6.6119 8.2259 1.9158 20.7984 11.2136 45.4523 25.9647 76.4975 43.1354 119.6805 36.6399 171.5821 35.1073 
Al 0 .0529 0.0210 0.1890  9.0892 0.0122 9.3289 0.0351 0.1851 0.0936 0.5992 0 .3536 3.1191 2.9036 27.7867 27.2199 
Si 0 .3808 0.1141 2.7602 0.1090 4.5712 0.0049 3.6212 0.0217 2.4736 0.4284 2.3761 0 .1310 2.6697 0.5362 1.5201 0.7229 
K  33.8033 6.3454 22.3686 6.4599 24.6490 1.0385 29.3176 2.6001 35.0059 2.5130 32.5926 0 .2978 29.8925 0.0032 34.3381 0.9028 
Ca 791.0666 47.3456 461.9414 16.8327 450.6306 11.6440 454.0242 7.0622 560.3429 14.8058 611.2601 9 .2169 578.2663 13.2110 561.4901 22.9370 
V  0 .0108 0.0017 0.0485 0.0196 0.1166 0.0119 0.1292 0.0005 0.0744 0.0662 0.0572 0 .0559 0.0512 0.0501 0.1166 0.0593 
Cr 1 .5773 0.6567 2.6357 0.6507 2.1065 0.8260 1.5367 0.4767 0.5425 0.3227 0.5440  0.3750 0.0000 0.1740  
M n 0.0017 0.0008 0.0370  0.0089 0.0075 0.0074 0.0046 2.2433 2.2330 7.6037 7 .5584 15.8426 15.4205 19.7041 17.4608 
Fe 1 .9703 0.2235 1.2690 0.1387 1.7055 0.1020 2.0999 0.1580 1.3125 0.1451 13.9875 12.3649 55.5168 54.0827 27.3181 25.4650 
N i 0 .0109 0.0003 0.0076 0.0006 0.0040  0.0092 0.0025 0.0318 0.0000 0.0241 0 .0136 0.0712 0.0630 0.6700 0.0000 
Co 0 .0012 0.0001 0.0005 0.0000 0.0012 0.0003 0.0011 0.0002 0.0022 0.0008 0.0124 0 .0109 0.0267 0.0252 0.0670 0.0641 
Cu 0 .0144 0.0005 0.0089 0.0055 0.0178 0.0066 0.0106 0.0035 0.0135 0.0010 0.0209 0 .0021 0.0189 0.0041 1.4805 1.4450 
Zn 0 .0636 0.0044 0.0681 0.0022 0.0685 0.0052 0.0730 0.0049 0.0711 0.0073 0.0735 0 .0171 0.1159 0.0450 1.1548 1.0644 
As 0 .0016 0.0005 0.0020  0.0014 0.0003 0.0026 0.0003 0.0021 0.0005 0.0020 0 .0012 0.0017 0.0006 0.0215 0.0177 
Se 0 .7001 0.1726 0.4983 0.0273 0.5911 0.0298 0.5546 0.0051 0.4913 0.0357 0.4417 0 .0316 0.3744 0.0770 0.4651 0.0920 
Sr 38.4559 3.6289 34.3746 0.5153 35.6963 0.4203 34.7508 0.9017 34.9391 0.8984 33.8694 0 .0101 30.9578 0.3562 28.7975 0.8088 
M o 1.7171 0.0945 1.9618 0.3797 1.8231 0.1795 1.3855 0.0386 0.8460 0.0305 0.4211 0 .1695 0.2850 0.1543 0.3080 0.0659 
Cd 0 .0031 0.0002 0.0036 0.0006 0.0037 0.0001 0.0039 0.0013 0.0018 0.0002 0.0014 0 .0004 0.0011 0.0000 0.0024 0.0007 
B a 0 .1010 0.0546 0.0132 0.0042 0.0171 0.0022 0.0084 0.0047 0.0407 0.0364 0.0689 0 .0206 0.1006 0.0258 0.0850  
Pb 0 .0260 0.0156 0.0000 0.0000 0.0000  0.0010  0.0008 0.0001 0.0002 0 .0000 0.0006 0.0002 0.2847 0.2787 
SO 4 2070.5000 226.0000 1478.7500 101.7500 1674.3900 10.9100 1446.0600 74.6400 1485.1150 132.4350 2042.8750 512.1250 2015.2400 102.2600 2610.1250 176.1250 
Cl 33.2500 12.2500 12.2500 0.2500 19.3300 8.0200 138.3550 1.0450 239.5200 1.0100 331.2650 71.2350 268.6050 0.1450 256.5000 11.5000 
N O 3 271.0000 7.5000 N D  0.0000 74.5000 38.0000 113.5500 12.8500 75.1000 3.0000 63.6000 13.9000 28.1000 27.5000 70.6250 10.6250 
PO 4 N D   N D   N D   22.8500 1.3500 N D   N D   N D   14.3750  
alkalinity HC O 3 
(m g/L) 1479.6138 262.5000 297.4481 181.2500 137.2838 12.5000 75.5061 6.8750 50.3374 3.7500 38.1344 25.0000 74.7434  64.0658  
pH  12.0150 0.0150 10.0750 1.1950 9.1850 1.6150 9.1300 1.2200 8.6200 0.3600 6.6800 1 .0800 6.2250 1.5150 6.5750 1.7550 
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Table B8 continued…. 
 

F A  co re  d ra in age9   d ra in age1 0   d ra in age1 1  
d ra inage  
1 2   d ra in age1 3   

d ra in age 
1 4   d ra in age 1 5   d ra in age 1 6   

e lem ent ave  S D  ave  S D  ave  S D  ave  S D  ave  S D  ave  S D  ave  S D  ave  S D  
B  1 2 .8 6 0  1 .1 3 1  1 7 .7 3 5  2 .0 9 0  1 5 .4 1 1  1 2 .5 2 7  1 8 .6 6 4  3 .3 0 0  2 4 .1 7 5  0 .9 9 6  2 6 .1 9 4  0 .4 7 9  1 5 .3 8 7  0 .8 6 7  1 2 .0 4 8  9 .9 9 6  
N a 4 0 .5 9 1  1 9 .9 3 1  5 0 .7 3 4  2 2 .5 9 0  1 8 .9 0 3  2 .5 5 2  2 5 .9 3 3  3 .3 9 6  2 0 .9 0 7  1 .1 8 3  1 4 .8 1 2  0 .5 2 3  7 .6 8 2  0 .0 2 3  1 0 .7 9 3  2 .4 8 8  
M g 2 3 3 .3 9 8  2 1 .7 6 2  4 5 2 .9 2 0  7 5 .4 3 4  4 3 1 .1 8 4  4 3 0 .1 8 1  8 3 5 .6 9 1  2 4 9 .5 70 9 7 2 .3 0 6  2 7 2 .5 21 1 2 2 2 .7 41 1 9 1 .1 72 9 9 3 .9 7 4  8 0 .5 0 4 1 0 7 7 .4 3 3  1 7 0 .5 2 9  
A l 5 .9 4 3  5 .5 9 5  5 .1 7 2  4 .9 5 3  0 .0 9 1  0 .0 5 7  1 8 .1 0 9  1 5 .9 6 8  3 4 .0 1 2  2 2 .2 2 7  7 7 .9 6 8  4 6 .8 0 7  8 3 .3 4 7  5 2 .1 3 6 2 9 0 .8 2 6   
S i 3 .5 8 7  1 .7 9 7  1 .0 3 8   1 .2 4 9   2 .9 7 9   2 .5 7 0  0 .5 1 8  6 .2 3 1  1 .1 2 8  6 .7 1 8  1 .2 4 7  5 .0 5 1  4 .4 8 9  
K  3 0 .2 5 7  3 .3 6 3  2 0 .5 2 3  1 0 .0 3 7  2 2 .4 6 3   1 1 .5 0 5  1 .1 3 8  2 2 .4 8 7  0 .0 1 2  2 1 .3 0 8  0 .9 0 2  4 .3 0 0  2 .8 4 9  B D L   
C a  6 0 2 .2 7 5  0 .1 7 8  6 7 2 .7 9 4  7 1 .7 3 1  5 8 9 .8 4 0   5 1 6 .0 6 8  1 2 1 .1 09 5 1 3 .2 5 3  9 .8 9 8  4 9 9 .4 9 5  8 .1 3 8  2 8 3 .1 1 9  2 .9 0 7  3 9 4 .1 3 7  1 0 4 .2 3 2  
V  0 .0 3 7  0 .0 2 5  0 .0 6 8  0 .0 6 3  B D L   0 .0 2 6  0 .0 1 1  0 .0 1 8  0 .0 0 2  0 .0 1 6   0 .0 0 8  0 .0 0 6  0 .0 5 0   
C r 0 .1 3 0  0 .0 5 0  0 .0 0 0   B D L   B D L   B D L   B D L   B D L   B D L   
M n 2 4 .0 5 1  1 9 .3 5 6  3 7 .4 6 1  1 8 .1 1 7  2 7 .3 3 3  2 7 .2 7 0  9 6 .3 6 9  1 3 .8 8 5  1 5 4 .1 0 9  5 2 .0 8 5  2 2 4 .5 3 9  5 8 .3 8 8  1 9 8 .3 0 7  4 4 .3 6 8 3 0 9 .9 2 5  2 .4 2 9  
F e  4 2 .5 7 6  4 0 .6 6 3  3 5 .6 9 9  3 4 .3 8 6  1 .3 5 5  0 .2 3 7  1 8 6 .9 7 9  1 1 6 .2 31 2 8 0 .0 0 5  3 0 .4 6 4  7 3 9 .5 5 4  9 5 .7 3 2  7 0 5 .5 2 0  3 6 .9 7 8 2 3 7 8 .2 5 8  9 0 9 .8 3 1  
N i 2 .0 9 5  2 .0 1 6  0 .2 7 7  0 .2 5 0  0 .0 8 8  0 .0 4 8  0 .3 8 2  0 .1 1 2  0 .3 8 4  0 .0 8 8  0 .7 2 7  0 .1 8 0  0 .6 5 4  0 .1 4 9  1 .7 1 7  0 .1 5 1  
C o  0 .0 3 6  0 .0 3 3  0 .0 5 0  0 .0 4 2  0 .0 1 2  0 .0 1 0  0 .1 4 0  0 .0 5 5  0 .2 0 2  0 .0 2 7  0 .4 1 9  0 .0 4 4  0 .3 9 1  0 .0 1 4  0 .8 8 0  0 .1 0 3  
C u 0 .0 5 9  0 .0 5 3  0 .2 6 9  0 .2 6 1  0 .0 2 3  0 .0 2 1  0 .0 6 0  0 .0 3 3  0 .1 5 1  0 .0 9 5  0 .1 2 8  0 .0 2 6  0 .1 1 0  0 .0 2 5  0 .4 9 6  0 .0 3 1  
Z n  0 .0 8 4  0 .0 0 0  0 .2 7 3  0 .1 6 9  0 .1 6 7  0 .0 3 7  0 .3 5 3  0 .1 0 0  0 .4 8 1  0 .1 2 5  0 .7 0 2  0 .2 7 0  0 .6 3 0  0 .2 2 9  0 .9 4 5  0 .5 3 1  
A s 0 .0 0 4  0 .0 0 0  0 .0 2 7  0 .0 2 5  0 .0 0 1  0 .0 0 0  0 .0 5 6  0 .0 5 2  0 .0 0 8  0 .0 0 1  0 .0 0 1  0 .0 0 1  0 .0 1 6  0 .0 1 0  0 .0 1 5  0 .0 1 1  
S e  0 .2 5 4  0 .0 7 3  0 .2 3 4  0 .0 8 1  0 .1 9 0  0 .0 7 6  0 .1 4 5  0 .0 0 8  0 .2 9 4  0 .0 1 2  0 .0 9 8  0 .0 1 5  0 .1 8 1  0 .0 0 7  0 .2 4 1  0 .2 0 3  
S r 2 7 .5 8 4  2 .4 3 7  2 6 .1 1 8  2 .3 7 6  1 0 .6 8 7  1 0 .5 5 7  2 3 .2 4 6  2 .1 4 8  2 0 .9 6 6  0 .4 4 6  2 0 .2 8 6  1 .2 2 1  1 2 .5 1 5  0 .7 2 7  2 1 .4 3 4  2 .0 2 1  
M o  0 .2 9 9  0 .0 2 9  0 .3 0 3  0 .0 1 3  0 .1 0 7  0 .1 0 1  0 .0 6 1  0 .0 4 0  0 .0 2 3  0 .0 1 3  0 .0 6 5  0 .0 4 0  0 .0 3 0  0 .0 1 5  0 .0 8 2  0 .0 2 7  
C d  0 .0 0 2  0 .0 0 1  0 .0 0 3  0 .0 0 1  0 .0 0 1  0 .0 0 0  0 .0 0 3  0 .0 0 0  0 .0 0 3  0 .0 0 1  0 .0 0 7  0 .0 0 2  0 .0 1 1  0 .0 0 0  0 .0 1 1  0 .0 0 7  
B a 0 .0 8 9  0 .0 5 4  0 .1 0 1  0 .0 0 7  0 .1 5 4  0 .0 5 8  0 .3 5 4  0 .2 8 0  0 .1 0 1  0 .0 0 4  B D L   B D L   B D L   
P b   0 .0 0 0  0 .0 2 6  0 .0 2 5  0 .0 0 4  0 .0 0 4  0 .0 1 3  0 .0 0 1  0 .0 0 3  0 .0 0 0  B D L   B D L   B D L   
S O 4  2 7 2 4 .2 50  7 3 .2 5 0  3 1 1 3 .1 25 1 6 1 .8 75 5 3 6 0 .6 25 2 5 6 9 .3 75 4 9 9 9 .2 5 0  3 7 6 .7 50 4 1 9 4 .5 00  1 8 9 .5 00 9 3 1 8 .5 00 5 6 9 .5 00 1 1 3 5 7 .500 5 7 .5 0 0 1 5 8 7 8 .750 1 1 0 3 .7 50  
C l 3 4 3 .0 0 0  3 7 .0 0 0  1 7 3 .7 5 0  7 .5 0 0  1 1 9 .3 7 5  2 5 .6 2 5  8 5 .7 5 0  1 8 .2 5 0  N D   N D   N D   N D   
N O 3  5 1 .2 5 0  1 .2 5 0  1 4 0 .6 2 5  6 .8 7 5  3 9 5 .0 0 0  1 5 2 .5 0 0  3 0 9 .6 2 5  8 .3 7 5  1 3 2 8 .5 00  3 3 2 .5 00 4 1 0 .0 0 0  0 .0 0 0  3 6 8 .0 0 0  3 1 .0 0 0 4 5 3 .7 5 0  2 1 .2 5 0  
P O 4  N D   N D   N D   N D   N D   N D   N D   N D   
a lk a lin ity  H C O 3  
(m g/L) 9 1 .5 2 3   1 1 2 .8 7 8   4 5 .7 6 1   N D   N D   N D   N D   N D   
p H  6 .4 8 5  1 .5 4 5  6 .4 3 0  1 .2 2 0  6 .3 0 0  0 .8 5 0  4 .8 1 0  0 .4 5 0  4 .3 3 5  0 .1 1 5  4 .1 2 5  0 .1 5 5  4 .0 3 5  0 .1 4 5  3 .5 4 0  0 .0 7 0  
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Table B9. Analytical results for solid residue core  
 

S R  c o re  
d ra in a g e  
1   

d ra in a g e  
2   

d ra in a g e  
3   

d ra in a g e  
4   

d ra in a g e  
5   

d ra in a g e  
6   

d ra in a g e  
7   

d ra in a g e  
8   

e le m e n t  a v e  S D  a v e  S D  a v e  S D  a v e  S D  a v e  S D  a v e  S D  a v e  S D  a v e  S D  
B  1 .9 9 0  0 .0 9 2  2 .0 0 4  0 .0 9 7  2 .0 1 2  0 .0 7 3  2 .1 1 6  0 .0 0 7  2 .4 7 5  0 .1 0 6  3 .6 3 0  0 .0 9 2  5 .6 4 7  0 .1 2 8  1 7 .4 7 7  0 .0 6 7  
N a  2 7 1 .7 1 7  6 .7 4 3  6 1 .3 3 6  4 .2 7 2  2 5 .0 1 5  0 .9 3 4  1 9 .0 5 4  0 .4 3 9  1 6 .1 1 6  0 .2 6 3  1 3 .8 4 3  0 .2 6 4  2 2 .2 1 0  0 .2 5 3  1 2 .2 1 0  0 .2 7 3  
M g  4 .5 9 0  1 .2 0 2  3 .9 9 3  1 .3 1 5  5 .0 5 9  0 .2 7 8  4 .3 5 6  0 .1 2 3  4 .6 9 2  0 .0 6 9  9 .6 4 4  0 .9 2 0  1 1 9 .6 8 0  5 .2 0 3  2 9 1 .8 4 3  6 .4 0 8  
A l 0 .7 8 2  0 .0 7 0  8 .9 2 1  0 .0 1 0  9 .0 5 9  0 .1 7 0  4 .8 7 2  2 .1 2 5  0 .7 8 7  0 .0 7 5  0 .8 3 8  0 .0 3 0  3 .1 1 9  0 .3 5 7  0 .8 2 5  0 .0 3 1  
S i  1 .6 6 7  0 .2 3 2  1 .2 4 9  0 .1 1 0  1 .0 9 2  0 .0 9 8  1 .1 9 2  0 .0 8 5  1 .1 9 0  0 .0 5 0  1 .1 5 3  0 .0 1 5  2 .6 7 0  0 .0 3 1  1 .6 6 2  0 .0 3 5  
K  1 0 7 .6 8 8  0 .5 0 2  8 5 .3 1 7  2 .2 6 7  5 5 .4 7 5  2 .9 6 1  4 2 .6 3 9  1 .4 2 0  3 6 .3 5 5  0 .9 3 1  3 1 .1 7 4  1 .2 2 9  2 9 .8 9 2  0 .2 0 3  2 8 .5 3 0  2 .0 8 5  
C a  3 8 1 .4 4 4  5 .3 4 0  4 4 9 .6 1 5  3 .4 1 1  4 5 8 .9 2 8  7 .5 5 3  4 8 3 .1 0 3  2 4 .2 5 1 5 4 4 .1 9 8  3 .0 4 6  5 6 5 .3 8 1  1 7 .6 6 8 5 7 8 .2 6 6  1 6 .7 1 1 5 4 2 .3 0 1  1 3 .8 0 1  
V  0 .0 2 9  0 .0 0 7  0 .0 2 7  0 .0 0 5  0 .0 2 5  0 .0 0 0  0 .0 2 7  0 .0 0 1  0 .0 2 8  0 .0 0 1  0 .0 3 1  0 .0 0 2  0 .0 5 1  0 .0 0 1  0 .0 2 1  0 .0 0 0  
C r  0 .8 0 5  0 .0 2 0  0 .5 9 3  0 .0 1 8  0 .3 9 7  0 .0 2 9  0 .2 1 7  0 .0 0 9  0 .0 7 4  0 .0 2 8  0 .0 3 8  0 .0 0 7  0 .3 7 5  0 .0 0 4  0 .0 2 9  0 .0 0 8  
M n  0 .0 3 1  0 .0 1 7  0 .0 2 0  0 .0 0 8  0 .0 1 0  0 .0 0 1  0 .0 0 8  0 .0 0 0  0 .0 0 9  0 .0 0 1  0 .0 0 8  0 .0 0 3  1 5 .8 4 3  0 .0 0 0  0 .0 3 1  0 .0 0 5  
F e  1 .1 4 5  0 .0 1 8  1 .5 9 0  0 .0 7 2  1 .7 2 7  0 .0 1 5  1 .3 5 5  0 .0 8 3  1 .2 1 6  0 .1 0 2  1 .6 0 5  0 .0 3 9  5 5 .5 1 7  0 .0 4 6  1 .4 8 0  0 .1 2 2  
N i 0 .0 1 2  0 .0 0 0  0 .0 1 9  0 .0 1 3  0 .0 0 2  0 .0 0 0  0 .0 1 9  0 .0 0 5  0 .0 2 6  0 .0 0 1  0 .0 0 5  0 .0 0 0  0 .0 7 1  0 .0 0 0  0 .9 2 9  0 .1 4 5  
C o  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 2 7  0 .0 0 0  0 .0 0 1  0 .0 0 0  
C u  0 .0 2 3  0 .0 0 3  0 .0 0 8  0 .0 0 1  0 .0 0 9  0 .0 0 2  0 .0 1 4  0 .0 0 2  0 .0 1 8  0 .0 0 5  0 .0 2 8  0 .0 0 1  0 .0 1 9  0 .0 0 6  0 .0 1 9  0 .0 0 2  
Z n  0 .0 8 6  0 .0 0 4  0 .1 4 9  0 .1 0 3  0 .0 5 8  0 .0 0 2  0 .0 5 5  0 .0 0 3  0 .0 6 7  0 .0 0 2  0 .0 5 9  0 .0 0 7  0 .1 1 6  0 .0 0 4  0 .1 6 0  0 .0 2 9  
A s  0 .0 0 3  0 .0 0 1  0 .0 0 2  0 .0 0 1  0 .0 0 2  0 .0 0 1  0 .0 0 1  0 .0 0 0  0 .0 0 2  0 .0 0 0  0 .0 0 2  0 .0 0 1  0 .0 0 2  0 .0 0 0  0 .0 0 3  0 .0 0 0  
S e  0 .1 3 9  0 .0 0 4  0 .0 8 4  0 .0 0 9  0 .0 6 8  0 .0 0 9  0 .0 5 3  0 .0 0 6  0 .0 2 8  0 .0 0 6  0 .0 0 7  0 .0 0 6  0 .3 7 4  0 .0 0 4  0 .0 2 0  0 .0 0 1  
S r  2 0 .1 4 8  0 .2 1 8  2 6 .7 9 4  0 .3 0 1  2 8 .3 2 9  0 .0 8 1  2 9 .1 6 7  0 .1 0 0  3 0 .4 2 9  0 .1 8 6  3 1 .5 0 1  0 .5 4 8  3 0 .9 5 8  0 .0 9 3  3 1 .3 5 0  0 .3 1 2  
M o  1 .3 4 6  0 .0 1 5  0 .4 4 1  0 .0 1 2  0 .3 0 0  0 .0 1 2  0 .2 4 8  0 .0 0 3  0 .2 3 0  0 .0 0 4  0 .2 2 7  0 .0 0 1  0 .2 8 5  0 .0 0 2  0 .2 3 5  0 .0 0 1  
C d  0 .0 0 3  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  
B a  0 .1 0 8  0 .0 1 2  0 .1 1 6  0 .0 0 3  0 .1 3 0  0 .0 0 2  0 .1 3 8  0 .0 0 3  0 .1 3 5  0 .0 0 3  0 .1 4 3  0 .0 0 9  0 .1 0 1  0 .0 0 1  0 .1 1 3  0 .0 0 7  
P b  0 .0 0 9  0 .0 0 6  0 .0 0 4  0 .0 0 4  0 .0 0 2  0 .0 0 2  0 .0 0 2  0 .0 0 1  0 .0 0 2  0 .0 0 1  0 .0 0 2  0 .0 0 0  0 .0 0 1  0 .0 0 1  0 .0 0 7  0 .0 0 0  
S O 4  2 0 4 0 .5 0 0  1 8 .5 0 0  1 5 0 4 .2 5 0 6 .7 5 0  1 4 8 6 .6 4 5 3 7 .6 8 5 1 2 9 2 .8 0 0 3 8 .8 8 0 1 3 2 3 .0 0 0  5 4 .1 3 0 1 3 7 2 .2 5 0 1 5 .1 6 0 1 7 6 6 .8 1 0 3 7 .0 3 0 5 7 1 4 .3 7 5 5 5 0 .6 2 5  
C l 2 7 .2 5 0  4 .7 5 0  8 .7 5 0  0 .7 5 0  5 .2 7 0  0 .2 7 0  8 8 .2 2 0  2 .3 1 0  2 4 9 .7 1 0  9 .3 9 0  2 6 3 .7 0 5  6 .9 4 5  2 7 2 .3 0 5  9 .0 7 5  6 3 5 .6 2 5  2 5 6 .8 7 5  
N O 3  2 3 5 .0 0 0  5 .5 0 0  B D L   3 7 9 .0 0 0  3 .5 0 0  4 2 6 .4 5 0  8 .0 5 0  1 6 .5 0 0  5 .5 0 0  B D L   0 .9 0 0   1 8 9 .3 7 5  1 7 1 .8 7 5  
P O 4  B D L   3 .0 0 0   B D L   1 0 .5 0 0  1 .6 0 0  B D L   6 .5 0 0   2 .3 0 0   B D L   
a lk a lin ity  H C O 3  
(m g /L )  5 6 .2 5 0  1 8 .7 5 0  5 0 .0 0 0  1 2 .5 0 0 4 3 .7 5 0  1 8 .7 5 0 3 3 .7 5 0  1 .2 5 0  3 4 .3 7 5  1 .8 7 5  3 5 .0 0 0   5 0 .6 2 5  0 .6 2 5  7 1 .8 7 5  8 .1 2 5  
p H  8 .3 2 5  0 .0 9 5  8 .0 6 5  0 .4 7 5  8 .0 3 0  0 .4 9 0  8 .0 5 5  0 .2 8 5  8 .0 2 5  0 .2 3 5  8 .2 4 0  0 .4 2 0  8 .0 9 0  0 .4 1 0  8 .2 2 5  0 .1 0 5  
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Table B9: continued…. 
 

SR  core 
drainage 
9   

drainage 
10   

drainage 
11   

drainage 
12   

drainage 
13   

drainage 
14   drainage15  

drainage 
16   

 ave SD  ave SD  ave SD  ave SD  ave SD  ave SD  ave SD  ave SD  
B  28 .686 0 .555 38 .571 2 .239 31 .172 12 .223 28 .586 1 .341 17 .238 0 .996 13 .961 0 .151 5 .486 0 .080 9 .336 4 .927 
N a 11 .353 0 .185 12 .115 0 .565 18 .552 6 .869 15 .177 0 .121 12 .920 1 .183 9 .467 0 .233 5 .822 0 .389 10 .066 0 .139 
M g 527.324 24 .277 1501.890 27.164 1466.064 505.891 1654.894 0.862 1150.077 272.521 1025.209 54 .105 791.299 10 .620 1098.584 141.107
A l 0 .277  0 .029 0 .225 0 .021 0 .044 0 .018 0 .274 0 .250 0 .113 22 .227 0 .102 0 .039 0 .277 0 .127 44 .630 44 .353 
S i 1 .889  0 .090 2 .353 0 .138 2 .341 0 .601 1 .264 0 .416 4 .724 0 .518 9 .821 1 .566 4 .479 0 .059 2 .469 0 .621 
K  19 .565 0 .840 16 .589 1 .591 41 .027 19 .803 12 .929 0 .898 9 .715 0 .012 13 .728 1 .267 B D L   B D L   
C a 483.466 8 .436 531.054 45 .101 239.315 78 .538 326.920 7 .431 437.173 9 .898 427.489 4 .663 265.704 39 .516 365.297 7 .177 
V  0 .019 0 .000 0 .017 0 .003 0 .028 0 .025 0 .026 0 .001 0 .021 0 .002 0 .004 0 .001 0 .024  0 .011   
C r 0 .028  0 .014 0 .002 0 .002 0 .531  B D L   B D L   B D L   B D L   B D L   
M n 0 .245 0 .217 4 .450 1 .955 78 .019 7 .176 374.150 21 .324 439.348 52 .085 380.505 2 .590 232.735 2 .105 341.700 23 .593 
Fe 1 .717  0 .278 1 .211 0 .144 3 .611 1 .433 494.170 70 .009 1201.318 30 .464 2122.404 131.316 1888.943 148.626 2687.094 804.525
N i 0 .132  0 .031 0 .012 0 .000 0 .092 0 .073 0 .287 0 .039 0 .340 0 .088 0 .592 0 .079 0 .641 0 .146 1 .760 0 .112 
C o 0 .001 0 .000 0 .001 0 .001 0 .018 0 .001 0 .169 0 .029 0 .350 0 .027 0 .628 0 .000 0 .542 0 .003 0 .953 0 .016 
C u 0 .004 0 .000 0 .008 0 .002 0 .066 0 .058 0 .088 0 .028 0 .091 0 .095 0 .161 0 .095 0 .113 0 .034 0 .550 0 .234 
Zn 0 .118 0 .003 0 .166 0 .008 0 .223 0 .008 0 .341 0 .020 0 .399 0 .125 0 .472 0 .081 0 .363 0 .021 0 .658 0 .036 
A s 0 .004  0 .000 0 .005 0 .000 0 .006 0 .003 0 .008 0 .005 0 .008 0 .001 0 .010  0 .028  0 .024 0 .025  
Se 0 .011  0 .001 0 .015 0 .009 0 .051 0 .047 0 .110 0 .023 0 .153 0 .012 0 .088 0 .014 0 .103 0 .012 B D L   
S r 27 .853 0 .312 26 .260 0 .158 22 .720 8 .338 29 .357 0 .310 26 .158 0 .446 25 .579 0 .076 14 .649 0 .476 20 .222 0 .565 
M o 0 .219 0 .001 0 .178 0 .008 0 .088 0 .052 0 .001 0 .000 0 .004 0 .013 0 .010 0 .001 0 .010 0 .002 0 .063 0 .027 
C d 0 .001 0 .000 0 .001 0 .000 0 .001 0 .000 0 .001 0 .001 0 .002 0 .001 0 .002 0 .000 0 .003 0 .001 0 .009 0 .006 
B a 0 .120 0 .031 0 .018  0 .059  0 .035 0 .122 0 .044 0 .090 0 .004 B D L   B D L   B D L   
Pb  B D L   0 .001   0 .005  0 .004 0 .008 0 .002 0 .001 0 .000 0 .000  B D L   B D L   
SO 4 4084.500 118.500 5788.750 377.500 6929.375 166.875 9246.000 200.000 5711.000 156.000 12617.000 559.000 14549.000 120.000 14737.500 172.500
C l 324 .500 2 .500 210.000 18 .750 95 .000 6 .250 100.000 4 .000 B D L   B D L   B D L   B D L   
N O 3 5 .000  55 .000 1 .250 210.000 3 .750 292.000 24 .000 1008.500 135.500 395.500 14 .500 379.000 1 .000 386.250 41 .250 
PO 4 B D L   B D L   3 .750   10 .000 2 .000 B D L   B D L   B D L   B D L   
alkalin ity  
H C O 3 (m g/L ) 114 .375 5 .625 189.375 11 .875 73 .750 52 .500 B D L   B D L   B D L   B D L   B D L   
pH  8 .295 0 .125 8 .205 0 .075 6 .985 0 .235 4 .315 0 .055 3 .835 0 .045 3 .590 0 .010 3 .525 0 .035 3 .180 0 .070 
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Table B10: Analytical results for solid residue (SR) + 5 % FA core  
 

S R  +  5  %  F A  
d ra in age  
1   

d ra in age  
2   

d ra in age  
3   

d ra in age  
4   

d ra in age  
5   

d ra in age  
6   

d ra in age  
7   

D ra in age  
 8   

e lem en t ave  S D  ave  S D  ave  S D  ave  S D  ave  S D  ave  S D  ave  S D  ave  S D  
B  3 .3 6 1  0 .0 7 8  3 .1 8 9  0 .0 6 4  2 .7 9 5  0 .0 7 3  2 .7 3 9  0 .0 9 4  2 .6 8 9  1 .1 6 1  3 .4 7 6  0 .3 8 8  5 .6 4 7  0 .0 6 6  1 0 .9 7 4  0 .2 3 1  
N a  3 0 4 .1 6 1  3 .1 7 9  7 9 .4 2 6  3 .9 7 5  2 7 .9 8 2  0 .9 3 4  2 1 .2 5 6  0 .8 4 3  1 6 .4 8 4  7 4 .1 8 2  1 5 .6 7 0  1 .4 0 6  2 2 .2 1 0  0 .0 1 7  1 2 .8 5 0  0 .1 6 1  
M g  1 5 .3 9 3  1 .0 5 8  7 .1 7 9  0 .8 4 6  6 .9 6 9  0 .2 7 8  6 .6 0 0  1 .2 5 8  6 .1 4 3  5 .2 5 9  7 .0 7 6  2 .0 6 4  1 1 9 .6 8 0  0 .6 4 9  1 4 4 .3 9 3  0 .3 5 1  
A l 0 .7 9 0  0 .1 8 2  9 .0 4 6  0 .0 1 8  9 .2 6 6  0 .1 7 0  0 .5 2 1  0 .0 8 5  0 .4 9 4   0 .7 2 8  0 .0 5 3  3 .1 1 9  0 .0 3 2  0 .7 0 9  0 .0 5 0  
S i 0 .8 1 2  0 .2 9 5  0 .9 9 1  0 .0 1 1  0 .7 5 5  0 .0 9 8  1 .0 1 8  0 .1 4 1  0 .7 8 9  2 .0 0 8  1 .0 5 4  0 .0 2 4  2 .6 7 0  0 .1 2 1  1 .1 2 5  0 .1 5 6  
K  1 0 7 .1 3 8  1 .7 4 9  9 6 .2 0 3  0 .9 4 8  5 8 .4 6 9  2 .9 6 1  4 7 .5 5 4  2 .6 6 7  3 4 .6 6 5  6 9 .3 0 1  3 0 .9 5 2  1 .6 0 2  2 9 .8 9 2  1 .1 2 9  2 6 .0 7 6  0 .2 6 4  
C a  3 8 8 .8 1 0  3 .3 7 8  4 6 4 .3 4 9  5 .1 6 0  4 3 9 .6 3 4  7 .5 5 3  5 4 0 .8 2 9  1 7 .9 8 4 4 6 4 .6 8 3  1 7 1 .8 3 8 5 9 1 .2 9 9  3 6 .2 1 5 5 7 8 .2 6 6  6 .8 1 6  6 3 5 .9 9 5  2 6 .3 9 2  
V  0 .0 1 7  0 .0 1 3  0 .0 1 7  0 .0 0 6  0 .0 2 6  0 .0 0 0  0 .0 2 8  0 .0 0 2  0 .0 2 6  0 .0 4 9  0 .0 2 9  0 .0 0 3  0 .0 5 1  0 .0 0 2  0 .0 2 2  0 .0 0 2  
C r 1 .4 6 4  0 .0 3 5  0 .9 9 4  0 .0 9 5  0 .8 1 5  0 .0 2 9  0 .5 1 8  0 .0 1 6  0 .2 3 6  0 .9 3 8  0 .1 3 9  0 .0 2 2  0 .3 7 5  0 .0 2 6  0 .0 5 3  0 .0 1 9  
M n  0 .0 5 8  0 .0 3 2  0 .0 4 6  0 .0 1 5  0 .0 1 9  0 .0 0 1  0 .0 0 9  0 .0 0 5  0 .0 1 1   0 .0 0 7  0 .0 0 5  1 5 .8 4 3  0 .0 0 2  0 .0 1 4  0 .0 0 7  
F e  2 .3 0 5  1 .1 3 1  1 .8 2 3  0 .0 0 8  1 .7 1 3  0 .0 1 5  1 .2 3 6  0 .0 2 5  1 .1 1 6  0 .5 6 2  1 .6 8 0  0 .3 0 8  5 5 .5 1 7  0 .2 9 7  1 .2 1 5  0 .0 3 8  
N i 0 .0 1 1  0 .0 0 3  0 .0 0 4  0 .0 0 1  0 .0 0 9  0 .0 0 0  0 .0 2 5  0 .0 0 3  0 .0 2 6   0 .0 0 6  0 .0 0 0  0 .0 7 1  0 .0 0 0  0 .5 2 8  0 .0 0 8  
C o  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 2 7  0 .0 0 0  0 .0 0 1  0 .0 0 0  
C u  0 .0 1 4  0 .0 0 4  0 .0 0 9  0 .0 0 2  0 .0 1 3  0 .0 0 2  0 .0 1 5  0 .0 0 1  0 .0 1 6  0 .0 0 7  0 .0 3 3  0 .0 0 2  0 .0 1 9  0 .0 0 2  0 .0 0 6  0 .0 0 2  
Z n  0 .1 1 0  0 .0 1 9  0 .0 6 7  0 .0 0 3  0 .0 5 7  0 .0 0 2  0 .0 5 6  0 .0 0 2  0 .0 5 9  0 .0 2 6  0 .0 6 8  0 .0 0 8  0 .1 1 6  0 .0 0 4  0 .0 7 9  0 .0 0 2  
A s 0 .0 0 3  0 .0 0 2  0 .0 0 2  0 .0 0 1  0 .0 0 1  0 .0 0 1  0 .0 0 2  0 .0 0 1  0 .0 0 2   0 .0 0 2  0 .0 0 1  0 .0 0 2  0 .0 0 0  0 .0 0 2  0 .0 0 0  
S e  0 .1 6 9  0 .0 0 8  0 .1 3 2  0 .0 0 6  0 .1 2 8  0 .0 0 9  0 .1 2 3  0 .0 1 0  0 .0 8 2  0 .1 6 0  0 .0 3 9  0 .0 0 3  0 .3 7 4  0 .0 0 0  0 .0 3 0  0 .0 0 2  
S r 1 8 .0 1 7  0 .3 7 7  2 6 .1 1 1  0 .0 8 6  2 7 .9 9 7  0 .0 8 1  2 9 .5 6 9  0 .9 6 8  2 7 .9 0 3  1 2 .2 1 0  3 1 .6 1 4  1 .0 5 4  3 0 .9 5 8  0 .3 6 2  3 2 .6 6 1  0 .1 5 3  
M o  1 .5 0 0  0 .0 2 1  0 .6 2 5  0 .0 0 9  0 .3 8 6  0 .0 1 2  0 .2 9 8  0 .0 0 1  0 .2 2 7  0 .5 6 4  0 .2 4 1  0 .0 0 0  0 .2 8 5  0 .0 0 7  0 .2 4 1  0 .0 0 2  
C d  0 .0 0 3  0 .0 0 0  0 .0 0 2  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 1  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  
B a  0 .1 1 1  0 .0 1 1  0 .1 2 7  0 .0 1 0  0 .1 2 9  0 .0 0 2  0 .1 3 4  0 .0 0 5  0 .1 2 4  0 .0 5 6  0 .1 5 3  0 .0 1 6  0 .1 0 1  0 .0 0 7  0 .1 2 9  0 .0 0 5  
P b  0 .0 0 1  0 .0 0 1  0 .0 0 1  0 .0 0 0  B D L  0 .0 0 2  0 .0 0 1  0 .0 0 0  0 .0 0 1   0 .0 0 4  0 .0 0 1  0 .0 0 1  0 .0 0 0  0 .0 0 3  0 .0 0 1  
S O 4  2 2 2 2 .7 5 0  2 4 .7 5 0  1 5 5 0 .5 0 0 1 2 .0 0 0 1 5 3 8 .8 1 0 5 4 .5 9 0 1 3 7 8 .1 9 0 1 0 .1 9 0 1 3 4 6 .3 0 0  2 4 .0 0 0  1 3 0 1 .8 9 0 2 0 .8 8 0 1 5 5 2 .9 3 0 1 6 .9 5 0 1 5 8 5 7 .5 0 0 6 2 7 0 .0 0 0
C l 2 7 .0 0 0  2 .0 0 0  1 0 .2 5 0  0 .2 5 0  5 .8 9 0  1 .7 1 0  9 6 .2 0 5  5 .1 1 5  2 4 5 .1 7 5  6 .0 6 5  2 5 4 .8 7 0  5 .2 8 0  2 8 4 .0 6 5  7 .8 4 5  3 8 8 .1 2 5  5 8 .1 2 5  
N O 3  2 2 9 .2 5 0  0 .7 5 0  B D L   3 8 6 .2 5 0  2 .7 5 0  4 3 8 .4 0 0  1 4 .6 0 0 2 3 .5 5 0  1 .8 5 0  B D L   B D L   3 8 1 .8 7 5   
P O 4  B D L   B D L   B D L   B D L   3 .3 5 0   B D L   6 9 .7 5 0  5 8 .9 5 0 B D L   
a lka lin ity  H C O 3  
(m g/L ) 5 0 .0 0 0   5 6 .2 5 0  6 .2 5 0  4 3 .7 5 0  6 .2 5 0  3 5 .6 2 5  0 .6 2 5  3 0 .6 2 5  3 .1 2 5  3 0 .6 2 5  0 .6 2 5  4 3 .7 5 0  1 .2 5 0  5 3 .1 2 5  5 .6 2 5  
p H  7 .2 7 5  0 .0 2 5  7 .0 5 0  0 .0 9 0  7 .8 3 0  0 .8 8 0  7 .6 1 0  0 .2 5 0  7 .8 7 5  0 .2 0 5  7 .4 8 0  0 .0 5 0  7 .5 5 0  0 .1 0 0  7 .9 5 0  0 .2 1 0  
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Table B10: continued….. 
 

S R  +  5  %  F A  
d ra in age  
9   

d ra in age  
1 0   

d ra in age  
1 1   

D ra in age
1 2   

D ra in age  
1 3   

D ra in age  
1 4   

D ra in age  
1 5   

D ra in age  
1 6   

e lem en t ave  S D  ave  S D  ave  S D  ave  S D  ave  S D  ave  S D  ave  S D  ave  S D  
B  2 0 .6 4 7  0 .1 0 0  3 2 .3 2 4  1 .9 8 7  1 5 .4 1 1  1 .1 5 5  4 3 .0 4 6  1 .3 4 1  3 2 .9 8 2  0 .6 3 1  2 4 .5 5 0  0 .0 7 4  9 .2 8 9  0 .5 1 8  7 .1 9 2  0 .4 4 6  
N a  1 2 .8 2 6  0 .6 4 4  1 5 .0 0 2  0 .5 7 9  1 8 .9 0 3  0 .4 5 1  1 3 .9 7 9  0 .1 2 1  1 5 .8 0 4  0 .7 4 5  1 0 .7 1 2  0 .5 9 6  5 .8 2 5  0 .1 8 1  9 .9 7 4  0 .3 4 0  
M g 3 1 3 .9 9 9  1 1 .1 1 9  9 2 4 .7 5 6  1 3 5 .5 0 4 4 3 1 .1 8 4  6 .3 0 0  1 9 9 4 .3 3 5 0 .8 6 2  1 7 6 2 .1 1 6  5 3 .4 6 8  1 4 6 3 .6 5 2  4 9 .2 4 0  9 7 8 .1 7 6  2 5 .3 7 3 1 1 3 7 .9 0 2  5 6 .5 5 0  
A l 0 .4 0 9  0 .0 4 1  0 .2 2 4  0 .0 1 5  0 .0 9 1  6 .4 9 6  0 .0 5 9  0 .2 5 0  B D L   0 .1 1 0   B D L   0 .6 1 4   
S i 1 .5 2 2  0 .0 4 3  1 .9 4 2  0 .2 8 0  1 .2 4 9  0 .1 9 4  2 .6 7 8  0 .4 1 6  1 .3 5 3  0 .1 2 6  1 .6 6 8  0 .0 5 3  3 .1 0 2  0 .0 6 7  1 .0 1 1  0 .7 5 3  
K  2 1 .9 9 8  1 .1 7 4  2 0 .3 2 0  0 .5 4 2  2 2 .4 6 3  0 .8 2 8  2 0 .8 3 7  0 .8 9 8  2 7 .9 1 5  0 .2 7 3  5 5 .6 5 3  3 4 .7 4 9  D B L   B D L   
C a  5 1 0 .9 3 1  1 5 .7 7 8  6 2 7 .0 3 4  5 6 .9 1 8  5 8 9 .8 4 0  8 .2 8 3  3 3 4 .3 3 6  7 .4 3 1  4 7 3 .0 5 9  2 5 .3 6 3  4 4 8 .2 5 8  4 .0 5 3  2 5 9 .0 1 3  5 .5 4 5  3 3 6 .7 5 0  2 2 .8 0 8  
V  0 .0 1 9  0 .0 0 1  0 .0 1 9  0 .0 0 1  B D L  0 .0 0 0  0 .0 0 5  0 .0 0 1  0 .0 2 3  0 .0 0 4  0 .0 3 4  0 .0 2 5  0 .0 0 7  0 .0 0 1  0 .0 4 6   
C r 0 .0 4 8  0 .0 0 7  0 .0 1 5  0 .0 1 0  B D L   0 .0 0 3   B D L   0 .2 8 3   B D L   B D L   
M n  0 .0 1 7  0 .0 0 2  0 .1 7 9  0 .1 2 4  2 7 .3 3 3  1 .3 9 3  4 5 .8 0 9  2 1 .3 2 4  1 7 2 .5 1 2  5 0 .7 5 6  2 8 8 .6 0 3  5 8 .8 6 8  2 5 3 .8 8 0  9 .3 9 1  3 7 6 .6 2 9  1 5 .4 4 0  
F e  1 .8 9 9  0 .1 4 5  1 .1 1 6  0 .2 3 0  1 .3 5 5  0 .1 0 0  2 .0 8 6  7 0 .0 0 9  9 7 .1 2 2   4 8 5 .7 9 0  2 6 0 .0 4 1 6 8 6 .6 6 0  9 4 .1 6 7 1 7 9 5 .5 3 8  1 5 7 .6 2 7  
N i 0 .0 9 4  0 .0 0 3  0 .0 1 6  0 .0 0 3  0 .0 8 8  0 .0 0 2  0 .0 1 8  0 .0 3 9  0 .0 8 0  0 .0 2 0  0 .3 0 0  0 .0 7 3  0 .3 7 0  0 .0 2 4  1 .5 1 1  0 .1 2 6  
C o  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 1 2  0 .0 0 0  0 .0 1 2  0 .0 2 9  0 .0 5 8  0 .0 2 8  0 .2 2 9  0 .0 8 4  0 .3 3 0  0 .0 0 5  0 .8 9 6  0 .0 2 7  
C u  0 .0 0 3  0 .0 0 2  0 .0 1 7  0 .0 0 3  0 .0 2 3  0 .0 0 1  0 .0 1 4  0 .0 2 8  0 .0 6 0  0 .0 0 1  0 .0 7 0  0 .0 0 2  0 .0 5 8  0 .0 0 9  0 .4 2 9  0 .0 7 8  
Z n  0 .0 9 8  0 .0 0 5  0 .1 5 4  0 .0 0 3  0 .1 6 7  0 .0 0 4  0 .2 5 5  0 .0 2 0  0 .3 0 9  0 .0 4 7  0 .2 2 7  0 .0 2 2  0 .1 9 7  0 .0 1 6  0 .4 3 8  0 .1 0 4  
A s 0 .0 0 3  0 .0 0 0  0 .0 0 5  0 .0 0 1  0 .0 0 1  0 .0 0 0  0 .0 0 5  0 .0 0 5  0 .0 0 7  0 .0 0 1  0 .0 0 7  0 .0 0 4  0 .0 1 0  0 .0 0 4  0 .0 1 7  0 .0 0 6  
S e  0 .0 3 1  0 .0 0 8  0 .0 1 8  0 .0 0 3  0 .1 9 0  0 .0 0 1  0 .0 1 9  0 .0 2 3  0 .1 1 2  0 .0 3 6  0 .0 6 9  0 .0 0 0  0 .2 0 8  0 .0 4 3  0 .1 2 4  0 .0 9 6  
S r 2 8 .5 5 5  0 .6 0 1  2 8 .0 9 6  1 .5 5 8  1 0 .6 8 7  0 .5 2 3  2 7 .4 3 8  0 .3 1 0  2 9 .3 0 6  0 .0 7 8  2 7 .6 8 2  0 .7 3 4  1 5 .9 8 2  0 .6 7 5  2 2 .0 9 7  1 .0 5 7  
M o  0 .2 2 7  0 .0 1 0  0 .2 2 9  0 .0 2 5  0 .1 0 7  0 .0 3 6  0 .1 7 1  0 .0 0 0  0 .0 5 6  0 .0 4 3  0 .0 0 6  0 .0 0 2  0 .0 0 4  0 .0 0 0  0 .0 2 3  0 .0 0 5  
C d  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 1  0 .0 0 1  0 .0 0 0  0 .0 0 4  0 .0 0 1  0 .0 0 3  0 .0 0 2  0 .0 1 1  0 .0 0 5  
B a  0 .1 2 6  0 .0 0 4  0 .0 9 6  0 .0 0 7  0 .1 5 4  0 .0 1 4  0 .0 7 3  0 .0 4 4  0 .0 3 5  0 .0 0 2  B D L   B D L   B D L   
P b  0 .0 0 1  B D L  0 .0 0 3  0 .0 0 1  0 .0 0 4  0 .0 0 1  0 .0 0 1  0 .0 0 2  0 .0 0 3   B D L   B D L   B D L   
S O 4  2 8 7 8 .0 0 0  6 6 .0 0 0  3 8 2 5 .0 0 0 4 7 0 .0 0 0 7 9 6 6 .8 7 5 8 0 9 .3 7 5 7 2 9 9 .0 0 0 1 3 7 .0 0 0 4 8 7 6 .0 0 0  3 4 9 .0 0 0 1 0 9 6 2 .0 0 0 8 7 4 .0 0 0 1 0 9 7 4 .0 0 0 0 .0 0 0  1 4 6 5 5 .0 0 0 1 1 7 .5 0 0  
C l 3 3 4 .5 0 0  9 .5 0 0  2 6 8 .7 5 0  6 .2 5 0  1 1 7 .5 0 0  1 .2 5 0  1 2 2 .0 0 0  1 6 .0 0 0  B D L   B D L   B D L   B D L   
N O 3  B D L   2 6 .8 7 5  1 4 .3 7 5  2 2 0 .0 0 0  1 6 0 .0 0 0 2 0 3 .0 0 0  8 3 .0 0 0  9 6 0 .5 0 0  3 1 9 .5 0 0 3 6 5 .0 0 0  3 8 .0 0 0  2 5 7 .0 0 0  0 .0 0 0  3 3 8 .7 5 0  5 8 .7 5 0  
P O 4  B D L  3 .7 5 0   4 .3 7 5   1 5 .0 0 0  3 .0 0 0   B D L   B D L   B D L   B D L   
a lka lin ity  
H C O 3  (m g /L ) 7 6 .8 7 5  4 .3 7 5  1 4 4 .3 7 5  2 5 .6 2 5  2 5 0 .0 0 0  4 1 .2 5 0  2 2 1 .2 5 0  4 8 .7 5 0  9 1 .2 5 0   B D L   B D L   B D L   
p H  8 .2 5 0  0 .2 1 0  8 .0 6 0   8 .2 3 0  0 .0 2 0  7 .7 4 5  0 .2 9 5  6 .1 7 0  0 .6 9 0  4 .6 5 5  0 .2 5 5  4 .1 8 5  0 .0 8 5  3 .5 6 0  0 .1 7 0  
  

 

 

 

 



 

346 

Table B11: Analytical results for solid residue (SR) + 25 % FA core  
 

S R  +  2 5  %  F A  
d ra in a g e  
1   

d ra in g e  
2   

d r a in a g e  
3   

d ra in a g e  
4   

d ra in a g e  
5   

d ra in a g e  
6   

d ra in a g e  
7   

d ra in a g e  
8   

e le m e n t  a v e   a v e  S D  a v e  S D  a v e  S D  a v e  S D  a v e  S D  a v e  S D  a v e  S D  
B  2 .7 7 3   2 .6 9 4  0 .1 8 1  1 .6 4 5  0 .0 0 0  1 .4 8 8  0 .0 2 8  1 .7 0 3  0 .1 6 6  2 .4 9 0  0 .1 4 4  4 .4 1 4  0 .2 3 5  8 .0 0 0  0 .0 1 5  
N a  1 8 8 .0 7 8   1 7 1 .8 1 1 2 .5 0 5  4 0 .0 1 5  2 .9 3 6  2 8 .2 4 0  1 .4 5 1  2 0 .9 5 2  1 .1 3 6  1 7 .7 7 7  0 .3 0 3  1 5 .1 5 9  1 .0 7 0  1 5 .1 3 7  0 .4 2 3  
M g  2 .8 2 0   0 .7 6 5  0 .0 7 2  1 .3 0 4  0 .3 5 2  7 .4 7 3  5 .1 7 6  7 .0 8 0  3 .6 3 5  1 9 .7 3 3  9 .4 6 7  5 6 .9 3 2  1 5 .5 8 5 1 0 9 .5 1 0  1 4 .8 2 9  
A l  0 .2 2 5   8 .9 6 2  0 .0 2 0  9 .2 1 1  0 .0 1 5  0 .6 3 8  0 .0 0 1  0 .6 4 6  0 .0 4 5  0 .6 3 4  0 .0 7 9  0 .4 5 2  0 .0 5 7  0 .3 9 7  0 .1 4 6  
S i  1 .0 2 2   3 .2 5 2  0 .0 3 3  2 .7 4 3  0 .2 1 5  2 .9 0 9  0 .1 1 6  2 .4 6 1  0 .0 9 1  2 .3 2 6  0 .1 8 7  2 .0 7 9  0 .3 9 8  2 .0 0 3  0 .2 8 1  
K  1 0 4 .1 7 9   1 2 1 .9 0 4 6 .6 4 7  6 1 .7 5 2  2 .8 9 9  5 1 .3 6 0  2 .6 2 6  4 0 .1 0 6  2 .4 2 7  3 0 .1 0 8  0 .1 3 0  2 8 .0 0 2  2 .3 4 1  2 7 .1 3 4  0 .0 1 2  
C a  2 0 6 .0 7 0   4 4 1 .5 3 0 5 .1 3 9  4 3 6 .5 0 8  1 5 .4 8 1 5 5 1 .8 7 4  1 0 .2 5 1 5 8 5 .4 2 0  1 2 .4 1 1 5 6 4 .7 1 4  2 1 .8 7 9  5 8 3 .0 4 3  2 5 .5 3 2 5 4 2 .1 7 0  1 3 .0 0 3  
V  0 .0 0 4   0 .1 3 8  0 .0 0 9  0 .1 1 9  0 .0 0 5  0 .1 2 1  0 .0 0 2  0 .1 0 7  0 .0 0 1  0 .0 9 9  0 .0 0 6  0 .0 7 0  0 .0 1 8  0 .0 4 1  0 .0 3 7  
C r  1 .1 0 2   2 .9 4 4  0 .0 8 9  2 .3 1 5  0 .0 7 7  1 .9 4 7  0 .0 4 3  1 .1 8 7  0 .0 4 4  0 .5 9 6  0 .0 1 9  0 .3 5 2  0 .1 0 6  0 .3 5 2   
M n  0 .2 0 9   0 .0 1 1  0 .0 0 2  0 .0 0 3  0 .0 0 0  0 .0 0 2  0 .0 0 0  0 .0 0 2  0 .0 0 1  0 .0 0 7  0 .0 0 4  1 .6 7 1  1 .6 6 8  3 .7 5 8  3 .7 1 1  
F e  0 .4 5 5   1 .7 6 9  0 .1 5 9  1 .7 3 0  0 .3 3 0  1 .3 5 7  0 .1 7 4  1 .3 8 8  0 .5 3 7  1 .4 7 7  0 .0 7 1  1 .6 1 2  0 .1 7 1  1 .3 5 0  0 .0 6 1  
N i  0 .0 1 0   0 .0 0 3  0 .0 0 0  0 .0 1 0  0 .0 0 0  0 .0 2 7  0 .0 0 1  0 .0 1 9  0 .0 1 0  0 .0 0 5  0 .0 0 1  0 .0 0 3  0 .0 0 1  0 .5 6 0  0 .0 4 9  
C o  0 .0 0 1   0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 3  0 .0 0 3  
C u  0 .0 5 4   0 .0 1 7  0 .0 0 7  0 .0 1 2  0 .0 0 1  0 .0 1 5  0 .0 0 0  0 .0 1 6  0 .0 0 0  0 .0 2 4  0 .0 1 0  0 .0 0 4  0 .0 0 0  0 .0 0 6  0 .0 0 2  
Z n  0 .0 7 5   0 .0 7 2  0 .0 0 0  0 .0 5 7  0 .0 0 3  0 .0 6 6  0 .0 0 5  0 .0 6 4  0 .0 0 1  0 .0 5 9  0 .0 0 0  0 .0 5 8  0 .0 0 4  0 .3 3 2  0 .2 3 9  
A s  0 .0 0 1   0 .0 0 3  0 .0 0 1  0 .0 0 2  0 .0 0 0  0 .0 0 2  0 .0 0 0  0 .0 0 2  0 .0 0 0  0 .0 0 2  0 .0 0 0  0 .0 0 2  0 .0 0 1  0 .0 0 2  0 .0 0 0  
S e  0 .1 3 1   0 .3 1 4  0 .0 1 4  0 .3 4 7  0 .0 0 1  0 .3 4 1  0 .0 0 3  0 .2 4 1  0 .0 0 5  0 .1 4 0  0 .0 0 2  0 .0 9 0  0 .0 0 1  0 .0 8 4  0 .0 2 4  
S r  8 .5 2 8   3 0 .0 9 8  0 .0 1 6  3 5 .3 1 3  1 .5 8 0  3 7 .7 1 6  1 .1 3 2  3 6 .3 9 7  0 .8 8 6  3 3 .5 4 4  1 .0 7 7  3 3 .5 5 5  1 .0 7 9  3 2 .2 3 1  0 .6 7 2  
M o  0 .9 9 2   1 .4 0 4  0 .0 3 4  0 .7 9 4  0 .0 2 1  0 .5 5 7  0 .0 1 4  0 .4 2 1  0 .0 0 1  0 .3 3 9  0 .0 0 7  0 .3 1 8  0 .0 1 9  0 .2 8 2  0 .0 2 4  
C d  0 .0 0 2   0 .0 0 3  0 .0 0 0  0 .0 0 2  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  
B a  0 .0 7 4   0 .1 7 6  0 .0 3 9  0 .1 6 1  0 .0 0 5  0 .1 7 3  0 .0 0 0  0 .1 5 7  0 .0 1 7  0 .1 8 3  0 .0 1 6  0 .1 6 6  0 .0 3 3  0 .1 4 3  0 .0 4 0  
P b  B D L   0 .0 0 0  0 .0 0 0  0 .0 0 0  0 .0 0 0  0 .0 0 0  0 .0 0 0  0 .0 0 0  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 2  0 .0 0 0  
S O 4  2 4 7 2 .0 0 0   9 0 9 .0 0 0 8 6 4 .5 0 0 1 5 3 6 .9 0 5 2 5 .8 9 5 1 3 6 3 .4 5 5 1 4 .1 1 5 1 3 2 0 .2 0 5  7 .1 8 5  1 3 9 8 .9 9 0 4 1 .2 8 0  1 5 9 6 .1 7 5 1 8 .8 0 5 5 6 4 7 .2 5 0 1 7 9 4 .2 5 0  
C l  5 1 .5 0 0   8 .7 5 0  5 .2 5 0  1 5 .2 2 5  7 .0 5 5  1 0 2 .2 0 5  3 .8 4 5  2 4 9 .1 3 5  1 2 .3 4 5 2 7 2 .8 5 5  3 .4 4 5  2 7 3 .7 9 0  4 .3 0 0  4 4 4 .7 5 0  9 0 .2 5 0  
N O 3  4 7 .5 0 0   B D L   3 2 0 .5 0 0   4 1 9 .0 0 0  2 .4 0 0  4 9 .2 0 0  3 .8 0 0  1 3 0 8 .5 0 0 1 2 9 6 .5 0 0 7 .5 5 0  1 .8 5 0  2 .0 0 0   
P O 4  B D L   B D L   B D L   4 .8 0 0   B D L   2 .5 5 0   5 .0 0 0   B D L   
a lk a l in i ty  H C O 3  
(m g /L )  N A   1 1 2 .5 0 0 1 2 .5 0 0  6 2 .5 0 0   5 5 .0 0 0  1 .2 5 0  5 3 .1 2 5  6 .8 7 5  4 8 .1 2 5  3 .1 2 5  5 5 .0 0 0   4 8 .1 2 5  1 8 .1 2 5  
p H  8 .0 6 0   8 .4 9 0  0 .1 1 0  8 .4 9 5  0 .1 1 5  8 .5 6 0  0 .0 4 0  8 .8 4 5  0 .0 3 5  8 .5 4 5  0 .1 2 5  8 .5 4 5  0 .2 1 5  7 .9 5 5  0 .5 0 5  
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Table B11: continued… 
 

S R  +  2 5  %  F A  
d ra in ag e  
9   

d ra in ag e  
1 0   

d ra in ag e  
1 1   

D ra in ag e
1 2   

d ra in a ge  
1 3   

d ra in ag e  
1 4   

d ra in ag e  
1 5   

d ra in ag e  
1 6   

e le m en t a ve  S D  ave  S D  ave  S D  a ve  S D  ave  S D  a v e  S D  ave  S D  ave  S D  
B  1 4 .5 0 7  0 .9 2 7  2 6 .1 1 0  3 .4 0 1  2 9 .2 1 4  8 .6 3 8  3 9 .8 4 0  1 .5 8 1  3 2 .4 2 0  0 .3 6 5  3 1 .2 9 6  2 .0 8 2  1 2 .1 4 7  1 .1 8 4  1 0 .9 1 0  2 .3 4 1  
N a  1 4 .8 1 5  0 .0 3 2  1 7 .9 9 4  2 .7 2 8  2 1 .4 0 8  5 .1 8 7  1 4 .8 2 2  2 .4 4 6  1 4 .6 5 1  0 .8 7 9  1 0 .9 3 8  1 .0 1 1  5 .3 7 9  0 .0 9 6  8 .6 1 2  0 .1 0 0  
M g  1 9 4 .9 8 6  1 0 .0 6 8  5 7 4 .0 8 2  1 5 6 .3 6 4 7 6 0 .7 6 9  2 0 5 .7 8 1 1 4 0 1 .2 2 0 1 3 4 .7 9 9 1 4 4 4 .8 2 5  2 .1 9 4  1 5 4 8 .8 0 9  1 1 0 .7 5 9 1 0 3 2 .6 6 8  3 0 .3 9 4  1 1 8 6 .6 4 0  2 2 .2 9 0  
A l 0 .3 6 3  0 .0 8 3  0 .2 8 4  0 .0 7 8  0 .0 8 6  0 .0 4 3  0 .1 0 7  B D L  0 .0 7 1  B D L  0 .0 8 6  B D L  0 .3 1 3  0 .0 5 6  2 .9 5 9  0 .3 9 2  
S i 1 .8 3 6  0 .0 6 9  1 .4 1 5  0 .1 6 1  1 .4 7 3  0 .4 8 9  1 .3 7 9  1 .1 1 1  9 .7 0 0  8 .1 2 4  3 .3 1 6  0 .4 2 3  1 .3 2 9  0 .1 0 5  1 .5 3 8          
K  2 4 .3 4 3  0 .7 1 5  2 3 .0 7 5  2 .7 6 9  2 5 .0 0 9  2 .0 3 6  1 0 .4 5 1  4 .7 5 7  7 7 .3 3 9  5 9 .2 4 5  6 .6 2 9  1 .8 4 7  B D L  B D L  B D L  B D L  
C a  5 3 5 .4 2 2  5 .8 8 7  6 5 3 .1 0 3  4 1 .9 4 6  3 6 8 .9 8 5  9 3 .7 7 6  3 7 1 .7 4 7  6 1 .5 6 9  4 3 5 .2 8 3  3 3 .0 0 7  4 5 9 .4 1 6  2 1 .8 6 3  2 3 8 .5 0 8  8 .9 5 9  3 4 5 .5 6 2  1 3 .0 1 0  
V  0 .0 3 9  0 .0 1 9  0 .0 2 0  0 .0 1 1  0 .0 0 5  0 .0 0 1  0 .0 1 3  0 .0 1 2  0 .0 4 9  0 .0 4 1  0 .0 0 5  0 .0 0 4  0 .0 0 2  B D L  0 .0 1 7  0 .0 0 8  
C r 0 .1 5 8  0 .0 7 7  0 .1 6 0  0 .0 1 0  0 .0 8 7   0 .0 2 6  B D L  0 .8 4 3  B D L  0 .0 0 5  B D L  B D L  B D L  B D L  B D L  
M n  5 .4 8 6  5 .3 5 4  5 .3 9 5  0 .2 2 1  1 5 .7 9 5  1 1 .5 0 6  5 0 .7 6 9  2 6 .9 9 9  1 0 2 .7 3 6  3 .2 1 5  2 1 7 .6 3 6  1 7 .9 6 5  2 0 7 .1 9 8  5 .1 2 1  3 6 4 .6 9 7  1 .6 8 4  
F e  2 .7 4 8  0 .7 8 8  1 .4 0 7  0 .1 3 7  1 .0 7 0  0 .1 4 1  4 7 .5 8 9  4 6 .2 8 6  1 2 0 .5 6 0  1 1 6 .3 8 3 4 7 1 .4 9 8  2 7 9 .0 5 5 6 7 2 .7 4 7  2 3 8 .3 2 6 1 8 8 8 .4 8 6  2 0 8 .5 2 9  
N i 0 .0 4 8  0 .0 1 4  0 .0 1 4  0 .0 0 0  0 .0 2 4  0 .0 0 6  0 .0 5 2  0 .0 3 7  0 .1 4 6  0 .0 4 4  0 .3 8 2  0 .0 9 4  0 .4 3 7  0 .0 4 9  1 .4 4 7  0 .0 1 8  
C o  0 .0 0 3  0 .0 0 3  0 .0 0 2  0 .0 0 0  0 .0 0 7  0 .0 0 5  0 .0 3 7  0 .0 3 4  0 .1 0 8  0 .0 3 2  0 .2 6 6  0 .0 2 8  0 .3 4 0  0 .0 1 1  0 .9 1 4  0 .0 7 6  
C u  0 .0 0 3  0 .0 0 1  0 .0 1 1  0 .0 0 2  0 .0 3 3  0 .0 1 0  0 .0 4 9  0 .0 4 0  0 .1 0 9  0 .0 3 7  0 .1 9 3  0 .0 0 6  0 .0 4 4  0 .0 0 0  0 .3 3 0  0 .1 4 8  
Z n  0 .0 9 1  0 .0 0 4  0 .1 1 6  0 .0 0 7  0 .1 3 1  0 .0 1 3  0 .2 3 5  0 .0 2 7  0 .3 5 4  0 .1 8 4  0 .2 6 2  0 .0 4 6  0 .1 9 7  0 .0 0 1  0 .4 9 6  0 .1 5 3  
A s  0 .0 0 2  0 .0 0 1  0 .0 0 2  0 .0 0 1  0 .0 0 3  0 .0 0 2  0 .0 0 5  0 .0 0 3  0 .0 1 6  0 .0 0 9  0 .0 2 1  B D L  0 .0 0 3  0 .0 0 0  0 .0 0 7  B D L  
S e  0 .0 9 3  0 .0 1 7  0 .0 9 9  0 .0 1 2  0 .0 7 7  0 .0 3 4  0 .1 6 3  0 .0 6 8  0 .1 0 0  0 .0 0 3  0 .0 5 9  0 .0 2 8  0 .1 3 1  0 .0 2 6  0 .1 7 7  0 .0 8 2  
S r  2 8 .9 0 7  0 .2 1 5  2 9 .4 7 5  0 .6 8 1  2 2 .3 9 7  2 .1 1 9  2 3 .3 8 7  1 .6 7 7  2 3 .1 4 4  2 .2 3 8  2 6 .4 7 3  1 .0 4 5  1 4 .8 8 3  0 .7 2 2  2 2 .4 0 9  1 .3 0 2  
M o  0 .2 5 1  0 .0 1 5  0 .2 6 4  0 .0 2 1  0 .2 0 7  0 .0 5 4  0 .0 9 6  0 .0 7 3  0 .0 8 3  0 .0 5 1  0 .0 6 0  0 .0 5 3  0 .0 0 3  0 .0 0 1  0 .0 1 1  0 .0 0 4  
C d  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 2  0 .0 0 2  0 .0 0 1  0 .0 0 0  0 .0 0 2  0 .0 0 0  0 .0 0 8  0 .0 0 2  
B a  0 .1 3 4  0 .0 1 2  0 .1 2 6  0 .0 0 9  0 .0 9 1  0 .0 1 2  0 .0 7 4  0 .0 0 7  B D L   B D L   B D L   B D L   
P b  B D L   0 .0 0 2  0 .0 0 0  0 .0 0 1  0 .0 0 1  0 .0 0 2  B D L  B D L   B D L   B D L   B D L   
S O 4  2 3 2 1 .5 0 0  5 9 .5 0 0  2 8 7 1 .2 5 0 5 1 0 .0 0 0 3 2 5 2 .5 0 0 8 4 8 .7 5 0 6 2 2 3 .0 0 0 1 7 7 .0 0 0 4 1 5 8 .0 0 0  9 7 .0 0 0  1 0 7 9 3 .5 0 0 2 7 2 .5 0 0 1 2 3 6 3 .5 0 0 7 8 8 .5 0 0 1 3 8 1 5 .0 0 0 8 2 .5 0 0  
C l 3 2 4 .5 0 0  1 4 .5 0 0  2 7 4 .3 7 5  3 0 .6 2 5  1 1 3 .7 5 0   9 8 .0 0 0  2 .0 0 0  B D L   B D L   B D L   B D L   
N O 3  5 .0 0 0   4 6 .2 5 0  8 .7 5 0  2 0 8 .1 2 5  1 8 .1 2 5  1 8 0 .0 0 0  1 6 .0 0 0  4 1 8 .5 0 0  1 7 3 .5 0 0 3 3 9 .5 0 0  1 0 .5 0 0  3 1 5 .0 0 0  9 .0 0 0  2 6 3 .7 5 0  6 .2 5 0  
P O 4  B D L   5 .0 0 0   1 5 .6 2 5  8 .1 2 5  4 .3 7 5   2 1 .0 0 0  1 .0 0 0  B D L   B D L   B D L   
a lk a lin ity  
H C O 3  (m g /L ) 6 7 .5 0 0  1 6 .2 5 0  9 3 .1 2 5  1 6 .8 7 5  1 3 5 .0 0 0  9 1 .2 5 0  2 2 1 .2 5 0   8 3 .7 5 0   B D L   B D L   B D L   
p H  8 .0 9 5  0 .3 3 5  8 .1 1 5  0 .1 2 5  7 .6 6 5  0 .3 3 5  6 .6 9 0  1 .1 9 0  5 .9 3 5  0 .7 4 5  5 .0 1 0  0 .5 9 0  4 .3 1 0  0 .2 0 0  3 .4 5 0  0 .2 9 0  
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Table B12: Analytical results for solid residue (SR) + 40 % FA core  
 

S R  +  4 0  %  F A  
d ra in age  
2   

d ra in age  
3   

d ra in ag e  
4   

d ra in ag e  
5   

d ra in age  
6   

d ra in ag e  
7   

d ra in ag e  
8   

d ra in age  
9   

e lem en t ave  S D  ave  S D  ave  S D  ave  S D  ave  S D  ave  S D  ave  S D  ave  S D  
B  0 .9 0 9  0 .0 5 0  0 .6 8 1  0 .0 1 5  0 .6 8 4  0 .0 2 6  0 .8 6 1  0 .0 0 8  1 .3 0 1  0 .0 0 3  2 .1 9 0  0 .0 0 6  4 .4 8 1  0 .1 9 3  9 .3 8 5  0 .6 8 0  
N a  2 3 9 .1 9 6  1 .2 7 5  4 8 .8 5 9  0 .7 2 7  3 0 .6 4 8  0 .1 2 8  2 3 .0 3 5  0 .0 1 3  1 9 .7 3 8  0 .1 9 8  1 6 .4 6 6  1 .1 7 6  1 6 .4 5 6  0 .3 0 9  1 5 .0 7 6  0 .7 7 2  
M g 0 .7 5 3  0 .0 1 5  0 .7 6 3  0 .1 3 0  2 .8 9 0  0 .7 1 8  2 .4 8 3  0 .3 0 1  6 .2 1 2  1 .3 4 1  1 9 .4 7 2  4 .3 1 6  4 5 .7 7 0  2 1 .8 2 0  1 1 2 .0 1 4  2 3 .3 2 0
A l 8 .8 6 5  0 .0 3 5  9 .2 4 1  0 .0 2 6  0 .5 8 2  0 .0 9 3  0 .6 7 1  0 .0 2 2  0 .7 8 2  0 .0 2 7  0 .6 2 7  0 .1 2 3  0 .6 7 0  0 .0 6 3  0 .4 7 6  0 .0 1 4  
S i 6 .8 5 7  0 .1 4 0  4 .2 9 1  0 .2 3 3  3 .3 0 7  0 .1 7 9  2 .9 9 3  0 .1 0 4  2 .8 3 0  0 .0 5 1  2 .7 4 6  0 .2 6 6  2 .4 4 7  0 .0 7 9  1 .7 5 5  0 .2 4 2  
K  1 3 7 .9 8 8  1 2 .5 8 7  6 7 .9 1 3  6 .7 3 7  5 1 .2 7 2  3 .7 4 1  4 1 .8 6 2  1 .8 4 2  3 4 .2 2 9  0 .9 8 9  3 0 .2 0 1  2 .3 6 4  3 0 .0 2 0  0 .1 9 3  2 5 .6 3 1  2 .1 6 2  
C a  4 0 3 .1 0 8  6 .8 0 6  4 1 3 .6 9 0  2 0 .0 1 0  5 4 3 .4 4 6  1 5 .9 9 5 5 2 3 .4 4 5  1 6 .5 4 8  5 5 4 .3 9 9  1 0 .9 8 4 5 6 2 .2 5 3  5 .9 1 8  6 8 2 .0 7 9  1 1 .2 1 3  5 4 3 .6 0 1  3 1 .9 0 4
V  0 .2 2 6  0 .0 0 9  0 .1 7 3  0 .0 0 5  0 .1 6 9  0 .0 0 4  0 .1 5 3  0 .0 0 1  0 .1 4 5  0 .0 0 2  0 .1 2 9  0 .0 0 7  0 .1 1 9  0 .0 0 0  0 .0 8 3  0 .0 0 3  
C r 4 .3 5 7  0 .0 0 7  3 .3 6 4  0 .1 1 0  2 .8 9 5  0 .1 5 6  1 .7 2 1  0 .2 0 9  0 .7 6 0  0 .1 0 2  0 .3 5 0  0 .0 5 8  0 .3 0 4  0 .0 1 3  0 .2 5 5  0 .0 2 5  
M n  0 .0 0 3  0 .0 0 0  0 .0 0 5   0 .0 3 0  0 .0 2 4  0 .0 0 2  0 .0 0 1  0 .0 0 7  0 .0 0 1  0 .0 0 4  0 .0 0 2  0 .0 1 1  0 .0 0 0  1 .4 5 0  1 .4 1 9  
F e  1 .6 4 2  0 .1 0 0  1 .7 5 4  0 .2 8 4  0 .8 6 8  0 .2 1 2  1 .0 5 1  0 .0 9 9  1 .6 0 2  0 .0 5 3  1 .3 9 5  0 .0 5 4  1 .4 0 5  0 .0 7 6  1 .7 9 9  0 .4 0 8  
N i 0 .0 0 7   0 .0 0 7  0 .0 0 4  0 .0 2 8  0 .0 0 1  0 .0 2 7  0 .0 0 0  0 .0 0 6  0 .0 0 0  0 .1 2 6  0 .1 2 3  0 .6 8 7  0 .0 0 9  0 .0 3 4  0 .0 0 1  
C o  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  
C u  0 .0 1 3  0 .0 0 4  0 .0 1 1  0 .0 0 1  0 .0 0 8  0 .0 0 0  0 .0 1 4  0 .0 0 1  0 .0 2 8  0 .0 0 3  0 .0 0 6  0 .0 0 1  0 .0 1 0  0 .0 0 2  0 .0 0 2  0 .0 0 1  
Z n  0 .0 7 7  0 .0 0 2  0 .0 5 7  0 .0 0 4  0 .0 5 2  0 .0 0 5  0 .0 6 0  0 .0 0 6  0 .0 6 0  0 .0 0 4  0 .0 4 8  0 .0 0 0  0 .0 7 7  0 .0 0 5  0 .0 6 5  0 .0 0 9  
A s 0 .0 0 6  0 .0 0 1  0 .0 0 3  0 .0 0 0  0 .0 0 2  0 .0 0 0  0 .0 0 3  0 .0 0 0  0 .0 0 2  0 .0 0 0  0 .0 0 2  0 .0 0 0  0 .0 0 3  0 .0 0 0  0 .0 0 3  0 .0 0 0  
S e  0 .2 2 5  0 .0 3 9  0 .2 6 5  0 .0 4 6  0 .4 0 0  0 .0 9 5  0 .2 1 4  0 .0 3 6  0 .0 9 4  0 .0 0 9  0 .0 6 6  0 .0 1 2  0 .0 7 1  0 .0 1 9  0 .0 7 2  0 .0 1 1  
S r 3 3 .3 5 8  1 .3 7 2  4 0 .0 1 0  3 .5 0 7  4 1 .3 0 9  2 .6 8 3  3 8 .4 6 1  2 .6 2 9  3 6 .4 2 8  1 .1 6 9  3 5 .9 4 5  1 .3 6 1  3 4 .6 9 0  1 .8 3 2  3 0 .1 7 4  2 .7 9 4  
M o  1 .9 4 7  0 .0 2 6  1 .1 7 7  0 .0 6 0  0 .8 2 4  0 .0 4 2  0 .5 6 9  0 .0 4 2  0 .4 7 9  0 .0 0 8  0 .4 4 1  0 .0 0 7  0 .4 1 7  0 .0 0 2  0 .3 4 7  0 .0 2 1  
C d  0 .0 0 4  0 .0 0 0  0 .0 0 2  0 .0 0 0  0 .0 0 2  0 .0 0 0  0 .0 0 7  0 .0 0 6  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  
B a  0 .1 1 8  0 .0 3 0  0 .1 4 7  0 .0 1 5  0 .1 0 6  0 .0 2 0  0 .1 0 6  0 .0 4 5  0 .2 0 7  0 .0 4 6  0 .1 6 9  0 .0 2 1  0 .0 9 7  0 .0 2 1  0 .1 4 1  0 .0 0 5  
P b  0 .0 0 0  0 .0 0 0  B D L   0 .0 0 3  0 .0 0 2  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0  0 .0 0 2  0 .0 0 1  0 .0 0 3  0 .0 0 1  B D L   
S O 4  1 9 5 9 .5 0 0  9 .0 0 0  1 5 4 6 .9 1 5 3 2 .6 6 5  1 2 8 9 .2 3 0 3 3 .2 6 0 1 2 6 4 .2 7 0 4 7 .1 8 0  1 3 0 4 .9 8 0  6 9 .6 7 0 1 4 8 7 .5 2 0 1 4 .5 7 0 1 5 1 2 .2 5 0 1 8 0 .7 5 0 1 9 3 1 .0 0 0 9 9 .0 0 0
C l 2 2 .0 0 0  2 .5 0 0  8 .4 2 5  2 .8 4 5  9 8 .5 6 0  9 .4 5 0  2 5 3 .2 3 0  5 .2 6 0  2 5 8 .9 2 5  3 .9 2 5  2 9 4 .3 4 0  9 .8 1 0  1 0 8 .7 5 0  0 .7 5 0  3 0 7 .5 0 0  1 1 .5 0 0
N O 3  B D L  1 5 8 .5 0 0  2 2 .5 0 0  3 3 3 .8 5 0 5 .0 5 0  4 5 .6 0 0 1 7 .1 0 0  6 2 4 0 .0 0 0 2 2 1 2 .5 0 0  2 4 .0 0 0 1 2 .2 0 0   B D L   2 5 .0 0 0  1 5 .0 0 0
P O 4  B D L   B D L   3 .8 0 0   3 .8 0 0   B D L   2 2 .3 5 0  6 .1 5 0  2 .5 0 0   B D L   
a lka lin ity  H C O 3  
(m g /L ) 2 5 6 .2 5 0  4 3 .7 5 0  7 5 .0 0 0   4 6 .8 7 5  1 .8 7 5  5 6 .2 5 0  2 .5 0 0  5 1 .8 7 5  0 .6 2 5  5 1 .8 7 5  1 .8 7 5  5 6 .2 5 0  2 .5 0 0  6 6 .8 7 5  3 .1 2 5  
p H  1 0 .7 8 0  0 .0 2 0  9 .5 8 0  0 .8 8 0  9 .5 4 5  0 .7 4 5  9 .9 4 5  0 .7 0 5  9 .3 6 0  0 .5 6 0  8 .5 7 0  0 .0 5 0  8 .8 6 0  0 .1 9 0  8 .7 5 0  0 .2 5 0  
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Table B12: continued….. 
 

 

S R  +  4 0  %  F A  
d ra in a g e  
1 0   

d r a in a g e  
1 1   

d ra in a g e  
1 2   

d r a in a g e  
1 3   

d r a in a g e  
1 4   

d r a in a g e  
1 5   

d r a in a g e  
1 6   

e le m e n t  a v e  S D  a v e  S D  a v e  S D  a v e  S D  a v e  S D  a v e  S D  a v e  S D  
B  2 2 .1  1 .7  2 6 .1  0 .9  3 0 .5  3 .7  3 4 .9  1 .0  3 6 .4  0 .9  2 1 .3  1 .8  2 1 .7  2 .6  
N a  3 9 .4  2 3 .3  2 2 .2  7 .3  1 5 .9  2 .5  1 5 .7  1 .2  1 2 .0  0 .8  6 .0  0 .0  9 .3  0 .2  
M g  3 3 2 .6  3 5 .1  4 4 7 .0  9 6 .5  8 0 4 .4  1 0 6 .9 9 5 7 .6  2 7 2 .5  1 1 5 4 .0  1 9 3 .6 1 0 4 0 .7  5 1 .6  1 2 5 3 .5  2 8 .8
A l 0 .7 4 0  0 .0 9 0  0 .6 1 8  0 .2 7 3  B D L   0 .3 9 9  2 2 .2 2 7  0 .4 2 0   7 .3 0 1  3 .4 2 3 3 .4 3 1  0 .1 8 8
S i  1 .2 1   1 .3 4   1 .4 3   4 .1 9  0 .5 2  2 .6 8  0 .6 1  5 .5 6  0 .8 1  1 .8 9   
K  6 2 .0  3 9 .4  1 8 .1  5 .8  1 4 .2  4 .9  5 9 .6  0 .0  7 .4  0 .9  3 .7   B D L   
C a  5 3 5 .2  6 2 .9  4 7 5 .4  3 5 .4  4 4 4 .5  6 0 .9  5 0 2 .7  9 .9  4 4 0 .9  0 .2  2 6 4 .8  5 .1  3 4 9 .1  2 7 .5
V  0 .0 6 1  0 .0 0 4  0 .0 2 6  0 .0 0 4  0 .0 0 2  0 .0 0 1 0 .0 4 6  0 .0 0 2  B D L   0 .0 0 9  0 .0 0 4 0 .0 0 8   
C r  0 .7 1 9  0 .4 6 2  0 .1 2 4   B D L   0 .1 7 4   B D L   B D L   B D L   
M n  1 9 .3  1 3 .0  3 7 .2  2 6 .5  7 6 .8  1 5 .4  9 7 .8  5 2 .1  1 3 5 .6  1 7 .0  1 3 7 .7  2 3 .9  2 9 1 .2  2 6 .0
F e  1 7 .2  1 5 .8  4 5 .7  4 4 .4  1 0 9 .6  1 0 6 .4 2 0 6 .5  3 0 .5  4 8 7 .5  1 9 0 .4 4 3 0 .8  5 8 .3  1 3 2 0 .0  1 5 5 .3
N i 0 .2 9 2  0 .2 8 1  0 .0 5 6  0 .0 4 6  0 .0 6 5  0 .0 3 1 0 .1 4 8  0 .0 8 8  0 .2 8 9  0 .0 3 2 0 .3 1 9  0 .0 0 8 1 .0 3 2  0 .0 2 2
C o  0 .0 0 6  0 .0 0 5  0 .0 2 3  0 .0 2 0  0 .0 5 9  0 .0 3 3 0 .1 2 6  0 .0 2 7  0 .2 1 2  0 .0 2 3 0 .2 4 5  0 .0 1 4 0 .6 2 7  0 .0 8 7
C u  0 .0 9 8  0 .0 9 1  0 .0 7 5  0 .0 6 3  0 .0 2 0  0 .0 1 5 0 .1 7 0  0 .0 9 5  0 .0 9 3  0 .0 6 0 0 .0 7 0  0 .0 1 1 0 .7 2 5  0 .3 6 9
Z n  0 .4 2 7  0 .3 4 9  0 .1 4 7  0 .0 5 0  0 .1 7 6  0 .0 3 9 0 .1 5 4  0 .1 2 5  0 .1 9 1  0 .0 0 4 0 .2 1 0  0 .0 0 3 0 .3 1 3  0 .0 2 2
A s  0 .0 2 3  0 .0 2 0  0 .0 0 9  0 .0 0 6  0 .0 0 5  0 .0 0 5 0 .0 1 4  0 .0 0 1  0 .0 0 8  0 .0 0 1 0 .0 1 4  0 .0 0 7 0 .0 0 9   
S e  0 .2 5 7  0 .1 3 2  0 .0 8 2  0 .0 4 3  0 .1 2 2  0 .0 2 3 0 .0 9 6  0 .0 1 2  0 .1 7 0  0 .0 6 1 0 .0 2 1  0 .0 0 6 0 .1 7 0  0 .1 0 5
S r  3 0 .1 5 1  0 .8 2 8  2 7 .8 8 7  1 .7 9 8  2 5 .3 3 5  1 .2 3 4 2 4 .0 2 7  0 .4 4 6  2 3 .4 6 1  0 .6 2 9 1 4 .8 2 1  0 .5 7 1 2 2 .4 7 6  1 .0 9 8
M o  0 .2 2 5  0 .0 8 1  0 .1 5 4  0 .1 2 0  0 .0 8 3  0 .0 7 1 0 .0 2 5  0 .0 1 3  0 .0 3 1  0 .0 0 4 0 .0 4 4  0 .0 1 3 0 .0 0 6  0 .0 0 4
C d  0 .0 0 2  0 .0 0 1  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 1 0 .0 0 2  0 .0 0 1  0 .0 0 1  0 .0 0 0 0 .0 0 4  0 .0 0 0 0 .0 0 9  0 .0 0 0
B a  0 .1 2 1  0 .0 0 4  0 .1 8 0  0 .0 7 6  0 .0 8 2  0 .0 1 1 B D L  0 .0 0 4  B D L   B D L   B D L   
P b  0 .1 0 5  0 .1 0 5  0 .0 0 2  0 .0 0 1  0 .0 0 1   B D L  0 .0 0 0  B D L   B D L   B D L   
S O 4  2 3 5 6 .3   5 5 7 0 .0  3 1 3 3 .8 4 1 0 8 .8  3 4 7 .5 3 6 4 4 .5  1 1 4 .5  9 8 1 9 .5  1 2 1 .5 1 0 8 3 2 .5  9 4 9 .5 1 0 3 7 0 .0  7 0 3 2 .
C l  2 3 2 .5   1 2 5 .0  1 6 .3  5 6 .9  0 .6  B D L   B D L   2 4 .0   B D L   
N O 3  1 2 3 .1  4 5 .6  2 4 6 .3  8 .8  3 3 0 .6  1 6 .9  6 9 5 .5  8 1 .5  4 4 3 .5  5 .5  3 6 5 .0  2 5 .0  1 2 1 1 .3  7 4 3 .8
P O 4  B D L   3 .1 2 5   B D L   B D L   B D L   B D L   B D L   
a lk a l in i ty  H C O 3  
(m g /L )  8 0 .0 0   7 7 .5 0   5 7 .5 0   7 2 .5 0   B D L   B D L   B D L   
p H  7 .5 2  0 .9 8  6 .8 0  1 .4 0  5 .6 3  0 .9 6  5 .0 3  0 .5 8  4 .6 8  0 .6 2  3 .7 8  0 .7 4  3 .9 0  0 .0 4

 

 

 

 



 

350 

 
Table B13: Analytical results for solid residue (SR) + 6 % FA core  
 

S R  +  6  %  O P C  
d ra in age  
1   

d ra in age  
2   

d ra in age  
3   

d ra in age  
4   

d ra in age  
5   

d ra in age  
6   

d ra in ag e  
7   

d ra in age  
8   

e lem en t ave  S D  ave  S D  ave  S D  ave  S D  ave  S D  av e  S D  ave  S D  ave  S D  
B  0 .3 3 6  0 .0 9 1  0 .0 9 1  0 .0 5 8 0 .1 4 0  0 .0 9 7 0 .1 7 0  0 .1 2 1  2 .7 7 0  2 .7 7 0  2 .3 8 4  0 .3 6 7  6 7 .1 5 3   N S  N S  
N a  4 6 5 .1  2 9 .4  1 3 1 .0  1 .8  8 3 .7  5 .1  3 4 .7  3 3 .1  4 2 .0  4 2 .0  3 6 .2  0 .8  7 6 .6  2 .1  6 7 .0  0 .5  
M g 0 .5  0 .0  0 .4  0 .1  6 .8  6 .7  5 .3  3 .0  1 4 9 .6  1 4 9 .6  1 3 1 .8  3 2 .5  1 6 1 .6  2 3 .2  1 9 1 .9  1 5 .5  
A l 0 .9 1  0 .0 6  9 .0 1  0 .0 2  9 .3 3  0 .0 5  0 .0 8  0 .0 3  0 .7 2  0 .7 2  1 0 .3 0  1 0 .1 7  8 2 .8 8  3 2 .5 7  1 2 9 .4 1  3 5 .9 0  
S i 1 0 .0 4  1 .0 4  1 0 .2 0  0 .3 3  6 .7 0  2 .2 0  3 .2 2  2 .7 1  6 .9 2  6 .9 2  7 .8 1  1 .2 8  9 7 .1 1  6 .3 8  2 2 .6 9  7 .6 3  
K  6 3 2 .9 1  4 7 .8 8  3 3 4 .9 4  7 .1 1  2 2 1 .8 4  1 2 .6 0 8 7 .6 5  8 6 .4 7  1 0 9 .6 9  1 0 9 .6 9  8 8 .3 6  1 .3 1  1 4 1 .3 4   1 3 6 .0 8   
C a  3 6 0 .0 0  0 .0 2  3 9 2 .3 1  1 .2 7  4 0 9 .4 7  9 .7 1  2 4 8 .8 5  2 4 0 .9 8 4 1 1 .2 8  4 1 1 .2 8  4 9 5 .8 8  6 1 .6 6  4 0 1 .4 9  2 8 .8 4  6 1 9 .9 9  3 2 .9 7  
V  0 .0 6  0 .0 1  0 .0 4  0 .0 0  0 .0 3  0 .0 1  0 .0 1  0 .0 1  0 .0 0  0 .0 0  0 .0 0  0 .0 0  0 .1 7  0 .0 3  0 .1 2  0 .0 6  
C r 1 .4 6  0 .1 3  0 .3 5  0 .0 3  0 .2 3  0 .0 1  0 .0 8  0 .0 3  0 .0 4  0 .0 4  B D L   0 .5 7   0 .4 4   
M n  0 .0 1  0 .0 1  0 .0 0  0 .0 0  0 .0 0  0 .0 0  0 .3 6  0 .3 5  6 0 .3 9  6 0 .3 9  5 7 .2 8  1 2 .0 3  6 7 .8 7  1 2 .0 9  7 7 .0 4  1 3 .5 5  
F e  1 .1 8  0 .3 2  1 .3 6  0 .0 3  1 .9 2  0 .3 5  2 .0 8  0 .9 5  4 4 1 .4 7  4 4 1 .4 7  4 5 2 .2 1  1 2 1 .4 0 6 0 8 .8 0  1 1 4 .6 8 5 6 1 .3 8  1 8 3 .5 8
N i 0 .0 1 0  0 .0 0 0  0 .0 0 4  0 .0 0 1 0 .0 0 2  0 .0 0 0 0 .0 1 9  0 .0 0 8  0 .6 6 2  0 .6 6 2  0 .5 9 4  0 .2 1 6  4 5 .3 1 9  1 4 .7 4 3 1 0 5 .3 8 9 6 .1 8 5  
C o  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0 0 .0 0 1  0 .0 0 0 0 .0 0 1  0 .0 0 0  0 .1 2 3  0 .1 2 3  0 .1 1 7  0 .0 3 5  0 .1 6 2  0 .0 1 0  0 .2 1 4  0 .0 3 0  
C u  0 .0 1 5  0 .0 0 2  0 .0 1 3  0 .0 0 8 0 .0 1 2  0 .0 0 1 0 .0 5 2  0 .0 4 3  0 .0 2 3  0 .0 2 3  0 .0 4 2  0 .0 0 7  1 4 .4 9 0  6 .7 1 5  5 .4 0 0  0 .3 1 6  
Z n  0 .1 2 5  0 .0 1 0  0 .0 7 9  0 .0 0 5 0 .0 8 0  0 .0 0 1 0 .0 5 9  0 .0 1 1  0 .3 7 0  0 .3 7 0  0 .4 3 8  0 .2 8 2  8 .2 5 5  3 .2 5 8  2 .6 2 1  0 .2 0 5  
A s  0 .0 0 2  0 .0 0 1  0 .0 0 1  0 .0 0 1 0 .0 0 1  0 .0 0 1 0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 1  0 .0 0 2  0 .0 0 1  0 .0 6 3  0 .0 1 3  0 .0 3 1  0 .0 0 6  
S e  0 .1 3 9  0 .0 0 3  0 .0 4 7  0 .0 0 3 0 .0 2 1  0 .0 0 4 0 .0 1 6  0 .0 1 0  0 .0 2 4  0 .0 2 4  0 .0 1 1  0 .0 0 5  0 .6 5 9  0 .1 2 9  0 .7 6 4  0 .0 7 7  
S r 1 9 .4 3  0 .2 8  3 1 .8 4  0 .3 5  3 8 .5 9  1 .5 5  2 0 .0 6  1 9 .4 5  3 2 .1 1  3 2 .1 1  3 3 .3 9  1 .4 8  2 9 .8 9  2 .1 4  3 2 .3 8  0 .8 6  
M o  1 .6 8 0  0 .0 2 1  0 .4 1 7  0 .0 0 8 0 .2 8 7  0 .0 2 4 0 .1 1 5  0 .1 1 4  0 .0 1 1  0 .0 1 1  0 .0 2 0  0 .0 0 9  0 .0 9 2  0 .0 1 9  0 .0 7 6  0 .0 0 1  
C d  0 .0 0 3  0 .0 0 0  0 .0 0 1  0 .0 0 0 0 .0 0 1  0 .0 0 0 0 .0 0 0  0 .0 0 0  0 .0 0 1  0 .0 0 1  0 .0 0 1  0 .0 0 1  0 .0 0 4  0 .0 0 2  0 .0 1 1  0 .0 0 5  
B a  0 .1 0 9  0 .0 0 1  0 .2 1 9  0 .0 5 8 0 .1 5 3  0 .0 0 4 0 .0 9 2  0 .0 8 7  0 .0 5 5  0 .0 5 5  0 .0 6 1  0 .0 0 0  0 .4 7 3   0 .1 4 8   
P b  0 .0 0 1  0 .0 0 0  0 .0 0 1  0 .0 0 0 0 .0 0 1  0 .0 0 0 0 .0 0 1   0 .0 0 0  0 .0 0 0  0 .0 0 4  0 .0 0 0  0 .5 4 5  0 .1 4 9  0 .5 9 6  0 .0 1 8  
S O 4  2 8 7 5 .7 5  3 5 .2 5  1 9 0 6 .0 0 2 .0 0  1 8 5 4 .6 5 8 9 .6 2 1 7 6 7 .4 8 1 3 5 .0 2 7 5 3 7 .5 0 1 5 3 0 .0 0  2 5 3 1 .2 5 1 .2 5  4 0 0 2 .5 0 3 1 .2 5  4 4 7 1 .8 8 4 2 0 .6 3
C l 3 9 .3  0 .3  1 2 .5  1 .0  4 2 .5  1 2 .1  1 3 6 .7  1 3 .3  5 5 6 .3  3 .8  2 8 1 .3  6 .3  2 5 1 .3  3 2 .5  7 6 4 .4  9 .4  
N O 3  1 2 3 .3  2 .8  B D L   5 2 .5  4 .5  2 1 .5  3 .4  1 0 .0   7 .5   2 0 .6  1 0 .6  7 0 .6  9 .4  
P O 4  B D L   B D L   B D L   6 .0   2 3 .8  1 .3  B D L   6 3 .8  5 1 .3  B D L   
a lk a lin ity  H C O 3  
(m g/L ) 1 5 6 .3  6 .3  3 8 1 .3  1 4 3 .8 1 3 7 .5  5 0 .0  7 5 .0           
p H  1 1 .3  0 .2  1 0 .8  0 .4  1 1 .2  0 .2  8 .1  3 .0  5 .3  0 .2  4 .3  0 .2  3 .9  0 .2  3 .8  0 .1  
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Table B13: continued 
 
SR + 6 % 
OPC drainage 9  drainage 11  drainage 12  drainage 13  drainage 14  drainage 15  drainage 16  
element ave SD ave SD ave SD ave SD ave SD ave SD ave SD 
B 5.92 5.92 2.60 1.52 4.55 0.88 1.53 0.01 2.88 0.13 1.25 0.25 1.13 0.23 
Na 65.22 65.22 46.61 3.37 32.29 0.02 25.31 1.47 21.39 0.12 10.87 1.12 17.23 1.74 
Mg 161.96 161.96 134.48 0.50 140.53 12.36 136.19 1.84 177.14 9.78 126.62 11.45 206.68 29.17 
Al 112.97 112.97 46.83 46.77 23.47 23.34 53.40 52.23 96.18 14.79 49.70 19.01 143.87 14.76 
Si 5.27 5.27 4.89  3.92 3.05 8.35 3.09 7.02 1.69 3.79 1.32 31.49 19.60 
K 17.60 17.60 16.62 3.73 25.37 0.84 85.15 80.17 16.08 1.79 1.55 0.12 129.32  
Ca 398.55 398.55 447.61 10.64 589.28 29.18 640.98 49.14 616.69 44.39 335.71 14.72 555.27 14.02 
V 0.02 0.02 0.02 0.00 0.01  0.11 0.02 0.01 0.00 0.00 0.00 0.01  
Cr 0.17 0.17 BDL  BDL  0.70 0.21 BDL  BDL  2.32  
Mn 70.22 70.22 42.08 29.88 55.29 8.04 46.26 9.37 61.83 7.21 38.90 9.40 89.93 12.95 
Fe 496.15 496.15 325.36 325.05 237.63 108.84 283.12 183.28 520.60 115.13 293.80 118.71 628.51 109.57 
Ni 4.20 4.20 0.28 0.16 0.22 0.02 0.30 0.07 0.37 0.03 0.34 0.03 1.48 0.10 
Co 0.15 0.15 0.06 0.05 0.08 0.01 0.08 0.02 0.13 0.02 0.09 0.02 0.18 0.02 
Cu 0.47 0.47 0.10 0.07 0.09 0.02 0.21 0.04 0.10 0.03 0.10 0.01 0.35 0.10 
Zn 0.91 0.91 0.37 0.29 0.42 0.11 0.34 0.13 0.61 0.10 0.58 0.10 0.91 0.12 
As 0.01 0.01 0.01 0.00 0.01 0.00 0.03 0.01 0.01 0.00 0.01 0.00 0.04 0.03 
Se 0.41 0.41 0.05 0.02 0.21 0.05 0.11 0.01 0.05 0.02 0.08 0.04 0.27 0.07 
Sr 30.81 30.81 28.63 0.48 29.39 1.40 27.18 2.13 27.90 2.69 15.21 0.73 22.85 0.24 
Mo 0.05 0.05 0.04 0.02 0.02 0.01 0.02 0.01 0.03 0.00 0.02 0.00 0.14 0.01 
Cd 0.006 0.006 0.001 0.001 0.001 0.000 0.002 0.000 0.002 0.000 0.003 0.000 0.004 0.002 
Ba BDL  0.096 0.014 0.081 0.027 BDL  BDL  BDL  0.048  
Pb 1.01 1.01 0.04  0.03  0.02  BDL  BDL  0.02 0.00 
SO4 4677.50  3333.75 1597.50 2712.50 533.75 2365.00 326.00 4726.50 526.50 5602.50 615.50 6862.50 865.00 
Cl 367.50  215.63 1.88 117.50 8.75 BDL  23.00 4.00 83.50 62.50 BDL  
NO3   91.25 71.25 133.75 22.50 239.00 209.00 348.00 8.00 435.00 87.00 255.00 67.50 
PO4               
alkalinity HCO3 (mg/L)              
pH 3.75  4.41 0.66 4.37 0.34 4.07 0.33 4.15 0.04 3.85 0.07 3.36 0.00 
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Saturation indices calculated using PHREEQC and WATEQ4 database for the column solid cores leachates are presented in Tables 
B14-C19 below 
 
Table B14: Summary of saturation indices (SI) for mineral phases controlling element concentration in leachates for fly ash (FA) 
solid core. 
 
Phase  drainage1 drainage2 drainage 3 drainage 4 drainage5 drainage6 drainage7 drainage8 drainage9 drainage10 drainage11 drainage12 drainage13 drainage 14 drainage 15 drainage 16 
Al(OH)3(a) Al(OH)3 -5.79 -3.26 -0.75 -0.75 -1.95 0.39 1.18 2.15 1.49 1.43 -0.38 -1.51 -2.22 -3.2 -3.63 -4.62 
Alunite  -26.82 -13.6 -3.48 -3.55 -5.58 7.43 11.25 13.2 11.5 11.28 6.79 7.32 5.34 4.98 3.57  
Anhydrite CaSO4 -0.27 -0.39 -0.33 -0.36 -0.3 -0.2 -0.24 0.29 -0.18 -0.16 -0.07 -0.21 -0.9 -0.13 -0.31 -0.16 
Aragonite  2.93 2.34 1.43 -248.03 0.98 -0.97   -1.04 -0.9 -1.47      
Basaluminite  -27.77 -13.95 -2.23 -2.69 -6.48 6.86 11.46 14.66 12 11.85 5.13 3.47 1.18 -1.55 -2.91 -5.86 
Boehmite AlOOH -3.59 -1.05 1.46 1.46 0.26 2.6 3.38 4.36 3.7 3.64 1.82 0.7 -0.02 -1 -1.42 -2.42 
Diaspore AlOOH -1.85 0.68 3.19 3.17 1.98 4.32 5.12 6.09 5.42 5.36 3.55 2.42 1.72 0.73 0.31 -0.68 
Ettringite  3.66 -3.54 -3.24 -3.2 -8.18 -14.91 -16.6 -9.48 -14.16 -14.42 -19.16 -30.75 -36.94 -38.57 -41.47 -45.64 
Fe(OH)3(a) Fe(OH)3 2.36 4.08 4.85 4.84 4.86 3.84 3.05 3.76 3.67 3.42 1.49 -0.78 -4.78 -2.35 -2.72 -3.7 
Ferrihydrite FeOOH 0.47 2.19 2.96 2.95 2.97 1.95 1.16 1.87 1.78 1.53 -0.4 -2.67 -6.67 -4.24 -4.61 -5.59 
Gibbsite Al(OH)3 -3.06 -0.54 1.97 1.95 0.76 3.09 3.9 4.87 4.2 4.14 2.33 1.2 0.51 -0.49 -0.91 -1.9 
Goethite FeOOH 3.82 5.56 6.33 6.39 6.41 5.39 4.53 5.24 5.19 4.93 3.01 0.74 -3.33 -0.86 -1.23 -2.21 
Gypsum CaSO4:2H2O -0.04 -0.16 -0.1 -0.14 -0.07 0.02 0 0.52 0.05 0.07 0.16 0.02 -0.67 0.09 -0.09 0.07 
Hematite Fe2O3 14.42 17.92 19.46 19.58 19.62 17.57 15.85 17.27 17.17 16.66 12.81 8.27 0.13 5.07 4.34 2.38 
Jarosite(ss)  -19.37 -8.13 -3.06 -3 -1.32 2.01 1.05 2.13 2.26 1.51 -3.31 -5.83 -17.81 -7.79 -8.86  
Jarosite-K  -18.57 -7.68 -2.77 -2.56 -0.97 1.97 0.76 1.91 2.1 1.29 -3.54 -6.43 -18.56 -8.52 -9.76  
Jarosite-Na  -21.77 -11.05 -6.16 -6.11 -4.65 -1.79 -3.1 -1.83 -1.49 -2.03 -7.32 -9.79 -22.33 -12.39 -13.21 -14.46 
JarositeH  -31.46 -18.36 -12.66 -12.37 -10.34 -5.42 -6.26 -5.49 -5.11 -5.69 -10.4 -11.52 -23.59 -13.2 -13.64 -14.53 
Jurbanite AlOHSO4 -17.68 -11.29 -7.08 -7.18 -7.38 -1.05 0.77 1.06 0.58 0.62 -0.66 1.05 0.55 0.98 0.88 0.91 
Portlandite Ca(OH)2 -1.55 -5.51 -7.15 -7.08 -8.01 -11.9 -12.98 -11.78 -12.42 -12.49 -12.94 -15.92 -16.83  -17.98 -18.85 
Rhodochrosite MnCO3 -1.47 0 -0.89 -250.14 1.14 -0.22   0.22 0.5 -0.13      
Siderite FeCO3 -13.62 -6.48 -4.16 -253.54 -3.07 -0.22   0.21 0.23 -1.69      
Sillimanite Al2SiO5 -12.34 -4.69 0.87 0.52 -1.97 2.72 4.62 6.32 5.23 4.58 1.04 -0.84 -2.09 -3.8 -4.61 -6.71 
SiO2(a)  -4.71 -2.02 -1.47 -1.58 -1.69 -1.67 -1.6 -1.85 -1.48 -2.02 -1.93 -1.55 -1.6 -1.22 -1.18 -1.29 
Pyrolusite MnO2 4.34 -1.48 -4.75 -4.43 -4.1 -11.29 -13.09 -11.63 -11.77 -11.81 -12.58 -17.94  -20.53 -21.01 -22.82 
Barite BaSO4 0.94 0.06 0.19  0.49 0.76  1.27  0.94 1.22  -0.99    
Brucite Mg(OH)2 0.32 -1.13 -2.69 -2.24 -2.92 -6.63 -7.46 -6.1 -6.64 -6.47 -6.89 -9.52 -10.32 -10.88 -11.24 -12.22 
Magnetite Fe3O4 8.94 16.17 19.32 19.54 20.09 18.97 16.87 18.64 18.58 17.87 12.22 6.9 -3.32    
Manganite MnOOH 5.03 1.06 -1.37    -6.73   -5.81  -10.32     
Ni(OH)2  0.62 -1.15 -1.86 0.66 -1.61 -4.37 -4.55 -2.66 -2.78 -3.8  -6.86 -7.79 -8 -8.31 -8.9 
Nsutite MnO2 3.83 -2.15 -5.41 -5.39 -5.06 -12.25 -13.72  -12.57 -12.61 -13.38 -18.73 -20.02 -21.21 -21.69 -23.5 
Pyrochroite Mn(OH)2 -0.84 -2.81 -4.42 -4.29 -2.94 -6.24 -6.81 -6.05 -6.17 -6.1 -6.62 -8.99 -9.33 -10.09 -10.4 -11.22 
Quartz  -3.42 -0.73 -0.18 -0.3 -0.41 -0.39 -0.31 -0.56 -0.2 -0.73 -0.65 -0.27 -0.31 0.07 0.11 -0.01 
Sepiolite Mg2Si3O 7.5 OH:3H2O -3.37 1.74 0.27 0.67 -0.99 -8.37 -9.67 -7.69 -7.74 -9.01 -9.6 -13.72     
Calcite CaCO3 3.08 2.49 1.57 -247.88 1.13 -0.83  -250.7 -0.89 -0.75 -1.32      
Celestite SrSO4 0.47 0.47 0.52 0.46 0.44 0.48 0.44 0.94 0.42 0.37 0.13 0.39     
Cu(OH)2  -1.8 -1.93 -1.63     -0.32  -2.03       
CuCO3  -10.32 -7.05 -6.03 -255.64 -5.61 -4.6           
Smithsonite ZnCO3 -6.91 -2.88 -2.18  0.39 -1.62   -3.54 -2.93 -3.7      
Strontianite SrCO3 2.36 1.87 0.95      -1.76 -1.7 -2.6      
Pb(OH)2  0 -2.2  0.16 -1.66 -4.81 -5.12 -1.66  -3.31  -6.81     
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Table B15: Summary of saturation indices (SI) for mineral phases controlling element concentration in leachates for solid residue 
(SR) core. 
 

Phase   drainage1 drainage2 drainage 3 drainage 4 drainage5 drainage6 drainage7 drainage8 drainage9 drainage10 drainage11 drainage12 drainage13 drainage14 drainage15 drainage16 
Al(OH)3(a) Al(OH)3 -0.88 0.35 0.4 0.1 -0.65 -0.84 -0.12 -0.08 -1.4 -0.22 -0.49 -5.07 -6.64 -7.86 -7.77 -6.5 
Alunite  -0.37 3.58 3.63 2.41 0.2 -1.06 1.63 -0.14 -2.46 -2.38 3.32 -1.44 -5.32 -7.33   
Aragonite  0.62 -248.37 -250.42 -0.73 0.35 0.55  0.53 0.87 0.97 -0.94      
Anhydrite CaSO4 -0.37 -0.34 -0.37 -0.4 -0.32 -0.3 -0.23 -0.35 -0.21 -2.72 1.72 -0.33 -0.35 -0.15 -0.31 -0.2 
Basaluminite Al4(OH)10SO4 -0.37 4.21 4.6 3.3 0.35 -0.82 2.4 1.34 -2.82 0.79 1.27 -9.39 -14.97 -18.96 -18.35 -12.66 
Boehmite AlOOH 1.31 2.55 2.6 2.31 1.55 1.36 2.08 3.08 0.81 2.53 3 -2.87 -4.44 -5.66 -5.57 -4.3 
Diaspore AlOOH 3.07 4.28 4.33 4.04 3.28 3.1 3.81 5.1 2.54 5.01 3.93 -1.13 -2.71 -3.92 -3.83 -2.57 
Fe(OH)3(a) Fe(OH)3 5.11 5.1 5.16 5.06 5.01 5.13 6.67 3.21 5.15 3.12 2.04 -1.95 -2.92 -3.57 -3.88 -4.72 
Ferrihydrite FeOOH 3.22 3.21 3.27 3.17 3.12 3.24 4.78 1.86 3.26 1.31 1.78 -3.84 -4.81 -5.46 -5.77 -6.61 
Gibbsite Al(OH)3 1.86 3.06 3.12 2.82 2.07 1.88 2.6 6.58 1.32 6.5 5.41 -2.35 -3.93 -5.14 -5.05 -3.78 
Goethite FeOOH 6.52 6.6 6.65 6.55 6.5 6.61 8.16 0.15 6.64 0.01 -0.26 -0.47 -1.44 -2.08 -2.39 -3.23 
Gypsum CaSO4:2H2O -0.13 -0.11 -0.14 -0.17 -0.09 -0.07 0 19.96 0.02 19.79 17.62 -0.1 -0.12 0.08 -0.08 0.03 
Hematite Fe2O3 19.82 20 20.09 19.88 19.79 20.02 23.11 1.54 20.07 0.75 1.95 5.86 3.92 2.63 2.02 0.33 
Jarosite(ss)  1.14 1.62 1.71 1.08 1 0.63 5.85 1.66 1.02 0.82 1.85 -7.41 -9.35 -9.64   
Jarosite-K  1.2 1.85 1.86 1.21 1.12 0.77 5.96 -2.42 1.12 -3.04 -2.21 -8.16 -10.22 -10.53   
Jarosite-Na  -2.15 -2.02 -2.22 -2.87 -2.97 -3.31 2.1 -7.27 -2.84 -7.87 -6 -11.8 -13.81 -14.39 -15.12 -16.51 
JarositeH  -8.59 -7.44 -7.23 -7.79 -7.79 -8.28 -2.92 -4.87 -7.74 -5.6 -2.56 -12.82 -14.29 -14.47 -14.9 -16.2 
Jurbanite AlOHSO4 -5.28 -3.83 -3.7 -4.12 -4.8 -5.41 -4.33 -9.22 -5.73 -9.19 -12.02 -1.29 -2.14 -2.48 -2.14 -0.26 
Portlandite Ca(OH)2 -9.14 -9.31 -9.43 -9.33 -9.33 -8.89 -9.18 -1.07 -9.03 1.45 1.24 -17.27 -18.01 -18.69 -19.09 -19.6 
Rhodochrosite MnCO3 -0.87 -249.93 -252.09 -2.87 -1.82 -1.68  -1.77 0.14 1.45 1.24      
Siderite FeCO3 -1.97 -250.39 -252.25 -2.78 -1.72 -2.07  0.3 -1.64 -0.64 0.31      
Sillimanite Al2SiO5 0.55 2.51 2.63 2.08 0.57 0.17 1.97 -1.81 -0.72 -1.66 -1.65 -8.21 -10.79 -12.9 -13.05 -10.77 
SiO 2(a)  -1.81 -1.95 -2 -1.96 -1.97 -1.98 -1.62  -1.77   -1.91 -1.34 -1.01 -1.35 -1.61 
Pyrolusite MnO2 -7.81 -8.35 -8.69 -9.02 -9.1 -8.29 -5.36 -8.03 -6.81 -5.95 -9.52 -19.85 -21.32 -22.52 -23.05 -24.23 
Brucite Mg(OH)2 -4.83 -5.18 -5.18 -5.18 -5.19 -4.46 -3.68 -3.3 -2.79 -2.53 -5.04 -10.37 -11.38 -12.11 -12.42 -12.93 
Barite BaSO4 1.05 1.01 1.04 1.02 1.03 1.06 0.95 1.11 1.09 0.24 0.8 1.14 0.91    
Magnetite Fe3O4 21.43 21.09 20.97  25.89 21.03 21.13 20.79 18.76  1.37 3.79 1.37 -0.33 -1.19 -3.37 
Manganite MnOOH -3.22 -3.94 -4.17 -4.52 -4.57 -3.97 -0.89 -3.7 -2.55 -1.6 -3.95 -11.31 -12.59 -13.55 -14.02 -14.85 
Ni(OH)2  -1.86 -1.62 -2.16 -2.64 -0.35 -0.67 -1.64 -2.96 -3.34  -8.8 -8.01 -8.8 -9.22 -9.38 -9.59 
Nsutite MnO2 -9.36 -9.69 -9.77 -8.95 -6.02 -8.7 -7.48 -6.62 -10.19  -21.98 -20.22 -21.98 -23.18 -23.72 -24.89 
Pb(OH)2  -0.52 -1.25 -1.86 -1.69 -0.74 -1.45  -2.67 -3.24  -9.83 -8.17 -9.83 -11.03   
Pyrochroite Mn(OH)2 -5.41 -5.86 -6.06 -6.43 -6.45 -6.07 -2.84 -5.78 -4.71 -3.66 -4.8 -9.48 -10.29 -11 -11.4 -11.89 
Quartz  -0.5 -0.66 -0.71 -0.67 -0.68 -0.69 -0.33 -0.52 -0.48 -0.37 -0.36 -0.62 -0.05 0.28 -0.06 -0.32 
Sepiolite Mg2Si3O 7.5 OH:3H2O -6.32 -6.2 -6.24 -4.81 -2.15 -1.99 -0.83 0.01 -4.97 -16.41 -16.72 -16.41 -16.72 -17.21 -18.85 -20.62 
Calcite CaCO3 0.76 -248.23 -250.27 -0.58    0.68 1.01 1.12 -0.8      
Celestite SrSO4 0.3 0.38 0.36 0.32 0.37 0.39 0.43 0.63 0.49 0.42 0.43      
Cu(OH)2  -1.63 -1.94 -1.91 -1.74 -1.66 -1.44 -1.6 -1.62 -2.3 -2.03 -1.81 -6.78     
CuCO3  -4.92 -253.96 -255.88 -6.11 -4.94 -4.98  -4.84 -5.37 -4.84 -3.7      
Smithsonite ZnCO3 -252.56 -3.32 -2.27 -2.2 -252.85 -1.82 -1.7 -1.53 -2.66 -9.99 -21.62 -9.99     
Strontianite SrCO3 -251.01 -1.33 -0.28 -0.09 -251.31 -0.08 0.25 0.29 -1.35 -9.29 -10.74 -9.29     
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Table B16: Summary of saturation indices (SI) for mineral phases controlling element concentration in leachates for SR + 5 % FA 
core. 
 
phase  drainage1 drainage2 drainage 3 drainage 4 drainage5 drainage6 drainage7 drainage8 drainage9 drainage10 drainage11 drainage12 drainage13 drainage14 drainage15 drainage16 
Al(OH)3(a) Al(OH)3 0.16 1.34 0.6 -0.44 -0.75 -0.19 0.36 -0.71 -1.22 -1.31 -1.88 -1.58  -4.5  -7.22 
Alunite KAl3(SO4)2(OH)6 5.97 9.69 4.87 2.18 0.3 3 4.49 1.66 -2.05 -1.87 -3.2 -1.41  -0.02   
Anhydrite CaSO4 -0.35 -0.32 -0.37 -0.35 -0.37 -0.3 -0.3 0.12 -0.23 -0.2 0 -0.39 -0.39 -0.14 -0.35 -0.22 
Basaluminite Al4(OH)10SO4 5.93 10.29 5.77 1.99 -0.04 2.93 5.04 0.83 -2.47 -2.47 -4.64 -2.76  -8.02  -16.49 
Boehmite AlOOH 2.36 3.55 2.8 1.77 1.46 2.01 2.57 1.49 0.99 0.9 0.33 0.62  -2.29  -5.02 
Diaspore AlOOH 4.11 5.28 4.53 3.5 3.18 3.74 4.29 3.22 2.71 2.62 2.05 2.35  -0.57  -3.29 
Ettringite  -13.75 -11.67 -8.77 -11.76 -10.79 -11.51 -10.06 -10.04 -9.32 -10.3 -10.58 -14.49  -38.08  -51 
Fe(OH)3(a) Fe(OH)3 4.61 4.04 5.12 4.88 4.89 4.87 6.45 4.94 5.12 4.9 4.98 5.11 3.03 -0.97 -2.26 -3.76 
Ferrihydrite FeOOH 2.72 2.14 3.23 2.99 3 2.98 4.56 3.05 3.23 3.01 3.09 3.22 1.14 -2.86 -4.15 -5.65 
Gibbsite Al(OH)3 2.9 4.06 3.32 2.28 1.96 2.51 3.07 1.99 1.49 1.4 0.83 1.12  -1.8  -4.51 
Goethite FeOOH 6.02 5.53 6.62 6.37 6.42 6.4 7.98 6.47 6.65 6.43 6.51 6.64 4.56 0.56 -0.73 -2.24 
Gypsum CaSO4:2H2O -0.11 -0.09 -0.14 -0.12 -0.14 -0.07 -0.08 0.34 -0.01 0.03 0.23 -0.17 -0.17 0.08 -0.12 0.01 
Hematite Fe2O3 18.82 17.86 20.03 19.54 19.64 19.59 22.76 19.73 20.11 19.66 19.83 20.08 15.92 7.93 5.34 2.31 
Jarosite(ss)  3.06 1.72 2.28 2.02 1.16 2.21 6.78 2.59 0.9 0.72 1.32 2.71 1.18 -4.85   
Jarosite-K  2.92 1.74 2.41 2.09 1.33 2.3 6.87 2.72 1.1 0.87 1.5 2.79 0.98 -5.29   
Jarosite-Na  -0.38 -2.07 -1.64 -1.99 -2.71 -1.71 3.02 -1.26 -2.84 -2.97 -2.27 -1.08 -2.97 -9.7 -12.3 -14.63 
JarositeH  -5.82 -6.59 -6.49 -6.5 -7.33 -5.92 -1.4 -5.74 -7.71 -7.7 -7.24 -5.45 -5.82 -10.84 -12.7 -14.65 
Jurbanite AlOHSO4 -2.1 -0.78 -3.09 -3.77 -4.65 -3.36 -2.91 -3.89 -5.66 -5.41 -5.87 -4.87  -1.37  -1.75 
Portlandite Ca(OH)2 -11.26 -11.35 -9.84 -10.17 -9.61 -10.29 -10.17 -9.86 -8.94 -9.24 -9.15 -10.25 -13.18 -16.42 -17.63 -18.84 
Rhodochrosite MnCO3 -1.61 -3.03 -251.71 -2.16 -1.84 -2.45  -1.97 -1.12   2.15 0.89    
Siderite FeCO3 -0.37 -1.75 -251.5 -0.96 -1.57 -0.82  -1.49 -1.76   -0.31 0.39    
Aragonite CaCO3 -0.46 -1.71 -250.25 -0.02 0.13 -0.16  0 0.76   0.41 -1.32    
Sillimanite Al2SiO5 2.33 4.44 2.85 0.91 0.03 1.27 2.79 0.3 -0.63 -0.68 -2.01 -1.08  -7.12  -12.71 
SiO 2(a)  -2.1 -2.04 -2.16 -2.03 -2.15 -2.02 -1.62 -1.96 -1.87 -1.76 -1.95 -1.6 -1.89 -1.8 -1.53 -2 
Pyrolusite MnO2 -11.71 -12.21 -9.28 -10.73 -9.38 -11.16 -7.52 -9.47 -7.87 -7.55 -4.89 -6.57 -12.17 -18.16 -20.13 -22.56 
Brucite Mg(OH)2 -6.43 -6.97 -5.44 -5.88 -5.31 -6.02 -4.67 -4.33 -2.97 -2.88 -3.11 -3.29 -6.41 -9.73 -10.88 -12.13 
Barite BaSO4 1.07 1.05 1.04 1.01 0.99 1.05 0.88 1.24 1.06 0.91 1.25 0.84 0.42    
Magnetite Fe3O4 20.3 19.05 21.53 21.02 20.88 21.21 25.89 20.95 21.21 20.73 20.81 21.68 17.01 6.54 3.13 -0.79 
Manganite MnOOH -6.06 -6.75 -4.58 -5.81 -4.9 -6.28 -2.71 -5.06 -3.75 -3.25 -0.76 -1.95 -5.98 -10.46 -11.95 -13.69 
Ni(OH)2  -3.51 -4.16 -1.66 -2.75 -2.44 -3.59 -1.94 -1.28 -1.77 -1.72 -0.85 -3.46 -4.9 -7.46 -8.34 -8.98 
Nsutite MnO2 -12.01 -12.92 -9.98 -11.43 -10.25 -12.02 -8.39 -10.34 -8.73 -8.41 -5.75 -7.43 -13.04 -19.02 -20.99 -23.35 
Pb(OH)2  -3.4 -3.31  -2.98 -2.4 -2.17 -2.38 -2.08 -2.24 -0.99 -0.78 -3.5 -4.76    
Pyrochroite Mn(OH)2 -7.2 -7.66 -6.27 -7.28 -6.63 -7.62 -4.12 -6.87 -5.86 -5.17 -2.85 -3.56 -6.01 -8.97 -10 -11.11 
Quartz  -0.8 -0.75 -0.87 -0.74 -0.87 -0.74 -0.34 -0.68 -0.59 -0.47 -0.66 -0.32 -0.61 -0.51 -0.25 -0.72 
Sepiolite Mg2Si3O 7.5 OH:3H2O -8.94 -10.04 -7.33 -7.82 -7.12 -8.17 -4.25 -4.6 -1.6 -1.09 -2.11 -1.43 -8.55 -14.89 -16.4 -20.28 
Calcite CaCO3 -0.31 -1.56 -250.1 0.13 0.28 -0.02  0.14 0.9        
Celestite SrSO4 0.27 0.37 0.37 0.33 0.35 0.37 0.37 0.77 0.46 0.39 0.2 0.46 0.34 0.59 0.38 0.54 
Cu(OH)2  -2.13 -2.28 -1.75 -1.81 -1.69 -1.46 -1.62 -2.1 -2.33 -1.6 -1.46 -1.93 -3.17 -6.2 -7.26 -7.69 
CuCO3  -4.38 -5.6 -255.13 -4.62 -4.88 -4.27  -5.18 -5.57   -4.21     
Smithsonite ZnCO3 -2.68 -4.16 -252.48 -2.66 -2.44 -2.73  -2.78 -1.81   -1.51 -3.14    
Strontianite SrCO3 -1.16 -2.34 -250.82 -0.67 -0.48 -0.82  -0.68 0.12   -0.07 -1.92    
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Table B17: Summary of saturation indices (SI) for mineral phases controlling element concentration in leachates for SR + 25 % FA 
core. 
 
Phase  drainage1 drainage2 drainage 3 drainage 4 drainage5 drainage6 drainage7 drainage8 drainage9 drainage10 drainage11 drainage12 drainage 13 drainage 14 drainage 15 drainage16 
Al(OH)3(a) Al(OH)3 -1.15 0.04 -0.09 -1.36 -1.47 -1.2 -1.33 -0.82 -0.98 -1.28 -1.19 -0.26 -0.89 -3.69 -5.38 -6.95 
Alunite  -0.12  0.8 -3.54 -4.54 -3.03 -3.24 1.03 -0.67 -2.05 0.02 5.71 6.43 0.61   
Anhydrite CaSO4 -0.55 -0.5 -0.37 -0.35 -0.31 -0.41 -0.27 -0.06 -0.24 -0.21 -0.43 -0.33 -0.41 -0.14 -0.37 -0.22 
Basaluminite Al4(OH)10SO4 -0.78 2.63 1.53 -4.03 -3.98 -2.32 -2.75 0.99 -0.33 -2.68 -0.3 5.56 4.05 -4.84 -10.08 -14.66 
Boehmite AlOOH 1.05 2.23 2.12 0.86 0.73 1 0.87 1.38 1.21 0.93 1 1.93 1.31 -1.49 -3.18 -4.75 
Diaspore AlOOH 2.8 3.98 3.84 2.57 2.48 2.75 2.62 3.13 2.97 2.65 2.76 3.68 3.05 0.25 -1.44 -3.01 
Fe(OH)3(a) Fe(OH)3 4.72 5.28 5.07 4.89 4.33 5.19 5.23 5.17 5.5 4.97 4.93 4.13 2.4 0.04 -1.97 -4.09 
Ferrihydrite FeOOH 2.83 3.39 3.18 3 3.19 3.3 3.34 3.28 3.61 3.08 3.04 2.24 0.51 -1.85 -3.86 -5.98 
Gibbsite Al(OH)3 1.59 2.78 2.62 1.35 1.27 1.54 1.41 1.92 1.76 1.43 1.55 2.48 1.84 -0.96 -2.65 -4.22 
Goethite FeOOH 6.12 6.69 6.59 6.44 6.49 6.6 6.64 6.58 6.91 6.52 6.34 5.53 3.84 1.48 -0.53 -2.65 
Gypsum CaSO4:2H2O -0.31 -0.26 -0.15 -0.12 -0.07 -0.17 -0.03 0.18 -0.01 0.01 -0.19 -0.1 -0.17 0.1 -0.13 0.01 
Hematite Fe2O3 19.03 20.16 19.97 19.68 19.75 19.98 20.05 19.94 20.6 19.83 19.46 17.85 14.47 9.76 5.73 1.5 
Jarosite(ss)  1.07 -2.98 0.03 -1 -1.41 -0.28 0.01 2.7 2.46 0.66 2.16 2.94 0.36 -3.69   
Jarosite-K  1.08 -9.41 0.34 -0.61 -1.3 -0.27 0.02 2.59 2.37 0.88 1.98 2.48 0.03 -4.46   
Jarosite-Na  -2.42  -3.57 -4.58 -5.34 -4.25 -4 -1.41 -1.6 -2.93 -1.84 -1.12 -4.43 -7.96 -11.97 -15.59 
JarositeH  -8.43  -9.21 -10.08 -11.2 -9.72 -9.42 -6.19 -6.54 -7.78 -6.5 -4.62 -7.14 -9.59 -12.57 -15.54 
Jurbanite AlOHSO4 -4.88 -5.03 -5.15 -6.7 -7.12 -6.28 -6.31 -4.1 -4.94 -5.59 -4.27 -1.2 -0.62 -1.11 -1.28 -1.16 
Portlandite Ca(OH)2 -10 -8.61 -8.46 -8.14 -7.83 -8.5 -8.46 -9.94 -9.46 -9.03 -10.52 -12.57 -13.84 -15.88 -17.63 -19.18 
Rhodochrosite MnCO3  -1.07 -2.66 -1.9 -1.73 -1.46 1.02 0.63 1.23 1.34 1.54 1.21 0.42    
Siderite FeCO3  -2.11 -3.53 -2.77 -3.2 -2.47 -2.37 -1.24 -1.06 -1.58 -0.44 0.92 0.23    
Aragonite CaCO3  1.01 -0.22 1.06 1.25 0.89 1 0.12 0.59 0.83 0.29 -0.58 -1.61    
Sillimanite Al2SiO5 -0.2 2.66 1.93 -0.71 -0.49 0.05 -0.26 0.77 0.4 -0.84 -0.11 1.73 1.18 -4.87 -8.65 -11.71 
SiO 2(a)  -2.01 -1.52 -1.62 -1.61 -1.67 -1.67 -1.72 -1.71 -1.76 -1.9 -1.84 -1.86 -1.02 -1.48 -1.87 -1.8 
Pyrolusite MnO2 -8.03 -7.55 -7.5 -7.48 -6.97 -7.62 -5.2 -7.37 -6.48 -5.8 -7.78 -11.25 -13.7 -17.24 -20.13 -23.31 
Brucite Mg(OH)2 -5.64 -5.14 -4.8 -3.83 -3.52 -3.72 -3.24 -4.42 -3.67 -2.91 -3.97 -5.76 -7.09 -9.13 -10.79 -12.43 
Barite BaSO4 0.94 1.13 1.13 1.09 1.13 1.14 1.18 1.27 1.13 1 0.95 0.92     
Magnetite Fe3O4 19.83 21.09 20.77 20.24 20.13 20.77 20.88 21.3 22.15 20.93 20.87 19.43 15.1 8.96 3.62 -1.87 
Manganite MnOOH -3.17 -3.12 -3.57 -3.77 -2.89 -3.24 -0.82 -2.4 -1.66 -1.65 -2.53 -5.02 -6.88 -9.5 -11.69 -14.01 
Ni(OH)2  -1.66 -2.64 -1.37 -1.9 -1.33 -2.21 -2.46 -0.92 -1.92 -2.85 -2.99 -4.09 -4.87 -6.45 -7.86 -9.04 
Nsutite MnO2 -8.33 -7.86 -8.3  -7.27 -7.92 -5.5 -7.67 -6.79 -6.75 -8.09 -11.55 -14.16 -17.71 -20.6 -23.78 
Pb(OH)2   -2.51 -1.37 -2.85  -1.7 -2.13 -2.28  -2.19 -3.17 -4.39     
Pyrochroite Mn(OH)2 -5.09 -5.47 -5.92 -6.19 -5.59 -5.65 -3.22 -4.22 -3.61 -3.62 -4.05 -5.57 -6.67 -8.37 -9.86 -11.32 
Quartz  -0.71 -0.22 -0.34 -0.33 -0.36 -0.36 -0.41 -0.41 -0.45 -0.62 -0.54 -0.56 0.27 -0.18 -0.58 -0.51 
Sepiolite Mg2Si3O 7.5 OH:3H2O -2.01 -4.62 -4.49 -2.58 -1.81 -2.2 -1.4 -3.73 -2.37 -1.62 -3.24 -6.87 -7.11 -12.55 -17.04 -20.12 
Calcite CaCO3 -6.1 1.15 -0.07 1.21 1.39 1.04 1.15 0.27  0.98 0.44 -0.43 -1.46    
Celestite SrSO4 0.01 0.28 0.48 0.43 0.43 0.31 0.43 0.67 0.44 0.38 0.3 0.41 0.26 0.57 0.38 0.54 
Cu(OH)2  -1.24 -1.76 -1.77 -1.65 -1.76 -1.59 -2.35 -2.22 -2.48 -1.82 -1.65 -2.65 -3.43 -5.14 -7.25 -8.08 
Smithsonite   -1.84 -2.88 -1.9 -2.04 -2.07 -2.02 -1.86 -1.97 -1.74 -1.91 -2.49 -3.34    
Strontianite   0.47 -0.7 0.5 0.67 0.3 0.4 -0.47 -0.04 0.1 -0.29 -1.14 -2.26    
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Table B18: Summary of saturation indices (SI) for mineral phases controlling element concentration in leachates for SR + 40 % FA 
core. 
 
phase  drainage1 drainage2 drainage 3 drainage 4 drainage5 drainage6 drainage7 drainage8 drainage9 drainage10 drainage11 drainage12 drainage 13 drainage 14 drainage 15 drainage16 
Al(OH)3(a) Al(OH)3 N/A -2.27 -1.08 -2.29 -2.66 -1.97 -1.32 -1.5 -1.58 -0.13 0.42  -2.52 -4.02 -5.57 -5.34 
Alunite   -11.77 -5.15 -9.14 -11.59 -7.77 -3.48 -4.81 -4.65 3.84 7.84  4.18 0.7 -1.41  
Anhydrite CaSO4  -0.39 -0.38 -0.36 -0.36 -0.33 -0.29 -0.23 -0.26 -0.29 -0.15 -0.31 -0.34 -0.15 -0.34 -0.28 
Basaluminite Al4(OH)10SO4  -10.83 -3.95 -9.12 -11.66 -7.47 -3.49 -4.3 -4.56 3.96 7.99  -0.57 -5.4 -9.73 -9.44 
Boehmite AlOOH  -0.07 1.12 -0.09 -0.45 0.23 0.89 0.7 0.62 2.06 2.62  -0.32 -1.82 -3.37 -3.14 
Diaspore AlOOH  1.68 2.87 1.65 1.28 1.97 2.62 2.45 2.36 3.81 4.36  1.42 -0.07 -1.62 -1.4 
Ettringite   2.25 -2.05 -4.01 -2.15 -4.33 -7.46 -6.02 -7.21 -12.06 -15.61  -32.25 -37.55 -47.41 -45.35 
Fe(OH)3(a) Fe(OH)3  3.63 4.7 4.34 4.02 4.75 4.98 5.03 5.11 5.97 4.43  -0.11 -0.95 -3.75 -2.83 
Ferrihydrite FeOOH  1.74 2.81 2.45 2.13 2.86 3.09 3.14 3.22 4.08 2.54 1.43 -2 -2.84 -5.64 -4.72 
Gibbsite Al(OH)3  0.47 1.66 0.44 0.06 0.76 1.4 1.24 1.14 2.6 3.15 -0.47 0.21 -1.29 -2.83 -2.62 
Goethite FeOOH  5.03 6.13 5.81 5.52 6.21 6.49 6.46 6.57 7.4 5.86  1.32 0.48 -2.31 -1.36 
Gypsum CaSO4:2H2O  -0.15 -0.14 -0.13 -0.13 -0.1 -0.06 0.01 -0.03 -0.05 0.08 2.89 -0.11 0.08 -0.11 -0.05 
Hematite Fe2O3  16.85 19.05 18.41 17.84 19.22 19.77 19.71 19.94 21.59 18.51 -0.08 9.44 7.74 2.16 4.07 
Jarosite(ss)   -11.08 -4.48 -5.8 -8.1 -4.11 -0.82 -1.67 -0.91 5.92 3.92 12.58 -4.31 -5.56 -11.15  
Jarosite-K   -10.49 -4.13 -5.4 -7.56 -3.77 -0.58 -1.52 -0.73 5.85 3.59 -1.89 -4.88 -6.4 -12.25  
Jarosite-Na   -14.01 -8.02 -9.36 -11.54 -7.75 -4.56 -5.53 -4.7 1.91 -0.06 -2.4 -9.2 -9.92 -15.76 -13.32 
JarositeH   -22.85 -14.94 -16 -18.42 -14.02 -9.91 -11.27 -10.23 -2.85 -3.81 -6.08 -11.04 -11.27 -15.9 -13.72 
Jurbanite AlOHSO4  -11.57 -8.13 -9.47 -10.69 -8.76 -6.55 -7.21 -7.02 -3.04 -0.67 -8.48 -0.41 -0.75 -0.43 -0.62 
Portlandite Ca(OH)2  -4.26 -6.49 -6.34 -5.47 -6.7 -8.21 -7.69 -7.98 -10.55 -12.23 -14.42 -15.62 -16.59 -18.65 -18.16 
Rhodochrosite MnCO3  -1.09 -1.42 -0.37 -1.51 -1.03 -1.6  1.1 1.3 0.75 -0.14 -0.56    
Siderite FeCO3  -9.19 -5.92 -5.78 -7.17 -4.86 -2.72  -2.93 0.62 0.57 -0.25 -0.5    
Aragonite CaCO3  2.22 0.95 1.5 1.65 1.48 1.03 1.16 0.1 -0.82 -2.05 -2.51     
Sillimanite Al2SiO5  -2.61 0.28 -2.38 -3.49 -1.75 -0.48 -0.65 -1.09 1.82 2.98  -2.4 -5.58 -8.36 -8.5 
SiO2(a)   -2.18 -1.59 -1.7 -1.95 -1.71 -1.63 -1.68 -1.82 -1.94 -1.88 -1.87 -1.39 -1.57 -1.25 -1.72 
Pyrolusite MnO2  0.14 -3.49 -2.82 -2.36 -4.18 -7.31 -5.87 -4.23 -8.09 -10.86 -14.97 -17.41 -18.84 -22.47 -21.45 
Brucite Mg(OH)2  -0.76 -3.01 -2.41 -1.6 -2.44 -3.47 -2.64 -2.46 -4.53 -6.04 -7.96 -9.12 -9.95 -11.84 -11.4 
Barite BaSO4  1.08 1.14 0.91 0.91 1.22 1.14 0.91 1.1 1.04 1.33 0.89     
Magnetite Fe3O4  13.83 18.33 17.39 16.12 18.79 20.39 20.04 20.48 24.2 20.31 12.56 8.46 6.27 -1.2 1.53 
Manganite MnOOH  2.28 -0.27 0.27 0.17 -0.9 -3.41 -1.93 -0.34 -2.81 -4.85 -7.95 -9.63 -10.71 -13.44 -12.71 
Ni(OH)2   0.46 -0.23 -0.22 0.32 -1.2 -1.08 1.84 -1.4 -1.9 -3.78 -5.9 -6.63 -7.22 -9.01 -8.29 
Nsutite MnO2  -0.16 -3.91 -3.41 -3.11 -4.76 -8.06 -6.29 -4.82 -8.51 -11.28 -15.55 -17.83 -19.26 -22.89 -22.04 
Pb(OH)2   -0.46  0.06 -0.15 -0.56 -1.47 0.12  -1.13 -4.03 -6.33     
Pyrochroite Mn(OH)2  -2.36 -3.71 -3.13 -3.63 -4.12 -5.84 -4.65 -2.95 -4.19 -5.5 -7.44 -8.51 -9.24 -11.07 -10.46 
Quartz   -0.57 -0.09 -0.27 -0.66 -0.42 -0.34 -0.38 -0.53 -0.64 -0.58 -0.57 -0.09 -0.27 0.05 -0.43 
Sepiolite Mg2Si3O 7.5 OH:3H2O  2.17 -0.61 0.17 0.95 0.08 -1.82 -0.14 -0.29 -4.7 -7.56 -11.42 -12.21 -14.44 -17.26 -17.87 
Calcite CaCO3  2.37 1.09 1.65 1.8 1.62 1.18 1.3 0.25 -0.68 -1.9 -2.37     
Celestite SrSO4  0.51 0.55 0.46 0.46 0.43 0.46 0.42 0.43 0.41 0.56 0.39 0.28 0.52 0.36 0.47 
Cu(OH)2   -1.86 -1.89 -2.02 -1.72 -1.45 -2.09 -1.94 -2.63 -1.15 -2.12 -4.74 -5.04 -6.14 -8.1 -6.75 
Smithsonite ZnCO3  -4.22 -3.27 -2.85 -3.4 -2.52 -2.07  -1.98 -1.69 -3.04 -4.1 -4.67    
Strontianite SrCO3  1.81 0.56 1.01 1.14 0.92 0.45  0.52 -0.52 -1.42 -2.67 -3.21    
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Table B19: Summary of saturation indices (SI) for mineral phases controlling element concentration in leachates for SR + 6 % OPC 
core. 
 
phase  drainage1 drainage2 drainage 3 drainage 4 drainage5 drainage6 drainage7 drainage8 drainage9 drainage11 drainage12drainage13 drainage14 drainage15 drainage16 
Al(OH)3(a) Al(OH)3 -3.83 -2.35 -2.7 -1.77 -1.98 -1.57 -3.53 -3.69 -4 -1.56 -2.6 -3.12 -2.92 -4.3 -5.18 
Alunite  -17.26 -11.8 -14.21 -2.59 6.19 7.75  4.9 3.43  5.56 5.29 5.47 1.52 2.1 
Anhydrite CaSO4 -0.36 -0.44 -0.35 -0.52 -0.15 -0.29 -0.3 -0.13 -0.27 -1.56 -0.2 -0.23 -0.1 -0.28 -0.08 
Aragonite  1.73 2.44 1.14 0.44            
Basaluminite Al4(OH)10SO4 -18.08 -11.75 -13.94 -4.45 1.24 3.3 -2.57 -3.01 -4.05 2.79 0.13 -1.2 -0.26 -5.03 -8.1 
Boehmite AlOOH -1.64 -0.15 -0.5 0.44 0.22 0.63 -1.32 -1.49 -1.8 0.64 -0.39 -0.93 -0.72 -2.1 -2.97 
Diaspore AlOOH 0.12 1.59 1.23 2.16 1.95 2.37 0.41 0.24 -0.07 2.38 1.34 0.82 1.02 -0.36 -1.24 
Ettringite  2.27 2.2 4.38 -13.11 -29.79 -30.96 -40.83 -40.85 -42.86 -36.9 -35.28 -38.27 -37.4 -43.59 -46.61 
Fe(OH)3(a) Fe(OH)3 2.92 3.37 3.15 5.14 0.79 -0.27 -2.92 -3.33 -3.57 -4.59 -1.93 -2.76 -2.36 -3.6 -4.7 
Ferrihydrite FeOOH 1.03 1.48 1.26 3.24 -1.1 -2.16 -4.81 -5.22 -5.46 -6.48 -3.82 -4.65 -4.25 -5.49 -6.59 
Gibbsite Al(OH)3 -1.09 0.37 0.02 0.94 0.74 1.15 -0.81 -0.97 -1.28 1.16 0.12 -0.39 -0.19 -1.57 -2.47 
Goethite FeOOH 4.32 4.85 4.64 6.69 2.27 1.21 -1.44 -1.85 -2.09 -3.11 -0.45 -1.32 -0.92 -2.16 -3.19 
Gypsum CaSO4:2H2O -0.13 -0.21 -0.12 -0.3 0.08 -0.06 -0.07 0.1 -0.03 -1.32 0.04 0 0.14 -0.05 0.15 
Hematite Fe2O3 15.43 16.5 16.07 20.17 11.33 9.2 3.91 3.1 2.61 0.56 5.89 4.15 4.94 2.47 0.43 
Jarosite(ss)  -14.26 -11.57 -13.61 1.98 -1.22 -3.98  -9.46 -10.51  -7.85 -9.18 -8.27 -11.5 -11.77 
Jarosite-K  -13.42 -10.72 -12.71 2.32 -1.59 -4.45  -10.1 -11.37  -8.54 -9.87 -9.12 -12.64 -12.42 
Jarosite-Na  -17.31 -14.86 -16.86 -1.79 -5.73 -8.57 -13.17 -14.13 -14.52 -22.93 -12.16 -14.14 -12.73 -15.52 -17 
JarositeH  -26.99 -23.33 -25.52 -6.89 -8.14 -10.53 -14.55 -15.32 -15.65 -24.59 -13.62 -15.24 -13.82 -16 -17.09 
Jurbanite AlOHSO4 -14.13 -11.8 -12.93 -5.89 0.05 0.86 0.87 0.93 0.82 0.33 0.78 0.83 1.15 0.53 0.49 
Portlandite Ca(OH)2 -3.24 -4.15 -3.28 -9.54 -15.35 -15.88 -17.85 -17.91 -18.24 -16.6 -16.73 -17.35 -17.33 -18.28 -18.89 
Rhodochrosite MnCO3 -0.82 -0.89 -2.8 0.18            
Siderite FeCO3 -11.97 -9.22 -11.97 -1.25            
Sillimanite Al2SiO5 -6.11 -2.93 -4.17 -1.47 -1.28 -0.42 -3.23 -4.19 -5.45 -0.6 -2.77 -3.36 -3.02 -6.05 -7.15 
SiO2(a)  -2.56 -2.06 -2.59 -1.55 -1.18 -1.14 -0.04 -0.67 -1.3 -1.34 -1.43 -1.1 -1.17 -1.43 -0.53 
Pyrolusite MnO2 3.04 0.43 1.42 -7.17 -16.63 -18.17 -21.77 -22.21 -22.49 -18.95 -20.01 -21.44 -21.1 -22.59 -23.87 
Brucite Mg(OH)2 0.09 -0.92 1.09 -5.05 -9.59 -7.49 -12.05 -12.22 -12.44 -10.9 -11.15 -11.8 -11.65 -12.49 -13.13 
Barite BaSO4 1.08 1.3 1.16 0.93 0.83 0.74 1.68 1.17       0.72 
Magnetite Fe3O4 11.15 13.28 12.27 21.49  8.3     3.79 1.49 2.59 -0.81 -3.41 
Manganite MnOOH 4.62  2.83 -2.97 -9.31 -10.4     -11.79 -12.75 -12.5 -13.68 -14.8 
Ni(OH)2  1.23 -0.41 0.49 -2.83 -5.79 -6.46  -6.34   -7.81 -8.18 -8.05 -8.78 -9.27 
Nsutite MnO2 2.74 -0.23 0.76 -8.13 -17.26 -18.8 -22.4 -22.84 -23.12  -20.65 -21.91 -21.57 -23.06 -24.67 
Pb(OH)2  -0.42 -0.33 -0.28 -2.54 -7.69 -7.21 -6.95 -7.18 -7.11  -7.18 -8.1   -9.6 
Pyrochroite Mn(OH)2 -0.58 -2.43 -2.18  -8.43 -9.09 -10.89  -11.26  -10.02 -10.68 -10.51 -11.39 -12.01 
Quartz  -1.26 -0.77 -1.3 -0.27 0.11 0.16 1.25 0.63 -0.01 -0.05 -0.14 0.2 0.13 -0.14 0.76 
Sepiolite Mg2Si3O 7.5 OH:3H2O 2.74 2.03 4.45 -4.84 -12.65 -13.85 -14.14 -16.37 -18.71 -15.74 -16.53 -16.74 -16.66 -19.14 -17.87 
Calcite CaCO3 1.88 2.58 1.29 0.58            
Celestite SrSO4 0.33 0.47 0.57         0.34 0.51 0.32 0.48 
Cu(OH)2  -1.8 -1.76    -1.16    -30.96  -5.28   -7.21 
Smithsonite ZnCO3 -5.72 -3.94              
Strontianite SrCO3 1.11               
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XRD spectra of solid cores with depth compared to the fly ash are presented in figures B20-B23 below 
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Figure B20: XRD spectra of FA solid core sections with spectra for precipitates washed down the solid core (G-gypsum). 
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Figure B21: XRD spectra of solid residue core sections (G-gypsum)  

 

 

 

 



 

360 

SR + 40 % FA

5 15 25 35 45 55 65 75 85
degrees two theta

re
la

tiv
e 

in
te

ns
ity

FA

Top

Bottom

Middle

M
M

M M M MMMM M M

Q

Q

Q
Q

Q
Q

Q
Q

CSH CSH
CSH

CSH-Calcium sulphate hydrate
M-mullite
Q-quartz

 
Figure B22: XRD spectra of solid residue (SR) + 40 % FA core sections (G-gypsum)  
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Figure B23: XRD spectra of solid residue (SR) + 6 % OPC core sections (G-gypsum) 
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Figure B24: Summarized leachate pH trends versus evolving L/S ratios for FA, SR, SR + 5 

% FA, SR + 25 % FA, SR + 40 % FA and SR + 6 % OPC solid cores (error bar represents 

one SD below and above the mean). 
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