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ABSTRACT

Fly ash is the most abundant of the waste materials generated from coal combustion in

coal-fired power stations. South Africa uses more than 100 million tonnes of low grade

bituminous coal annually to produce cheap electricity thereby generating huge amounts

of fly ash each year. The disposal of fly ash has been a major concern to the world

because of its potential environmental impact due to the possible leaching of the toxic

elements contained in fly ash. This study centres on the chemical characterization and

leaching behaviour of the fly ashes generated from SASOL Synfuels and ESKOM power

station at Secunda and Tutuka in South Africa respectively. The aim is to understand the

composition of the fly ashes and to determine the leachability of species from the ashes in

order to predict the environmental effect of the different ash handling system of the coal-

fired stations (wet disposal system in Secunda and dry disposal system in Tutuka).

Several leaching methods were employed in this study in order to develop a methodology

for evaluating and modelling ash system and were able to discriminate between ash types

and model ash handling system. Fly ashes from the two South African coal-fired stations

were subjected to total acid-digestion and XRF analyses in order to determine the total

amounts of major and minor species contained in the fly ashes. The total acid-digestion

test and the XRF analysis revealed that the major species such as Al, Si, Ca, Na, Mg, K,

Sr, Ba and S04, and minor species such as Fe, Ti, V, Mn, Cr, Ni and Cu were present in

both fly ashes in fairly similar concentrations. The mineralogical characterization by

XRD of Secunda and Tutuka fly ashes revealed mullite and quartz as the major mineral

phases with minor peaks of CaO and calcite.

11

Several leaching tests and different leaching conditions were employed in this study in

order to develop a standardized replicable methodology for environmental impact

assessment and for modelling the impact of different ash handling scenarios. The fly

ashes were exposed to these different leaching tests under alkaline and acidic conditions

in order to determine the readily soluble species of the fly ashes and to evaluate the effect
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of leachant of different pHs on the leachability of species from the fly ashes. To achieve

this, DIN-S4, TCLP and ANC tests were employed. The natural pH of the fly ash

leachates were very high ranging between 12.56 and 13.08. The DIN-S4 leaching test

revealed that the easily soluble species of the fly ashes include Ca, Mg, Na, K and S04

and various toxic elements. The leachates from the TCLP test recorded higher

concentrations of Ca, Mg, Na, K and S04 which was attributed to the slight decrease in

the pH due to the addition of a acidic leachant with a pH of 2.88. Comparison of the

amount leached (DIN-S4) from the fly ashes with the total concentrations of each of the

components of the fly ashes (determined by the total acid-digestion), the percentage of

each of the readily soluble species ranged from 15-24.23% for Ca, 0.23-0.45% for K,

0.58-0.82% for Na, 0.0047-0.007% for Mg, 0.96-3.33% for Ba and 0.012-1.51 % for S04

per dry mass of each component in the fly ash. The ANC test revealed the effect of a

leachant of specified pH on the release of species from the fly ashes with concentrations

of the major and minor species leached out of the fly ashes found to be higher than the

concentrations released into the leachates when DIN-S4 and TCLP test were considered

at specific pH and showed the pH dependence of the solubility and release of species.

These tests also showed the effect of the liquid to solid ratio upon leachability of species.

iii

In addition to the batch leaching tests mentioned above, dissolution kinetics and up-flow

percolation tests were carried out on the fly ashes to determine the leaching behaviours of

the fly ashes over time and the factors controlling the release of species from the fly ashes

in the long term. The dissolution kinetics test was done for an extended period of 60 days

with recycle of the leachant and the up-flow percolation test was carried out with constant

leachant renewal until a liquid/solid ratio of 20 was attained (:::::;90days). The geochemical

computer code PHREEQC and MINTEQ database was used for geochemical modelling

of the leachates at various reaction times and LIS ratios. The geochemical modelling

results revealed that the release of the species from the fly ashes is controlled by the

solubility of mineral phases in many case except for Na. The release of Ca, S04, Mg, Ba

and Sr in the leachates of the fly ashes were predicted to be controlled by portlandite,

gypsum, brucite, barite and celestite respectively while birnessite, magnetite, BaCr04,
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CaMo04 and Ba(As04h were predicted to be the mineral phases controlling the release

of Mn, Fe, Cr, Mo and As respectively.

The pH of the leachates plays a significant role in the leaching of both major and minor

species from the fly ashes. The concentrations of species leached into solution at low pH

(ANC and TCLP) were higher than the concentrations released at high pH (DIN-S4,

dissolution kinetics and up-flow percolation tests). The amounts of the toxic elements

such as As, Se, Cd, Cr and Pb that leached out of the fly ashes when in contact with de-

mineralized water (DIN-S4) were very low and below the target water quality range

(TWQR) of South African Department of Water Affairs and Forestry (DWAF), but the

amounts of As and Se leached out by acidic leachant applied in the TCLP test and at

lower pH ranging between 8 and lOin the case of the ANC test were slightly higher than

the TWQR, which is an indication that the pH of the leaching solution and the contact

time playa significant role on the leaching of species out of the fly ashes.

This study revealed that the leaching of species from the fly ashes depends on various

factors which include: physical and chemical characteristics and mineralogical

composition of the fly ashes, the total concentrations of species in the ash, the rate of

flow through the ash system and more importantly the pH of the leachant to which the

ash system is exposed to.

The results of different experiments and analysis carried out on the two South African fly

ashes (Secunda and Tutuka fly ashes) showed that, despite the high concentrations of

soluble species or leachable elements in the fly ashes, the leaching of major, minor and

trace elements into the soils and the groundwater could be minimized if certain

conditions such as avoiding acidic precipitation that could reduce the pH of the ash

system are adhered to.

iv

The leaching trends of the species and the geochemical modelling data also showed that

the formation of secondary mineral phases could reduce the release of toxic elements, the
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release of which would require aggressive low pH leachants, high flow rate, high

recharge and long-term leaching for the dissolution of the formed mineral phases.

In conclusion, the combination of the leaching tests employed in this study gives

information on the leaching behaviour of the Secunda and Tutuka fly ashes and the

factors controlling the leaching of the elements from the fly ashes. This study has been

able to show that elements are leached out of the fly ashes at both alkaline and acidic pH.

It is also revealed in the study that the disposal techniques employed by the coal-fired

stations which were simulated by using the dissolution kinetics and up-flow percolation

tests are adequate methods for modelling of the ash disposal scenario. These two methods

show that the dry disposal system at Tutuka will encourage equilibration of the ash/water

system thereby facilitating the precipitation of mineral phases that could control the

release of both major and minor species from the fly ash, whereas the wet ashing system

at Secunda may expose the ash to sufficient flow to rapidly leach species out into the

environment.

Keywords: Fly ash, leaching behaviours, geochemical modelling, power stations, TCLP,

ANC, up-flow percolation, dissolution kinetics, readily soluble species
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Chapter 1: Introduction

Chapter One

Introduction

Coal is derived principally from decomposed organic matter (plants) consisting

primarily of the element carbon. Coal is the major raw material used in power stations

to generate electricity in South Africa and in most other countries of the world.

When coal is burnt, it produces energy in the form of heat, which is used to power

machines such as steam engines or to drive turbines that produce electricity. South

Africa is largely dependent on the combustion of coal for power generation and uses

more than 100 million tons (Mt) of coal per annum (Willis, 1987); in the United

States, almost 60% of the electricity produced is derived from coal combustion

(Kalyoncu, 2002). Consumption of coal is expected to increase in the next 20 years in

the world because of the additional energy requirements. This energy would be

generated mainly through coal burning in power stations (Duchesne and Reardon,

1999).

1

As a result of coal combustion to generate electricity, more than 100 million tons of

solid coal combustion by-products are generated annually in the world. These include:

1) fly ash which is a fine fraction of the coal combustion products, which is carried

out of the boilers by the flue gases; 2) bottom ash, the large ash particles that

accumulate at the bottom of the boiler; 3) boiler slag, the molten inorganic material

that is collected at the bottom of the boilers and discharged into a water-filled pit

where it is quenched and removed as glassy particles resembling sand and 4) flue gas

desulphurization (FGD) material (Kalyoncu, 2002) as well as nitrogen oxides (NOx)

and sulphur oxides (SOx).

Fly ash, one of the coal combustion by-products, is a fine-grained powdery particulate

material that leaves the furnace in the flue gas stream and is collected by means of an

electrostatic precipitator, baghouse, or mechanical collection device such as a

cyclone. Fly ash is composed of minerals which can be divided into acidic (Si02,

Ah03, Fe203 and Ti02) and basic (MgO, CaO, Na20 and K20) (Erol et al., 2005).
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South Africa's largest power producing company (ESKOM) generates approximately

20 million tons (Mt) of fly ash annually (Eskom, 200 I), of which only 5% is currently

utilized beneficially, the rest being disposed of in ash dams, in landfills and surface

impoundments. Studies (lyer, 2002; McCarthy and Dhir, 1999; lyer and Scott, 2001;

Petrik et aI., 2005) have however shown that there are other ways in which this by-

product could be utilized, which include treatment of acid mine drainage (AMD),

synthesis of adsorbents, addition to cement, remediation of acidic coal mine spoils

and tailings, construction work such as highway road bases among others. Despite

these applications mentioned above, there are large quantities of this waste product

that remain unused and this poses a major disposal problem.

The disposal of fly ash causes negative environmental impact because of the

possibility of heavy metals leaching out to the surrounding soils and groundwater. Fly

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

consistency over time. This type of ash disposal is being practiced in Secunda

gasification plant (SASOL Synfuels, South Africa) where fly ash is pumped as slurry

to the ash dump. Dry ash disposal is currently being carried out at several other power

stations. For example, Tutuka power station in South Africa practices dry ash

disposal, where the ash is quenched with about 16% wastewater before being

conveyed to the disposal site and then irrigated with brine. The idea of irrigating the

ash with brine is for dust suppression as well as to use ash as a sustainable salt sink.

The wastewater in the ash disposal slurry as well as rainfall leaches out toxic metals,

anions and cations from the ash heaps, posing an environmental hazard, which may

include groundwater contamination.

2

1.1 Study area

Two South African coal-fired stations have been chosen as the study area for this

research. These coal-fired stations are SASOL Synfuels at Secunda and ESKOM

power station at Tutuka. Fly ash is hydraulically transported and disposed in slurry

form at the ash dumps in SASOL Synfuels (Secunda) at 70-80% liquid/solid (LIS)

ratio, while at ESKOM (Tutuka) power station, a small amount (about 16%) of

wastewater is added to moisten the fly ash before disposal to the dumps to aid dust

https://etd.uwc.ac.za/



Chapter 1: Introduction

suppression. Fly ash samples from these two coal-fired stations were taken directly

from the precipitators at these two different locations.

Secunda and Tutuka power stations were selected due to their different modes of ash

disposal (wet and dry) and the fact that brine solutions (wastewaters) are used to

hydraulically transport fly ash and quench fly ash respectively.

This study will compare the characteristics of these ashes in order to predict their

long-term behaviour in the disposal scenario where the ash is exposed to the ingress

of rainwater or brine.

1.2 Objective of the study

Fly ash contains mainly inorganic substances and small amounts of organic materials

as a result of the high temperature coal undergoes during the combustion process.

However, many trace elements such as As, Se, Ni, B, Cu, Cd, and Mo, have strong

enrichment in the matrix and on the surface of fly ash particles due to their volatile

behaviour and subsequent condensation during coal combustion (Querol et aL, 1995).

The enrichment of trace elements therefore, increases the potential environmental

impacts of fly ash on various ecosystems because of the possibility of releasing the

trace elements from ash when in contact with water on disposal.

3

Several studies have been carried out on batch leaching of some South African fly

ashes and their utilization which include the synthesis of zeolite, as well as

contaminant removal from acid mine drainage (AMD), and the neutralization capacity

of fly ash for the remediation of acid mine drainage (AMD) (Petrik et aL, 2005;

Bosch, 1990; Foner et aL, 1999; Gitari, 2006). Despite all these studies, little or no

attention was given to the leaching behaviours of some of the South African fly ashes

(specifically fly ash from Secunda and Tutuka) with regard to the effects of solutions

of different pH on the leachability of species from fly ash, the release kinetics of

species and ash/water interaction chemistry that may occur when ash is in contact

with solutions over a longer period of time, and the possible secondary mineral

formation that may control the release of species from fly ash.

In South Africa, Sasol Synfuels and Eskom power stations have been co-disposing fly

ash and brine with the aim of using fly ash as sustainable salt sink. To fully
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4

understand the chemical interactions of the species in the ash/brine system and to

know if fly ash can indeed act as salt sink for brine, one must understand the

compositions and the chemistry of fly ash when in contact with demineralised water.

Therefore, the main objective of this research is to understand the compositions and

the leaching behaviours of Secunda and Tutuka fly ashes. This study aimed at

characterizing the fresh fly ashes and determining their physical, chemical and

mineralogical compositions, surface properties, particle size and surface area;

understanding the effects of exposure of Secunda and Tutuka fly ashes to de-

mineralized water at different time scales; studying and quantifying the release of

elements from the fly ashes when exposed to acidic solutions of different pH values;

elucidating the mechanisms involved in the release of species during leaching; and

finally understanding the mineralogy of the intermediate and final products formed

during water/ash interaction by speciation modelling. These objectives must be met to

fully understand the leaching behaviours of the ash prior to understanding the

chemistry of fly ashlbrine or wastewaters. The quantities of heavy metals released in

ash/water interactions were compared with DWAF's water quality guidelines, in order

to predict the possible effects of rain water infiltration or brine irrigation on fly ash

disposal and potential impacts on the environment.

These objectives would be achieved by providing answers to the following questions.

• What are the chemical and mineralogical compositions of the fresh fly ashes

from Secunda and Tutuka power stations?

• What are the easily soluble fractions of the fly ashes when exposed to water?

• What would be the effects of different pH solutions on the release of elements

from the fly ashes?

• What are the quantities of major and minor elements released when the fly

ashes are contacted with de-mineralized water over different time scales?

• Is there any interaction between the species released into solution leading to

the formation of secondary mineral phases, if yes, how does this interaction

affect the quantities of species available in solution i.e., what are the factors

that are likely to control the release?
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1.3 Research approach

The research objectives would be achieved by carrying out several experiments,

which involve characterization of fresh samples of the fly ashes, and by a series of

leaching tests in different reaction systems at different conditions and time scales.

The research approach includes: (1) chemical characterization of fresh fly ash samples

from Secunda and Tutuka, this was done in order to identify and quantify the major,

minor and trace elements of the fresh fly ash samples by using X-ray fluorescence

(XRF) as well as by total acid digestion of the fresh samples; (2) X-ray diffraction

(XRD) and Scanning electron microscopy (SEM-EDS) analyses of the fresh

(unreacted) fly ashes were done to determine the mineralogical compositions of the

fresh fly ashes; (3) Series of leaching tests on the fresh ash samples were carried out

to determine and quantify major and trace elements released from fly ash under

different conditions, and also to determine the solubility over time of different

components in ash.

The leaching tests employed in this study include:

(a) German leaching test, DIN-S4, was employed to determine the highly leachable

fractions of the fly ashes. This method involves agitating fly ash in a closed

polyethylene plastic container with de-mineralized water for the period of 24 h.

(b) Toxicity characteristic leaching procedure (TCLP) was employed to determine the

toxicity of fly ash as per United States Environmental Protection Agency (US EPA)

guidelines. This test involves agitation of fly ash in a closed plastic container with an

acid solution of pH 2.88 for a period of 20 h.

(c) Dissolution kinetics experiments were carried out to assess the evolution of the

liquid/solid system for relatively longer period of times with non renewal of leachant.

The data is also utilised in determining the equilibration time of the system and

chemical reactions involved. This method involves agitation of fly ash in de-

mineralized water (LIS = 10:1) under closed conditions at different reaction times for

a period spread over 60 days.

(d) Acid neutralization capacity (ANC) tests were carried out to determine the

neutralization capacity of the fly ashes and the effects of solutions of different pH on

the leachability of fly ash constituents. These tests involved agitating fly ash with

solutions containing various amounts of HN03 to achieve different pre-determined

final pH values.

5
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(e) Up-flow percolation (column leaching) tests were done to determine the

leachability of species from fly ash under renewal of leachant. This experiment was

done by pumping new leachant (de-mineralised water) at all times through the column

in an up-flow direction. The data obtained would be used to develop a mineralogical

model of the fly ash/water interaction system. Ash/water interactions chemistry was

further investigated with a geochemical model, PHREEQC utilising MINTEQ

database for highly alkaline solutions.

1.4 Outline of the subsequent chapters

Apart from the introductory chapter, this thesis consists of five main chapters starting
I

with a comprehensive investigation of the recent and applicable literature on coal and

fly ash.

Chapter 2: Generation of fly ash, physical, chemical and mineralogical

compositions, disposal and utilization of fly ash: A literature review

The literature review is contained in chapter 2 and reviews the composition and uses

of coal, morphology, mineralogical and chemical compositions of fly ash. Types of

fly ash, ash/water interaction chemistry, disposal, environmental impacts and

utilization of fly ash are also discussed in this chapter.

Chapter 3: Sampling, Experimental and Analytical Methods

The outline of sampling, experimental and analytical methods used in this study are

presented in chapter 3.

Chapter 4: Results and Discussion I; Characterization, batch leaching tests and

effect of solutions of different pH on the release of species from the fly ashes

Chapter 4 presents and discusses the results of characterization of fresh fly ash

samples and the results of batch leaching tests, which include TCLP, DIN-S4 and

ANC.

6

https://etd.uwc.ac.za/



Chapter 1: Introduction

Chapter 5: Results and Discussion II; Factors controlling the leachability of

species under a closed system (Dissolution kinetics) and up-flow percolation
(Column) tests

The results of the dissolution kinetics and up-flow percolation (column) leaching

experiments and discussion are presented in chapter 5. This chapter also discusses the

results of the geochemical modelling of the dissolution kinetics and up-flow

percolation tests using PHREEQC.

Chapter 6: Conclusion and Recommendations
The conclusion regarding the effects of ash disposal on the environment is contained

in chapter 6 and recommendations are made for future work.

7
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Chapter Two

Generation of fly ash, physical, chemical and mineralogical

compositions, disposal and utilization of fly ash: A literature review

2.0 Introduction

Fly ash originates from combustion of coal and it is necessary to discuss fly ash with

respect to its origin. This chapter therefore deals with literature on coal, its

compositions and uses; fly ash, its physical, chemical and mineralogical composition,

disposal and utilization among others.

2.1 Coal

The rock that is referred to as coal is an easily combustible rock that contains

carbonaceous material derived from partially decayed vegetation remains which have

been buried under layers of sediment, compressed by enormous pressure over

hundreds of million years (Cunningham and Saigo, 1990). Coal is formed in

environments that promoted plant growth and under depositional conditions that

favoured preservation. The accumulation of the organic matter that lithifies to coal

occurred in swampy areas where organic matter deposition exceeded the rate of

decomposition. The preservation of organic matter occurred under anaerobic

conditions where the oxidation of organic material was inhibited because of a water

table that was very close to the surface of the deposit. Coal is an extraordinarily

complex material. In addition to organic matter, coal contains water (up to 40 percent

or more by weight for some lignitic coals), oils, gases (such as methane), waxes, and

perhaps most importantly, inorganic matter (USGS, 1997; Solem and McCarthy,

1992).

Coal occurs in association with various types of inorganic minerals such as alumino-

silicates (clay minerals), carbonates (calcite and dolomite), sulphides (pyrite),

chlorides, and silica (quartz). Some elements such as sulphur occur in both the

8
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organic and inorganic coal fractions. The inorganic minerals, deposited along with the

plant material, are inherent and generally make up 5 to 10% of the coal. However, in

South Africa, the inorganic component in some coal deposits has been reported to be

much higher in the range of 25% and higher due to the low grade of the coal (Petrik et

aI., 2003). It is principally these incombustible materials that form the ash after

combustion of the coal (Solem and McCarthy, 1992).

2.2 Classification and Composition of Coal

Coal can be classified into type, rank and grade. Coal type is defined by the kind of

plant material, the age and the depth to which it has been buried under other rock. The

degree of coal development is referred to as a coal's rank, with lignite being the

lowest rank coal and anthracite the highest. Coal rank also has little to do with quality,

as a coal matures its ash content increases because of the loss of moisture and

volatiles. Lower rank coal may have lower energy contents, but tends to burn faster

because of its porosity and resultant higher surface area. Coal grade defines the range

of impurities contained within the deposit. These impurities include sediment and

other non-organic matter (Boggs, 1995; Petrik et aI., 2005) .

. There are basically four types of coal, each of which varies in terms of its heating

value, its chemical composition, ash content, geological origin and age. The four

types of coal include; i) Anthracite which is a hard, black, shiny form of coal that

contains virtually no moisture and very low volatile content. Because of this, it burns

with little or no smoke and is sold as a "smokeless fuel", ii) Bituminous coals which

get more deeply buried by other rocks and lose more moisture and also lose their

oxygen and hydrogen; they are harder and shinier. The principal components of

bituminous coal fly ash are silica, alumina, iron oxide, and calcium, with varying

amounts of carbon, as measured by the loss on ignition (LOl) (Adriano et aI., 1980).

iii) Sub bituminous coal has a higher heating value than lignite. It is a type of coal that

typically contains 35-45 percent carbon, compared to 25-35 percent for lignite, and iv)

lignite which is brown, soft and fibrous contains discernible plant material. It also

contains large amounts of moisture (around 70%) and so has low energy content

(Cunningham and Saigo, 1990).

9

https://etd.uwc.ac.za/



Chapter 2: Literature review

Carbon is the main component of coal with some amount of hydrogen, nitrogen,

oxygen and sulphur. Coal is a highly variable, heterogeneous (Solem and McCarthy,

1992) complex mixture containing solid, liquid and gaseous phases, which have

allogenic (formed elsewhere than in the rock where it is found) and authigenic

(formed or generated in the rock where it is found) origins. The inorganic components

of coal are responsible for a series of technological and environmental problems when

released during coal mining, coal processing operations such as preparation,

combustion, pyrolysis, gasification and liquefaction, and utilization of coal wastes

(Vassilev et al., 2001).

Much research has been done on coal deposits throughout the world because of the

environmental interest in the trace element content. Studies on occurrence and

distribution of trace elements in coal showed that their affinities differ from one

deposit to another (Querol et aI., 1995). Coal may contain over a hundred different

minerals, and the most abundant include: marcasite, quartz, pyrite, calcite, siderite,

gypsum, anhydrite, and clays (Scheetz and Earl, 1998). The major mineral phases in

coal sampled from European power stations, according to Querol et aI., (1995) are

kaolinite (AbSi20s(OH)4), illite (K(AI,Mg)3SiAllO(OH)), gypsum (CaS04.2H20),

pyrite (FeS2), marcasite (FeS2), quartz (Si02), microcline (KAISi308), albite-anorthite

«Na,Ca)(AISi)408) and calcite (CaC03). The minor minerals include: I-S (illite-

smectite) interlayered clays and iron sulphates with different degrees of hydration:

szomolnikite (FeS04.2H20), rozenite (FeS04.4H20), melanterite (FeS04.7H20) and

jarosite «Na,K)Fe3(S04h(OH)6). In addition to the major elements of carbon,

oxygen, hydrogen, nitrogen, and sulphur, coal also contains varying levels of species

such as sodium, mercury, chlorine, etc (Solem and McCarthy, 1992).

Studies on mobility of components in coal showed that the volatility of trace elements

in coal depends on the affinities and concentrations, and on the physical changes and

chemical reactions of these elements with sulphur or other volatile elements. The

volatility of these elements also depends on the combustion technology (temperature,

time of exposure, type of ash generation, etc). There is oxidation of elements with

sulphide and organic affinities during coal combustion and consequently they may

show volatile behaviour because of the temperature rise accompanying oxidation or

because of reaction with Cl, F, Na or S compounds which can induce volatility in

10
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some elements such as As, Se and Cd. These trace elements, if not volatilized, are

present in ash as oxides and sulphates which can easily be extracted from the ash by

water leaching (Querol et al., 1995).

2.3 Uses of Coal

Coal, which is a solid hydrocarbon when burnt, can be used in the same way the

liquid hydrocarbon, oil, is used. There are different ways in which coal is being

utilized for the benefit of mankind. Parts of the uses of coal as discussed below

include; power generation, production of iron and steel and production of synthetic

gas amongst others.

2.3.1 Power generation

The use of coal includes generation of electricity which is now common in most

countries of the world including South Africa. When coal is burned at around 1400°C,

the heat generated is used to heat the water in sealed pipes on the surrounding wall of

the boiler room. The water gets vapourized into superheated high-pressure steam due

to the intense heat. The steam drives the turbine which is connected to the generator

and causes the turbine to rotate at high speed, creating a magnetic field inside the

wound wire coils in the generator. This pushes an electric current through the wire

coils out of the power plant through transmission lines. It takes one pound of coal to

generate about one kilowatt-hour of electricity (Kentucky Geological Survey (KGS),

2006).

11
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Figure 2.1: Graphical illustration of electricity generation by conventional coal

combustion (Kentucky Geological Survey, KGS, 2006)

12

2.3.2 Production of synthetic gas

Coal is used in the manufacture of synfuels (synthetic natural gas). Sasol, a South

African company, is currently using coal in the production of synthetic natural gas,

and it involves several processes to convert the coal into gas. In a gasification

process, coal can be used to produce synthesis gas by partial oxidation in the presence

of oxygen and steam. Synthesis gas is a mixture of carbon monoxide and hydrogen. It

is used as an intermediate reagent leading to different products (methanol, urea, pure

hydrogen, dimethylether) according to the synthesis route chosen, and above all to

synthetic fuels by the Fischer-Tropsch reaction, named after its two German inventors

(in the 1920s). In this case the product obtained is a wax containing a multitude of

paraffin-type hydrocarbons with a very variable number of carbon atoms. This wax

must undergo a hydro- cracking process to produce predominantly a very good quality

diesel, and, in smaller quantities, LPG and petrol. Very high quality lubricating bases

can also be obtained, depending on the method of operation of the hydrocracking

plant. But this process is very expensive, and the production of synthesis gas from
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coal is exceedingly costly in energy terms (Uses of coal: www.planete-

energies.comlcontentlcoal/uses) .

2.3.3 Other uses

Coal can be used as fuel and in the chemical industries. Coal at one time was

predominantly used to heat homes, to power railroad locomotives and factories. In

industrial process heating, coal is used to heat boilers and ovens. The cement, glass,

ceramic, and paper industries all use coal for this purpose. In Kentucky, industrial

process heating accounts for 10 percent of Kentucky's annual mined coal (Kentucky

Geological Survey (KGS), 2006).

The use of coal is predicted to increase in the future in order to meet the continuous

demand for electric power generation. This increase in use of coal will eventually lead

to increase in the coal-combustion waste products such as fly and bottom ashes most

especially in South Africa where low quality coal is being used to generate electricity

(Burgers, 2002).

2.4 Fly Ash

Fly ash is a non-volatile, incombustible, thermally altered mineral matter comprising

of the inorganic constituents that were initially contained in coal (Scheetz and Earl,

1998) and is the most abundant residue from the combustion of coal for power

generation. There are other residues produced during combustion which include flue

gas desulphurization (FGD) sludge, fluidized bed boiler (FBB) waste, and bottom ash

(Adriano et al., 1980).

13

Fly ash is a fine spherical micron-sized particle waste generated from the combustion

of pulverized coal in thermal power stations. According to the American Coal Ash

Association, (1998), USA generated 102 million tons (Mt) of coal combustion

products in 1996, out of which fly ash was 59 million tons, but only 25% of this fly

ash was utilized (Duchesne et aI., 1999). In South Africa, according to ESKOM

(2001), South Africa's largest power producing company, ESKOM, generates over
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20Mt of fly ash annually of which only 5% is currently utilized, the rest being

disposed of in the ash dams, landfills or ponds (Petrik et aI., 2005).

Several studies (Furr et aI., 1977; Choi et aI., 2002; Reardon et aI., 1995) have shown

that fly ash generated in power stations is alkaline as a result of some soluble basic

oxides, such as CaO and MgO. This waste product is enriched with toxic elements

which could leach out when in contact with aqueous solution and it should be

disposed safely to prevent pollution to the environment (Van den Berg et aI., 2001).

2.5 Morphology of Fly ash

Fly ash is comprised of very fine particles ranging in size from 0.01 to 100llm which

are spherical in shape. The majority of the particles are glassy and transparent spheres

(formed by the melting of the silicate materials during combustion), iron rich

fractions, crystalline matter, and carbon (Young, 1993; Adriano et aI., 1980). The

fineness of fly ash particles was reported by Campbell (1999) to be dependent on the

combustion temperature and the size of pulverized coal introduced into burners while

the spherical shape of fly ash is as a result of cooling and solidifying of molten

droplets of inorganic coal residues after combustion. The spherical particles can be

hollow (cenospheres) or filled with smaller amorphous particles and crystals

(plerospheres) (Adriano et aI., 1980). The iron rich fractions of the spherical fly ash

can influence the colour which ranges from water-white to yellow, orange to deep red,

or brown to opaque. The colour of fly ash can vary from tan to grey to black,

depending on the amount of unburned carbon in the ash. The lighter the colour, the

lower the carbon content of fly ash (Adriano et aI., 1980).

14

Fly ash in some cases has a smooth, hydrophilic surface and is extremely porous;

some particles are edgy and rough on a micro scale while others may be partly

covered with a powder condensed from a vapour phase after solidification (Campbell,

1999; Bosch, 1990; lyer, 2002). The smooth and hydrophilic surface of fly ash

particles has been reported to contain higher amounts of CaO which will easily

dissolve into solution at a faster rate than the elements locked in the glass matrix

(Mattigod et al., 1990; Choi et al., 2002; Reardon et al., 1995).
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The morphological appearance of fly ash can be related to the reactive properties of

the fly ash. Particle morphology is one of the most important aspects of fly ash

morphology that has to be considered. The particle size distribution and the specific

surface area provide quantitative information that is utilized in evaluating the

interactions between fly ash and aqueous solution (Roy et al., 1985). Studies by lyer

(2001) also indicated that fly ash particle size and the surface area are important

characteristics in determining reactivity of fly ash. The smaller particle has a larger

surface area, which makes available a large area for the adsorption of volatile

elements during coal combustion. Hence, a large area is susceptible to hydrolysis

when in contact with aqueous solution. In addition to the initial surface area of fly

ash, changes in surface area as the reaction progresses are also important in a long

term leaching process (Saikia et al., 2006). The relative distribution of trace elements

on the surface and in the internal matrix of fly ash particles has important

environmental implications. Surface deposited metals may be easily mobilized in

leaching waters, while metals in the silica matrix are released only after periods of

extended weathering (Theis and Wirth, 1977).

2.6 Chemical composition of fly ash

Huge amounts of fly ash are generated during combustion of coal for the production

of electrical power in power generating stations, especially when low-grade coal is

burnt like the case of South Africa where brown coal is burnt to generate electricity

(Burgers, 2002; Bezuidenhout, 1995; Petrik et al., 2003). The properties of the ash

depend on physico-chemical properties of coal, coal burning process and other factors

(Saikia et al, 2006) which include source of coal.

The chemical composition and the properties of fly ash are also a function of the

origin and type of feed coal, combustion sequence and method of collection, storage

and climate (Adriano et al., 1980; Young, 1993; Steenari et al., 1999). The chemical

composition of fly ash is typically made up of elements such as silicon, calcium,

aluminium, iron, magnesium, and sulphur oxides, along with carbon and various trace

elements like Co, Cd, As, Se, Zn, Mo, Mn, Pb, B, Cu and Ni. These elements are

found in the ash because of their high melting points and the short time the ash

particles actually remain in the furnace during combustion. During the combustion

process, because of the high temperature, the inorganic minerals melt and become
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fluid or volatile or react with oxygen, and on cooling, they form crystalline solids,

spherical amorphous particles or condense as coating on the particles (Kutchko and

Kim,2006).

Many of the trace elements present in fly ash show a definite concentration trend with

decreasing particle size. Elemental distribution in fly ash generally falls into three

categories: (1) elements that are enriched in the fly ash, occurring at higher

concentrations in smaller ash particles, (2) elements that are partitioned equally

between bottom ash and fly ash, and show no concentration effect with particle size; .

and (3) elements that are intermediate between the first two categories. Those

elements that are enriched in fly ash relative to bottom ash are primarily found in

sulphide minerals that volatilize completely during combustion at furnace

temperatures of between 1,300-1 ,600°C. As the flue gases progress farther up the

stack, the temperature drops and these elements condense on particles composed of

non-volatile ash components such as Si, Al and Fe. These non-volatile elements tend

to be partitioned equally between fly ash and bottom ash and are generally found in

silicate minerals (e.g. micas and feldspars), which have boiling points higher than

furnace temperatures (Theis and Wirth, 1977).

Some of the mineral elements such as Na, Fe and Si in coal get volatilized due to the

combustion temperature, and these elements are in higher concentrations relative to

those found in the parent coal. Aluminium, calcium and iron occur in concentrations

typical of soils. Sodium is present in concentrations generally exceeding those found

in soil (Murarka et al., 1991).

Fly ash is also enriched with sulphur when compared to soil. The sulphur content of

the parent coal plays a role in the pH of fly ash which could range between 4.5 and 12

(Mattigod et al., 1990). The increase in sulphur enrichment of fly ash could be due to

the addition of conditioning agents such as sulphur trioxide, or sodium sulphate in

order to improve the collection efficiency of electrostatic precipitators and this

addition has the tendency to alter the ash chemical composition. Campbell (1999)

reported that sulphur trioxide (S03) is the most popular additive used in South Africa

to enhance collection of fly ash from electrostatic precipitator.

16
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The chemical composition of ashes from anthracite, bituminous and lignite coal are

likely to vary as shown in Table 2.1. Although the variation in some trace species

(Table 2.2) may be as high as several orders of magnitude, the contents of

predominant components in the residues usually differ only in a limited range (Theis

and Gardner, 1990; Murarka et al., 1991; Goldin et al., 1992; Meima and Comans,

1997; El-Mogazi et al., 1988; Adriano et al., 1980).

Table 2.1: Normal range of major components for fly ash produced from different

coal types (expressed as percent by weight) (Adriano et al., 1980).

Component Bituminous Sub-bituminous Lignite

Si02 20-60 40-60 15-45

Ah03 5-35 20-30 10-25

Fe203 10-40 4-10 4-15

CaO 1-12 5-30 15-40

MgO 0-5 1-6 3-10

S03 0-4 0-2 0-10

Na20 0-4 0-2 0-6

K20 0-3 0-4 0-4

LOl 0-15 0-3 0-5

Some other species like Mg, K, Na, Ti, and S are also present in their oxide forms but

in lesser amounts (Table 2.1). Trace elements in fly ash include As, B, Be, Cd, Co, Cr,

Cu, Ga, La, Mn, Hg, Ni, Pb, Sc, Ag, tin, Sr, V, Y, Zn and Zr (Young, 1993). The

average concentrations of most of these trace elements in fly ash as reported by El-

Mogazi et al., (1988) are shown in Table 2.2.
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Table 2.2: Average trace elemental composition for fly ash (El-Mogazi et aI., 1988).

Element Concentration (mg/g) Element Concentration (mg/g)

As 2.3 - 312 Pb 31 - 241

B 10 - 600 Mo 6.6 - 41

Cd 0.2 - 3.9 Ni 1.8 - 15

Cu 45 - 259 Se 1.2 - 17

Cr 43 - 259 Zn 15 - 406

Variation in chemical composition of fly ash from different power stations may be

observed as a result of the source of parent coal, the combustion processes and the ash

handling methods of the power stations. There are significant variations in chemical

composition of South African fly ashes (Table 2.3) as reported by Willis (1987). In

his study on fly ashes from Arnot and Sasol power stations he discovered that

variations in the chemical composition could be a reflection of the differences in the

parent coal composition from different coal fields and coal seams.

Table 2.3: Major chemical composition (weight %) of South African fly ashes from

Arnot and Sasol power stations (Willis, 1987)

Element Arnot Sasol

Si02 53-63 61-67

Ti02 1.3-1.5 1.2-1.4

Ah03 25-27 23-27

Fe203 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

Na20 0.16-0.21 0.76-1.3

K20 0.48-0.51 0.31-0.48

P203 0.38-0.89 0.22-0.51

S03 0.15-0.34 0.11-0.26
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The presence of trace metals (Table 2.2) in higher concentration makes the disposal of

fly ash a potential environmental problem which requires attention. These elements

tend to leach out into the surrounding soils and aquifers when in contact with water

and may pollute the groundwater or surface water. Hence a proper disposal or

utilization is required to reduce the potentially negative environmental effects.

2.7 Mineralogical composition of fly ash

The mineralogy of fly ash refers to both amorphous and crystalline phases and other

mineral fractions in the fly ash. Fly ash is a complex mixture of different minerals and

high amounts of toxic elements are associated with these minerals (Saikia et aI.,

2006). Fly ash consists of mineral oxides which include quartz (Si02), mullite

(3Alz03.2Si02), hematite (Fe203), magnetite (Fe304), kaolinite, calcite (CaC03),

pyrite (FeS2), and a small portion of unburned carbon (Adriano et aI., 1980; Steenari

et al., 1999).

19

The mineral components or phases in fly ash are formed within the coal strata or

incorporated in the coal during the coalification process (transformation of peat to

coal). A small part of the inorganic matter is present in the form of ions associated

with the organic matrix. These inorganic species are liberated and transformed during

the combustion process; carbonates are calcined and sulphides are oxidized, and the

clay minerals are dehydrated and decomposed. Chlorides and sulphates are formed

when alkali and alkaline earth metals from either organic compounds or minerals

react with combustion gases (Mattigod et aI., 1990; Steenari et aI., 1999).

Marcasite, pyrite, and siderite which are found in coal, on combustion alter to form

ferrite and hematite phases along with sulphur dioxide and carbon dioxide

respectively. Gypsum dehydrates to anhydrite and the calcium sulphate remains

stable. The combustion process does not affect quartz chemically but it undergoes an

alpha/beta phase change at 5730C which reduces the particle size of the individual

grains (Scheetz, 1998). Other minerals decompose, depending on the temperature of

combustion, and form new minerals. The clay minerals lose water and may melt,

forming alumino-silicate crystalline and noncrystalline (glassy) materials. Elements

such as Fe, Ca, and Mg combine with oxygen in the air to form oxide minerals, such
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as magnetite (Fe304), hematite (Fe203), lime (CaO), and periclase (MgO) (Solem and

McCarthy, 1992). The predominance of magnetite in the magnetic fraction of fly ash

and the presence of a significant portion of amorphous materials indicate that glass is

the primary mineral matrix in fly ashes (Adriano et aI., 1980).

Table 2.4: Thermal transformation of mineral phases (Mattigod et aI., 1990)

Minerals in coal Products following combustion

Table 2.4 shows the transformation of mineral phases during combustion (Mattigod et

aI., 1990). The lime occurs as particles on the surface of the glass spherules and is

thought to originate from the decarbonation of limestone and/or dolomite impurities

in coal (Warren and Dudas, 1984). The transformation process also includes liberation

of inorganic species. Trace metals are then concentrated in fly ash as they are released

in volatile form during combustion. These elements are likely found in the surface

layer of fly ash particles rather than within the glassy particles formed during

combustion (Steenari et al., 1999).

Coal fly ashes are classified by American Society for Testing and Materials (ASTM)

into class F or C by their aggregate alumina, silica, and ferric oxide contents. The

distinction between Class F and Class C fly ash is based on the sum of the total silica,

aluminium and iron oxides (Si02 + Ah03 + Fe203) in the ash. When the sum is

Phyllosilicates

Quartz

Pyrite (FeS2), siderite (FeC03),

iron sulphates

Calcite (CaC03)

Dolomite (CaMg(C03h)

Gypsum (CaS04.2H20)

Ankerite (CaMgxFe(l-x)(C03h)

2.8 Types of fly ash

Glass, quartz (Si02) and mullite (AI6Si2013)

Glass, quartz (Si02)

Hematite (Fe203) and magnetite (Fe304)

Lime (CaO)

Lime (CaO), periclase (MgO)

Anhydrite (CaS04)

Calcium ferrite (CaFe204), periclase (MgO)
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greater than 70% an ash is classified as Class F. When the sum is between 50% and

70% the ash is classified as Class C (ASTM C 618, 1993).

Table 2.5: ASTM standards classification of fly ash (ASTM C 618, 1993)

Class F Class C

Si02 + Ah03 + Fe203, min % 70.0 50.0

S03, max % 5.0 5.0

Moisture content, max % 3.0 3.0

LOl, max % 6.0 6.0

Available alkalis, as Na20, max % 1.5 1.5

Table 2.5 shows the ASTM standard classification of fly ash. Type C fly ash is

produced by burning of lignite coal and contains more lime (18%) (lyer, 2002). Type

C ashes are generally produced from the combustion of lower rank coals and contain

more calcium in their bulk chemical compositions. Due to the higher calcium content

in fly ash, the assemblage of the resulting mineralogical phase is quite different

(Scheetz and Earl, 1998). Class C fly ash, in addition to having pozzolanic properties,

also has some cementitious properties (ASTM C 618-1993).

The burning of anthracite, bituminous or sub-bituminous coal produces type F fly ash.

It has low lime content «7%) and more silica, alumina, and iron oxide (lyer, 2002).

Class F coal fly ashes are generated from the combustion of higher rank coals (coal

which have lower calcium content). This fly ash (class F) possesses little or no

cementitious value but in finely divided form and in the presence of moisture, will

chemically react with calcium hydroxide at ordinary temperature to form cementitious

compounds. The bulk chemical composition of class F ash dictates the mineralogical

constituents of the ash. The most abundant phases in a class F fly ash are the glass that

results from the melting of the clays and subsequent exsolution of mullite from the

melt (Scheetz and Earl, 1998).
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2.9 Utilization of fly ash

Utilization of fly ash has been investigated by many researchers in order to facilitate

its disposal and minimize its negative environmental impacts by considering the

chemical composition and leaching characteristics of the fly ash before utilization

(Steenari et al., 1999). Fly ash has been found to be useful in some areas despite the

high concentration of trace elements and the increased mobility of these elements in

weathering environments. 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,

soil, water and environmental improvement. These applications are discussed in the

following sections.

2.9.1 Treatment of soils and wastelands

Kumpiene et al., (2006) investigated the usefulness of fly ash in stabilization of metal

(Cu and Pb) contaminated soil. An evaluation of the changes in Cu and Pb mobility

and bioavailability in soils induced by the addition of coal fly ash revealed that the

amounts of leached Cu decreased by 98.2% and Pb by 99.9%. Metal leaching from

the treated soil was found to be lower by two order of magnitude compared to the

untreated soil in the field lysimeters. They identified the formation of Cu- and Pb-

bearing mineral phases as the factors controlling the mobility of these contaminants in

the ash treated soil. They found during their investigation that there was low metal

leaching, increased seed germination rate, reduced metal accumulation in plant

shoots, and decreased toxicity to plants and bacterial.

Fly ash is also being used in soils management. In Australia (Yunusa et al., 2006),

agricultural soils had inherent limitations of a structural and nutritional nature which

posed major constraints to crop productivity. Fly ash was applied to reduce the soil

acidity and the pH of the soils was found to be raised. The overall effects of fly ash on

soil structural and nutritional characteristics was assessed from plant growth, and lint

produced by cotton was found to increase by 28% with application of 3.5t/ha of fly

ash (Stevens and Dunn, 2004), and biomass produced by clovers (Trifolium
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subterraneum) increased almost 3-fold with application of fly ash to sandy loam soil

(Summers et al., 1998).

Fly ash application to areas that have been reduced to wastelands after the strip

mining of coal has somewhat succeeded in reclaiming the land for agricultural

purposes. The spoils are acidic and infertile as a result of the oxidation of the pyretic

overburden, only sparse vegetation can be cultivated and as a result extensive erosion

occurs. Fresh fly ash applied to these areas greatly improved the fertility and the yield

of the crops cultivated (Adriano et aI., 1980). According to the study by Taylor and

Schuman (1988), comparing the effectiveness of various levels of fly ash and lime in

alleviating low pH of mine spoils showed that fly ash can be used as substitute for

lime. This is because treatment of the spoils with both fly ash and lime successfully

raised the pH and increased the elemental concentrations to the level not toxic to

plants.

Fly ash addition to soils has been observed to increase its water-holding capacity and

this has contributed to the increased utilization of fly ash. However, the increase in the

water-holding capacity of the ash/soil mixtures did not increase the plant available

water (Adriano et aI., 1980). The hydraulic conductivities of the soils were found to

improve even at low rates of fly ash application and deteriorated when fly ash input

exceeded 20% by volume in calcareous soils and 10% in acidic soils. 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.

2.9.2 Additive to cement and concrete products

Fly ash, especially from South Africa, has been found to be a good additive to

Portland cement and it has a number of positive effects on the resulting concrete

which includes a decrease in the water demand of the concrete (Campbell, 1999;

Foner et aI., 1999)). The principal technical test (strength activity index (SAl)) of the

suitability of fly ash for use as pozzolan, carried out on ordinary Portland cement

(OPC) with 20% of cement substituted by fly ash indicated that fly ash from South

Africa gives SAl values greater than the minimum values required by ASTM standard

(Foner et al., 1999).
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Due to the smaller particle size of the fly ash particles in comparison to the aggregate,

fly ash 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 stable cementitious calcium silicate hydrate gel. 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; Taylor, 1998). The fly ash spheres act 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). Portland cement consists of four main compounds which

react with water, to form products involved in cementation reactions. The four

reactants are tricalcium silicate (alite, Ca3SiOs), dicalcium silicate (belite, Ca2Si04),

tricalcium aluminate (Ca3Ah06), and tetracalcium aluminoferrite (C~AhFe201O). The

hydration reactions of Portland cement generate portlandite according to the following

reactions (Taylor, 1998):

2Ca3SiOs + 6H20 - Ca3Sh07.3H20 + 3Ca(OH)2. .2.1

2Ca2Si04 + 4H20 - Ca3Sh07.3H20 + Ca(OHh 2.2

It is this portlandite from reactions 2.1 and 2.2 that reacts with fly ash to produce

more of calcium silicate hydrate, which adds more strength to the concrete.

2.9.3 Neutralization of Acid mine drainage (AMD)

Fly ash utilization in the neutralization of acid mine drainage (AMD) and in the

treatment of wastewater has been investigated. According to Gitari (2006); Petrik et

al. (2005); Klink (2003); Burgers (2002), fly ash can successfully be used to

neutralise acid mine drainage (AMD) of pH ranging between 2-4 by reacting different

amounts of fly ash with solutions of AMD in a batch set-up. The pH of the resulting

solutions were found to be in the range of circum-neutral and alkaline pH values.

Gitari (2006) extended the investigation to determine the capacity of the fly ash to

remove the major inorganic contaminants with time by reacting acid mine drainage
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(AMD) with coal fly ash in a 24 hour equilibration time using different FA: AMD

ratios to produce neutral and alkaline process waters. The efficiency of elements

removal was directly linked to the amount of fly ash in the reaction mixture and to the

final pH attained. Most elements were found to attain approximately 100 % removal

only when the pH of minimum solubility of their hydroxides was achieved.
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Several studies have investigated the potential of fly ash as a neutralizing agent by

using synthetic AMD. The study undertaken by Klink, (2003) neutralized synthetic

AMD (SAMD) with fly ash leachate from an ESKOM power station. The study

showed that the pH of the SAMD can be successfully increased by the addition of fly

ash leachate. Fly ash leachates from Sasol and Arnot power stations were reacted with

SAMD by O'Brien (2000). He observed changes in the pH of the solutions within a

short period of the neutralization reaction.

Fly ash has also been investigated for possible utilization in the ceramics industry and

in the manufacture of bricks and tiles. There is a potential to use significant amounts

of fly ash by the ceramics industry since it uses large volumes of silicate-based raw

materials (Carty and Senapati, 1998). The production of glass-ceramics from fly ash

has also been investigated. The process involves melting fly ash mixed with other

materials such as ground glass cullet and dolomite to control the composition and

produce a glass that is treated with heat at lower temperature to cause nucleation and

growth of new crystalline phases. It is reported to produce very stable materials that

may be used as erosion resistant materials and tiles (Barbieri et al., 1999).

2.10 Disposal of fly ash

The disposal of fly ash as a by-product of incineration of coal constitutes a greater

problem than ash produced from burning of municipal solid wastes, rice husks and tea

dusts because of its volume (lyer, 2002). For instance, in India, Bhattacharjee and

Kandpal (2002) reported that the major portion of fly ash produced is disposed in ash

ponds and landfills and only 13% (lyer and Scott, 2001) is utilized. In South Africa,

the quantity of fly ash generated per annum by ESKOM power stations was estimated

to be over 20Mt (Eskom, 2001) and about 5% of the generated fly ash per annum is

utilized while the remaining is disposed of on ash dumps. Due to the large quantity of
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ash generated and the need for its careful disposal because of its chemical

compositions, many countries have devised different methods of ash disposal.

According to Sushil and Batra (2006), there are two different methods of fly ash

disposal operated by power stations in India. These are wet and dry disposal

techniques. In the wet technique, the stacks are connected to the precipitators where

the ash is collected before transported to the ash ponds as wet slurry. One of the

power stations was reported to be using 100% dry ash extraction system where the ash

is stored in form of ash mounds after which it is sprayed with polymer layer and

vegetation is grown on top of it. South Africa also employs two different methods of

disposing fly ash; they are dry and dense slurry disposal. In Secunda power station for

instance, the ash is added from the hoppers to a stirring tank with continuous water

addition to give a slurry with controlled density. This is then pumped continuously via

pipes to the ash dam where the ash particles immediately settle out and the ash-water

is either drained away via a penstock to the clear ash effluent dam, or percolates

through the ash dam and is collected in a toe drain. The ash water goes to the clear ash

effluent dam, where it mixes with other wastewaters and after settling is pumped back

for treatment using reverse osmosis (RO) and electro dialysis reversal (EDR) and the

waste product (highly concentrated salt laden) from these treatment processes is again

used for hydraulic transport of more ash from the hoppers. The case of Tutuka power

station is different in that, the fly ash from the precipitators is moistened with low

amounts (about 16%) of brine and is taken to the ash dumps via conveyor belt for

disposal. At the ash dump, the ash is irrigated with brine (generated from water

treatment plants) to keep the ash moist.
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Despite the different ways of utilizing fly ash and the significant quantities being used

in the range of applications, such as, a substitute for cement in concrete, as high way

road basis, and other positive uses, sufficiently large amounts are not used, which

makes the disposal and management of fly ash produced by coal-fired power plants a

major problem in many parts of the world. For example, coal-fired plants in Bosnia

and Hercegovina and Serbia (formerly Yugoslavia) produce approximately 5000kt

(5Mt) of ash per year. 20kt is used in cement industry and for production of paving

slabs, building blocks and ready mixed concrete. The remaining ash is disposed of in

ash depositories (llic et aI., 2003; lyer, 2002). The large volume of unused fly ash is

disposed in most cases to hold ponds, landfills and slag heaps (lyer, 2002). According
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to Foner et al. (1999), Israel used to dispose fly ash generated from power stations by

dumping at sea and stockpiled in embankments around the power stations but this

could not continue due to legislation prohibiting the disposal.

The indiscriminate disposal of fly ash may cause long-term health, environmental and

land-use problem (llic et al., 2003; Baba and Kaya, 2004). This is due to the

weathering and leaching processes it undergoes which could lead to the release of

high concentrations of trace elements and the increase in the mobility of these

elements (Adriano et al., 1980). However, leaching of elements from fly ash can be

controlled to a certain extent by adequate waste disposal techniques.

One of the ways to ameliorate the negative impact of disposal of fly ash is by

rehabilitating ash-holding ponds or dams. This can be done by covering the ash dam

with vegetation to prevent wind erosion of ash sediments (Burgers, 2002), as is being

practiced in some power stations in South Africa and other countries.

2.11 Environmental effects of fly ash

Fly ash has been considered hazardous to the environment because of the possible

release of some toxic species contained in the ash due to weathering. The

environmental impacts of fly ash when disposed have been found to include the

following; loss of usable land and amenity, effects on plants, effects on soils and

potential water pollution. The ash produced in thermal power plants can cause all the

three environmental risks - air, surface water and groundwater pollution. The

pathways of pollutant movement through all these modes are schematically

represented in Figure 2.2.
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Air pollution is caused by direct emissions of toxic gases such as NOx and C02 from

the power plants as well as wind-blown ash dust from ash mound/pond. The air-borne

dust can fall in surface water system or soil and may contaminate the water/soil

system. The wet system of disposal in most power stations causes discharge of

particulate ash directly into the nearby surface water system. The long storage of ash

in ponds under wet condition and humid climate can cause leaching of toxic metals

from ash and contaminate the underlying soil and ultimately the groundwater system.
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However, most of these environmental problems may be minimised by incorporating

engineering measures in the design of ash ponds and continuous monitoring of surface

and groundwater water systems.
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Figure 2.2: Schematically representation of the pathways of pollutant movement from

the ash dump to the environment.

2.11.1 Effects on soils and plants

In South Africa, fly ash is being disposed of either by pumping in a slurry form into

settling ponds or stockpiled on land. These disposal practices have resulted in the use

of huge areas of land that were originally used for agricultural purposes.

Fly ash, on disposal, has both advantages and disadvantages on soils and plants. There

are a number of problems associated with the growth of plants on ash deposits, both in

relation to vegetation for aesthetic purposes and in terms of reclamation for

agricultural purposes. These problems include the lack of essential nutrient such as

phosphorous and nitrogen in ash, toxicity caused by high pH and soluble salt

concentrations, high boron concentrations, and high concentrations of certain trace
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elements. The concentrations of S, Mo, and B in plant tissues have been shown to

increase consistently with ash application to soil. AI, Se and Sr were also consistently

increased (Adriano et al., 1980). Application of fly ash on acidic strip mine soils has

been reported to increase the yields of many crops. The increase in soil pH caused by

ash application led to the deficiencies of Mn, Zn, Cu and Fe (Furr et al., 1978a) in

crops.

2.11.2 Effects on groundwater

The primary area of concern of this study is the effects of the disposal of fly ash on

the environment and the potential for groundwater contamination due to leachate

produced by weathering ash deposits. The extent to which the disposal of ash actually

affects the groundwater quality is largely dependent on the parent coal composition,

which determines the ash composition, which in tum determines the concentration of

leachable elements. Both the physical and chemical nature of fly ash in the ash dumps

has environmental impacts relative to the water quality of the surface and

groundwater of the surrounding area. The fine particle size, high pH, and initial highly

saline leachate produced by ash deposits are potentially damaging to fauna and flora

of the surface water bodies surrounding the ash dams (Smith and Harris, 1987). This

concern is based on the elemental concentrations of leachate soluble salts and

potentially toxic trace elements such as As, Ba, Cd, Cr, Pb, Hg and Se present in fly

ash. According to Eary et al. (1990), the rates and amounts of minor elements released

to solution during leaching of fossil fuel wastes are influenced by 1) the total

concentration of the minor element in the wastes; 2) the distribution of those elements

in the solid wastes; and 3) the incorporation of the minor elements into secondary

solids formed as a result of weathering reactions. From the study done by Wasay

(1992), on the release of toxic elements from fly ash at pH 7, he found that 40% of Cr,

Hg, and As present in the fly ash was leachable and there is the possibility of these

elements penetrating to the groundwater.
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Unweathered ash deposits have a much greater potential for groundwater

contamination than weathered ash deposits. The reason according to Carlson and

Adriano (1993) is that for an unweathered ash deposits there is generally a high initial
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release of soluble salts, followed by a more gradual decline in leachate soluble salt

content.

2.12 Leaching processes of fly ash

The leaching of fly ash depends strongly on the mineralogy, the morphology, the

leaching environment, the time scale of the leaching reactions as well as the quality of

the leachant in contact with the ash. It has been identified that the major leaching

processes are neutralisation and chemical weathering due to ingress of water. In

addition, carbonation reactions must be taken into account in most natural leaching

scenarios because carbonates are the dominant buffering minerals. The transformation

of the carbonates should therefore be considered as an important process in long-term

chemical weathering (Krebs et al., 1988).

30

The pH value, contact time and volume of the leachant in contact with ash are

important in the leaching process of fly ash as this dictates the rate of dissolution of

the fly ash. The pH of combustion residues are usually determined by the ratio

between the acidic and alkaline components in the soluble fraction of the residue. For

alkaline combustion residues, such as fly ash, the high pH of the resultant leachate

after contact with water is due to the dissolution and hydrolysis of alkali-earth and

alkali metal oxides on the surface phases of the fly ash. It has been found for various

residues that a high concentration of calcium often occurs in the leachate due to the

initial dissolution process (Theis and Wirth, 1977; Talbot et al., 1978; Warren and

Dudas, 1984; Roy and Griffin, 1984; van der Sloot et al., 1985; Vogg et al., 1986;

Dudas and Warren, 1988; Hjelmar, 1990; Kirby and Rimstidt, 1993; Johnson et al.,

1995).

The general pattern of pH changes in the leaching of fly ash can be described as

follows: the initial rise of pH of the eluent is rapid and the value then reaches a

relatively stable state when the soluble species on the surface of the fly ash particle is

dissolved in an aqueous solution. The pH buffering system is initially set up by the

dissolution of soluble components of the fly ash. There are different buffering stages,

depending on the nature of the buffering component. These phenomena are also

closely associated with the mineralogy of fly ash, the leaching kinetics of buffering
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components and the surrounding environment. It has been found that the acid

neutralising capacity and carbonation reactions are good indicators of the pH changes

observed in the leaching process (Zevenbergen and Comans, 1994; Meima and

Comans, 1997; Yan et aI., 1998a, 1998b, 1998c). However, the general leaching

characteristics obtained from the leaching tests provide experimental evidence to

identify the major processes in the leaching of combustion residues.

According to Yan (1998) in his work on major leaching processes of combustion

residues, leaching of acid-soluble fractions of fly ash involves two steps, dissolution

of the soluble surface phases until the buffering capacity of the fly ash is consumed by

neutralization reactions, thereafter a weak acidic leaching environment is achieved;

and in this situation, the relatively inactive phases of the fly ash which are insoluble in

an alkaline environment, for example amorphous iron and aluminium oxides or some

magnetic fractions, are able to dissolve in the acidic solution.

There are different types of leaching tests which usually give different results that

reflect some aspects of the leaching behaviour. In the prediction of environmental

impacts, the leaching characteristics of the fly ash in aqueous and weakly acidic

solutions are most important although many leaching tests use more aggressive

leaching media than those which occur in a natural environment. The leaching of

combustion residues in an aqueous solution is similar to the situation during the early

leaching stages of the waste. The weakly acidic solution is close to some natural

leaching media, for example, acid rain. Because little information is available on field

verifications of the leaching tests (van der Sloot et aI., 1997), most of the tests provide

qualitative or semi-quantitative information relating to the relatively short-term

leaching of combustion residues.

Leaching tests involve contacting the waste material with a liquid to determine which

constituents will be leached by the liquid and released to the environment. Most of the

leaching tests available include agitated extraction tests, serial batch tests, flow-

through tests, flow-around tests, etc. These different tests are used to address different

aspects of leaching such as the physical mechanisms involved, chemical interactions

between the waste and the leaching fluid, the kinetics of leaching, leaching as a

function of time, etc. (Sorini and Jackson, 1988).

https://etd.uwc.ac.za/



Chapter 2: Literature review

The commonly used leaching procedures include the following;

i. Extraction procedure (EP), which is a method developed to classify a solid waste as

hazardous, based on some specific organic and inorganic constituents designated in

the US Federal Register (1980). A solid waste is considered to exhibit the

characteristics of 'EP toxicity' according to the pertinent US legislation, if the EP

extract or other approved test contains some contaminants listed in Table 2.6 at a

concentration equal to or greater than the specific value in the register (Baba and

Kaya,2004).

Table 2.6: Maximum concentration of contaminants for characteristic EP toxicity (US

EPA,1980)

USEP A hazardous

waste number

Contaminant Maximum concentration (mg/L)

D004

DOOS

D006

D007

D008

D009

DOlO

DOll

Arsenic

Barium

Cadmium

Chromium

Lead

Mercury

Selenium

Silver

5.0
100.0

1.0

5.0
5.0
0.2

1.0

5.0

ii. Toxicity Characteristic Leaching Procedure (TCLP) is a method developed in 1984

under the Hazardous and Solid Waste Amendments for the Resource Conservation

and Recovery Act (RCRA) (U.S. EPA 1990c). The TCLP method is designed to

simulate the leaching a waste will undergo if disposed in an unlined sanitary landfill.

It is an agitated extraction test using a leaching fluid (either a sodium acetate buffer

solution having a pH of 4.93 or an acetic acid solution with a pH of 2.88) that is a

function of the alkalinity of the solid phase of the waste. This method is used by U.S.

EPA regulators for the identification and classification of waste as hazardous or non

hazardous based on their toxicity. The classification is based on an extensive list of

organic and inorganic compounds and covers a wide range of waste types. TCLP is
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aggressive towards leaching of silver, arsenic, selenium and chromium (Sorini and

Jackson, 1988).

iii. American Society for Testing and Materials (ASTM) Method 0-3987. This is an

agitated extraction method that uses distilled water as the leaching fluid during 18

hours of contact time with the solid waste. The procedure is designed to rapidly

generate a leachate from solid waste that can be used to estimate the mobility of

inorganic constituents from the waste under the specified test conditions (ASTM

1995a). The final pH reflects the interaction of the leaching fluid with the buffering

capacity of the waste.

IV. German Leach Test (DIN 38414 S4) (Institut fur Normung, 1984). This is an

extraction test that involves agitation of the ash sample with de-ionized water for a

period of 24 hours at a liquid-to-solid ratio 10: 1. This method is rapid, simple,

reproducible, and applicable to solids, pastes, and sludge. This method is used to

assess the readily soluble fractions of metals in the fly ash samples. This method has a

number of shortcomings when the experimental conditions are compared with those

occurring in nature under field situation. For instance, the liquid-solid ratio of the

laboratory test is much higher than what will commonly be observed in field

conditions (Ludwig et al., 2005), and the rate of metal release can be highly

influenced by shaking. This method is not suitable for the assessment of short-term

and long-term effects of ash disposal on groundwater.

v. Synthetic Groundwater Leaching Procedure (SGLP) is a generic agitated extraction

procedure that was developed to simulate natural groundwater conditions with respect

to groundwater chemistry, to be site specific, and be directly comparable to the TCLP

(Hassett, 1987). This method is similar to the TCLP except that synthetic groundwater

is used in place of acetic acid solution or sodium acetate buffer solution.

vi. Acid Neutralization Capacity test (ANC): This test involves reacting fly ash with

acid solutions to attain different predetermined final pH.

Leaching of trace elements from combustion residues is a very slow process and the

solid and liquid phase equilibrium may not be attained even with long leaching times

(Ugurlu, 2004). Since fly ash reacts with acidic solutions like acid rain, the buffering
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capacity of the residues is consumed by neutralizing reactions. An acidic leaching

environment is therefore reasonable for some waste disposal conditions. Acid soluble

fractions of fly ash also provide some information about the potential leachability of a

given element under acidifying conditions. The difference between the acid soluble

fraction and the initial, water-soluble fraction may therefore reflect the dissolution

behaviours of various constituents in different leaching stages. This is the reason for

the application of the acid neutralization capacity test (ANC) in the case of this study.

2.13 Fly ash/water interaction

The reactivity of fly ash is determined by the particle size. The smaller particle has a

larger specific surface area, and the large surface area is susceptible to hydrolysis.

According to several studies (lyer, 2002; Yan, 1998; Choi et aI., 2002), only about 1-

3% of the fly ash material is highly soluble in water with lignite fly ashes having a

higher proportion of water soluble constituents.

When fly ash is brought in contact with water, it passes through a variety of alteration

pathways. The alteration pathway of fly ash and the composition of the waterlfluid in

contact are a function of the initial chemical and mineralogical compositions of the

ash. Ash alteration may also depend on the mobility or retention of metals when

constituents of the ash react with water (Fishman et aI., 1999; Saikia et aI., 2006).

There are various interactions that occur when fly ash and water are in contact, which

include precipitation/dissolution, complex formation, adsorption/desorption and redox

reactions. Various factors, including these interactions, control the mobilization of

major and minor elements in the solution. The concentration of elements in fly ash,

the distribution of the elements and the incorporation of the elements into secondary

solid phases as a result of weathering reactions also determine the rates and amounts

of elements released into solution during leaching.
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Studies on the behaviour of species in solution of fly ash and the reactions controlling

the release of some elements into solution have been carried out and many

suggestions and predictions have been made. It was suggested by Roy and Griffin

(1984) that the concentration of major elements like AI, Ca, Fe, Si in fly ash leachate
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was controlled by anhydrite, mullite, AI- and Fe-oxyhydroxides. It was affirmed by

Roy and Griffin, (1984), Fruchter et al., (1990), Garavaglia and Caramuscio, (1994)

that the leaching of Al is controlled by amorphous AI(OH)3 for a pH ranging between

6 and 9, and by gibbsite for pH higher than 9. The release of silicon is said to be

governed by the solubility of quartz (Si02) at pH lower than 10 and by solubility of

wairakite (CaAhSi4012.2H20) at higher pH (Tiruta-Barna et al., 2006).

The presence of a non porous continuous outer surface and a dense particle interior

can restrict heavy metal leachability from residues. Leaching of trace elements from

combustion residues is a very slow process and the solid and liquid phase equilibrium

may not be attained even with long leaching times (Saikia et al., 2006; Fishman et al.,

1999). The release of As, Mo, and V was observed to be controlled by

adsorption/desorption reactions. Cr has been observed to be controlled by BaCr04 and

Ba(S,Cr)04 while As is suggested to be controlled by Ba3(As04h (Fruchter et al.,

1990).

Fly ash leachates, in most cases are alkaline with pH ranging between 11 and 13. The

dissolution and hydrolysis of oxide components such as CaO and MgO in fly ash

contributes to this high pH value. The dissolution of soluble acids, such as B203; and

salts containing hydrolysable constituents, such as Fe2(S04h and Ah(S04h may

contribute to lower pH values (Reardon et al., 1995).

In the column leaching carried out by Warren and Dudas (1984) to evaluate the

relationship among leachate properties, weathering processes, and solid phase

characteristics of alkaline fly ash, they were able to identify a number of solid phases

that account for the characteristics of leachate during weathering. The first stages of

leaching, characterized by the release of high concentrations of Ca, Na, and K and

extreme solution alkalinity, is related to the hydrolysis of CaO and dissolution of

highly soluble salts. This, in their conclusion, was responsible for the extreme

alkalinity of the initial leachate. They also found that the leachate characteristics after

moderate weathering of the ash were due to the release of relatively high levels of Si

and Al from the glass phases.
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2.14 Conclusion

The disposal of fly ash is of major environmental concern because of the possible

dissolution of soluble salts and the trace species on interaction with water during

transport and after disposal. Fly ash disposal is inevitable due to the increase in its

generation as a result of increase in demand for electricity in South Africa and in the

world at large. The impact of ash disposal on the environment, especially on the

groundwater can not be underestimated. It is therefore important to understand the

composition and the leaching behaviours of South African fly ash under different

conditions of disposal so as to predict the potential influence of the elements released

on soils and groundwater.
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Several methods including the dissolution kinetics test, the acid neutralization

capacity test and the up-flow percolation test (which will be discussed in detail in the

next chapter, chapter three), should be employed to determine the chemical

compositions and leaching behaviours of fly ash with respect to the pH of the

leachants and the reaction time, and to study the secondary mineral formation

controlling the release of species from fly ash. The up-flow percolation test that was

used in this study instead of a column test using gravitational flow was to prevent

preferential path-flow of the leachant which could have occurred as a result of

secondary mineral formation in the column or due to the pozzolanic property of fly

ash.

The objective of this study is that several leaching procedures will be employed in

order to give useful information on the weathering of fly ash under different

conditions and the factors controlling the leaching in order to predict the possible

effects of the release of species on the surrounding soils and groundwater when fly

ash is disposed at the ash dump.

The next chapter (chapter three) gives detailed principles of the sampling procedures,

experimental methods and the analytical techniques used in this study.
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Chapter Three

Sampling, Experimental and Analytical methods

3.0 Introduction

The previous chapter reviewed the literature concerning coal, fly ash and their

compositions. This chapter describes the sampling, experimental and analytical

methods used in this study.

3.1 Sampling

Fresh fly ash samples were taken from two coal-fired power stations in South Africa.

These are SASOL Synfuels and ESKOM power stations at Secunda and Tutuka

respectively. The choice of sampling Secunda and Tutuka fly ashes was specific in

order to obtain fly ashes displaying different physical and chemical properties due to

the different sources of fed coal and methods of their ash disposal.

Usually ash is collected from the flue gas by means of electrostatic precipitators,

baghouses or mechanical devices such as cyclones (downstream of the economizers).

Fresh fly ash samples were taken directly from the hoppers on the ash collectors. The

samples were stored in sealed plastic bags. The new plastic bags were filled to the top

with ash to exclude as much air as possible and then sealed. Necessary information

such as name of the site, location, and date of collection were recorded on the plastic

bags and in laboratory record books. Fly ash samples from Secunda and Tutuka were

taken in the same manner to allow comparative analysis between ash samples from

the coal-fired plants.

37
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3.1.1 Storage of samples

The fly ash samples were stored in sealed plastic containers. The plastic bags were

stored in a dark cool cupboard far away from source of heat, out of direct sunlight and

away from fluctuating temperatures.

3.1.2 Storage of leachates for analysis

The aliquot samples from the leachates of the fly ashes were taken after being filtered

through a 0.45~m membrane filter. The aliquot samples for cation analysis were

acidified with dilute HN03 to pH ±2 and kept in the refrigerator at 4°C while aliquot

samples for anion analysis were kept in the refrigerator at 4°C without adding dilute

HN03. The samples were analysed for anions and cations using IC and ICP-MS

respectively.

3.2 Standard experimental methods

There are several experimental methods employed in this study to extract species

from fly ash samples from Secunda and Tutuka power stations. These methods

include; Total acid digestion test; Toxicity Characteristic Leaching Procedure (TCLP)

(U.S. EPA, 1990c); German leach test (DIN 38414 S4) known as DIN-S4 (Institut fur

Normung, 1984); European standard pH dependence leaching test also called Acid

Neutralization Capacity test; dissolution kinetics test (Tiruta-Barna et al., 2006); and

Up-flow percolation test (Column leaching test).

3.2.1 Total acid digestion

This test involves contacting fly ash with concentrated acid to determine the total

concentrations of species in the sample. This test was carried out according to Jackson

and Miller (1998). 2ml of concentrated hydrofluoric acid (HF) and 5ml aqua regia

were reacted with 0.25g of fly ash in a digestion vessel (Parr bomb) at 200cC for 2 h.

The sample was allowed to cool after which the excess HF in the digestate was

neutralized by the addition of 25ml of saturated H3B03 solution. The digestate was
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filtered through 0.45!lm membrane filter and the solution was diluted to 50ml with

de-mineralized water.

3.2.2 DIN-S4 Leaching Test

The DIN-S4 method is an agitated extraction test which involves shaking ash with

water for a period of 24 h and uses a range of water to solid material ratio (10: 1 and

20:1) (Institut fur Normung, 1984). 50g of the fly ash samples were placed in IL

polyethylene bottles and mixed with 500ml of de-mineralized water. The bottles were

shaken for 24h in a horizontal shaker at room temperature. The supernatants were

decanted and filtered through a 0.45!lm membrane filter at the leaching test. The pH,

EC and TDS of the filtered leachates was measured and recorded. The leachates were

stored in the refrigerator at 4°C for anion analysis while the leachates for cation

analysis were acidified with dilute HN03 before the analysis.

3.2.3 Toxicity Characteristic Leaching Procedure (TCLP)

The TCLP procedure is commonly used for identification and classification of

hazardous waste (US EPA, 1980). It is designed to simulate the leaching process a

waste will undergo if disposed in an unlined sanitary landfill. The method is also an

agitated extraction test using leaching liquid (liquid/solid ratio 20: 1) that is a function

of the alkalinity of the solid waste.

The method involves a preliminary evaluation procedure which was done to

determine whether to use a sodium acetate buffer solution having a pH of 4.93±0.05

or an acetic acid solution having a pH of 2.88±0.05. This preliminary procedure was

performed by placing 5.0g aliquot of the fly ash samples respectively into a 500ml

beaker. 96.5ml of de-mineralized water was added to the sample in the beaker,

covered with a watch glass and stirred vigorously for 5 minutes with a magnetic

stirrer. The pH was measured and was found to be higher than 5, therefore, according

to the methodology, 3.5rnl 1M HCI was added and each sample stirred briefly for 10

minutes. At the end of the preliminary test, the pH of the suspension was more than 5,

therefore acetic acid solution having a pH of 2.88 was considered to be used for the

leaching of the fly ash samples, based on the recommendation of the leaching

procedure.
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For the mam TCLP test, lOOg of each of the fly ash samples were weighed in

triplicate into the extraction bottles and 2L of the acetic acid solution (TCLP solution

of pH 2.88) was added to each. The mixture was agitated at 30rpm for 20 h at 23±2°C.

At the end of the agitation the solid was separated from the leachate by filtration using

a 0.45~m membrane filter. The pH, EC and the TDS of the filtrates were measured.

Aliquot samples from the filtrates were acidified with dilute HN03 for cation analysis

and stored at 4°C for anion analysis of metal concentrations.

3.2.4 Acid Neutralization Capacity experiment (ANC)

The acid neutralization capacity (ANC) test was carried out based on the methodology

of the European standard prEN14429. The method is divided into two stages which

are; the preliminary test to determine the acid consumption of the fly ashes; followed

by the determination of acid neutralization capacity of the fly ashes.

3.2.4.1 Stage 1: Determination of acid consumption

According to prEN14429 (2003), preliminary determination of the acid consumption

must be done to determine the volume and the concentration of acid needed to attain

eight (8) different final pH values between the natural pH of the fly ash and pH 4. The

preliminary determination can be done by two different methods which are; i) by

titration and ii) by arbitrary division of the maximum acid consumption for the

extreme pH values. The titration procedure was considered in this research for the

preliminary determination of acid consumption. Approximately l5g of each of the

fresh ash samples was weighed into a rinsed bottle. 135ml of de-mineralized water

was added to the fly ash in the bottle, which is equivalent to a liquid/solid ratio (LIS)

9: 1 (this was done in order to attain a liquid/solid ratio ranging from 10: 1 to 11: 1 after

the addition of the acid solution). The mixture was agitated for lhour. The natural pH

value of the eluate was determined after leaving the mixture to settle down for 10

minutes. In order to determine the amount of acid required by the fly ash to attain

different predetermined pH, different amounts of 2M HN03 solution were added to

different bottles containing the fly ash samples as specified and the pH values were

determined after 30 minutes of agitation. This process continued for 24 hours until the

different predetermined pH values ranging from the natural pH to pH 4 were obtained.
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The amount of the 2M HN03 required to attain each of the different pH values were

recorded and used for the main acid neutralization capacity (ANC) test.

3.2.4.2 Stage 2: Main ANC experiment

The main ANC experiment was carried out using the results of the preliminary acid

consumption test. The leachants for the main test were prepared by adding different

amounts of 2M HN03 (as was required to attain the predetermined pH as calculated

from the preliminary test) and made up to 150ml with de-mineralized water based on

the results of the preliminary test. Each of these diluted HN03 leachant solutions was

divided into three equal parts. 15g each of the ash samples were placed in 250m!

bottles and the divided leachants were added at three different times. The bottles were

closed and the suspensions agitated each time a portion of the leachant was added,

and the pH values were also measured and recorded after each leachant addition.

After the addition of the last portion of the leachants, the suspensions were agitated

until t = to + 48hours. The pH, EC and TDS was measured before the solid residues

were separated from the leachates after 48 hours by filtration using a membrane filter

of 0.45!lm. The leachates were preserved as described in section 3.1.2 and the

components of the filtered leachates were analyzed using IC and ICP-MS for anions

and cations respectively.

3.2.5 Dissolution kinetics test

The dissolution kinetics experiment is a leaching test designed to assess the evolution

of a liquid-solid system over a relatively short period of time (60 days) in a closed

system (Tiruta-Barna et al., 2006). Duplicate samples containing quantities of ash and

de-mineralized water corresponding to liquid/solid ratio 10:1 were stirred in closed

polyethylene flasks, at room temperature for varying times (from 30min to 60 days).

The liquid phases were filtered through a 0.45!lm membrane filter at different reaction

times up to 60 days. The filtrates were analyzed using IC and ICP-MS.
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3.2.6 Up-flow percolation test (Column leaching test)

The test was carried out according to European standard method prEN 14405

(prEN 14405, 2003). This method involves packing the material to be tested in a

column in a standardized manner (as described in section 3.2.6.2), and the leachant is

percolated in an up-flow direction through the column at a specified flow-rate to

attain a fixed liquid/solid (LIS) ratios. This method was used to determine the release

of constituents from fly ash packed in a column after a specific volume of leachant

had percolated through it. A continuous vertical up-flow was used in this study so that

the column would be properly saturated with the leachant and preferential percolation

of the leachant would also be avoided. The method is designed to give insight into the

components of solids (fly ash) that are readily soluble and would be easily washed

away when ash contacts water, and evaluate the effect of possible secondary mineral

formation on the release of species.

3.2.6.1 Sample preparation

Fly ash being a powdery and dry material was humidified by adding small amounts of

water in order to allow easy package of the material. The actual moisture content of

the fly ash was determined before the addition of water.

3.2.6.2 Packing of the column

The column of height 30cm and internal diameter 6 cm was designed for the leaching

experiment. The column, including top and bottom sections, and filters were rinsed

with 1M nitric acid and de-mineralized water consecutively. After drying, the empty

column was weighed (including top and bottom sections, filters and filter plates) to an

accuracy of 1g. The bottom section, equipped with filter plate and filter, was fitted to

the column. The sample was introduced into the column in five consecutive layers

with each layer being introduced in three sub-layers. Each layer was packed by

dropping three times, a rammer of weight 125g, on the fly ash sample. The column

was packed with the fly ash sample to the height of 25±5cm. The top section of the

column equipped with filter plate and filter was fitted firmly to the column so that

liquid flow could not bypass the filter. No open space was allowed above the packed
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material. The column filled with the packed fly ash was then weighed to determine

the dry mass of the test portion in the column.

3.2.6.3 Start-up of the test

The inlet and outlet hose were fitted on the inlet and outlet of the column respectively

as shown in Figure 3.1. The column was saturated with de-mineralized water using a

peristaltic pump. The saturated fly ash was left for a period of three days in order to

equilibrate the system. After the equilibration period, de-mineralized water was

pumped into the column using a peristaltic pump pumping at a flow rate of 12ml/h or

0.2ml/min. The outlet hose was connected to the collection bottle and samples were

taken at different times for analyses for a period of 90 days. At each eluate collection,

time and volume of the eluate fraction was recorded in order to calculate the

liquid/solid ratio and other necessary calculations at the end of the experiment. The

samples taken were refrigerated and treated accordingly (section 3.1.2) for anion and

cation analyses using IC and ICP-MS respectively.
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Figure 3.1: A photo of column set-up for the up-flow percolation experiment
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3.3 Analytical Methods

This section describes the analytical techniques used in this study and the principles

involved.

3.3.1 pH measurements

One of the most common analyses carried out on any liquid sample including natural

waters and wastewater is the pH. This analysis is based on electrical measurement

involving electrodes. A pH electrode consists of two half-cells; an indicating electrode

and a reference electrode. Most applications today use a combination electrode with

both half cells in one body. The pH of a solution is a measure of the hydrogen ion

[H+]concentration in solution.

Mathematically, pH = -log [H+] 3.1

pH measurement involves comparing the potential of solutions with unknown

hydrogen ion [H+] to a known reference potential. This is done when the indicating

electrode, which is sensitive to the hydrogen ion, develops a potential directly related

to the hydrogen concentration in the solution, and the reference electrode provides a

stable potential against which the indicating electrode can be compared. The pH

meter converts the potential (voltage) ratio between a reference half-cell and a

indicating half-cell to pH values. In acidic or alkaline solutions, the voltage on the

outer membrane surface changes proportionally to changes in [H+]. The pH meter

detects the change in potential and determines [H+] of the unknown.

3.3.1.1 Procedure

The pH of all the samples in this study was measured by using a Hanna HI 991301 pH

meter with portable pH/EC/TDSrremperature probe. The pH meter was calibrated

before use with buffer solution of pH 4.01 and 7.01. Duplicate sample measurements

were done at room temperature.
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3.3.2 Electrical Conductivity (EC)

Electrical conductivity (EC) is related to the concentration of ionized substances in

water sample, and is a measure of the ability of a water sample to convey an electrical

current. Conductivity is used to measure the total concentration of inorganic

substances in water which depends on the presence, mobility, and valence of the

species in solution. H+, Na+, K+, Mg2+, Ca2+, Cl, S042- and HC03- ions have a major

. fl d .. hile J h F 2+ F 3+ M 2+ A13+ NO-III uence on water con uctivity WIe Ions sue as e , e, n, , 3,

HPO/-, H2P04- and dissolved gases have a minor influence on the conductivity.

Organic compounds have poor conductivity. Water conductivity increases with

temperature due to a decrease in viscosity and an increase in dissociation. EC is

normally measured in mS/cm or [!S/cm, or in umhos/cm (1 mS/cm=1000 urnhos/cm).

Table 3.1 shows the conductivity of some types of water.

Table 3.1 Conductivities of some types of water (after Radojevié and Bashkin, 1998)

Water type Conductivity (umhos/crn)

Fresh distilled water

Aged distilled water

Rain water

0.5-2

2-4

3-60

50-1500

>10000

Drinking water

Wastewater

3.3.2.1 Procedure
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The electrical conductivity (EC) measurements of the samples were determined using

a Hanna HI 991301 pH meter with portable pH/EC/TDS/Temperature probe. The

meter was calibrated before use by using a standard of 12.88 mS/cm at room

temperature. Duplicate samples measurements were taken at room temperature.
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3.3.3 Total Dissolved Solids (TDS)

Total dissolved solids (TDS) is an expression of the combined content of all inorganic

and organic substances contained in a liquid which are present in a molecular, ionized

or micro-granular (colloidal sol) suspended form. Generally the operational definition

is that the solids must be small enough to survive filtration through a sieve size of two

mierometres.

The two principal methods of measuring total dissolved solids are gravimetry and

electrical conductivity. Gravimetric methods (Radojevié and Bashkin, 1998) are the

most accurate and involve evaporating the liquid solvent to leave a residue which can

subsequently be weighed with a precision analytical balance (normally capable of

.0001g accuracy). This method is generally the best, although it is time consuming

and leads to inaccuracies if a high proportion of the TDS consists of low boiling point

organic chemicals, which will evaporate along with the water. In the most common

circumstances inorganic salts comprise the great majority of TDS, and gravimetric

methods are appropriate.

Electrical conductivity of water is directly related to the concentration of dissolved

ionized solids in the water. Ions from the dissolved solids in water create the ability

for that water to conduct an electrical current, which can be measured using a

conventional conductivity meter. When correlated with laboratory TDS

measurements, electrical conductivity provides an approximate value for the TDS

concentration, usually to within ten percent accuracy (Azzie, 2002).

3.3.3.1 Procedure

The total dissolved solids (TDS) of the samples in this study were estimated via EC

using a Hanna HI 991301 pH meter with portable pHlECrrDSrremperature probe.

The pH meter was calibrated and duplicate samples measurements were taken at room

temperature.
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3.3.4 Alkalinity

Alkalinity is the measure of a solution's capacity to react with a strong acid to a

predetermined pH. The alkalinity of a solution is usually made up of carbonate,

bicarbonate, and hydroxides. Similar to acidity, the higher the alkalinity, the more

neutralizing agent is needed to counteract it. Water samples with pH between 4.5 and

about 8.5 will most likely have only bicarbonate alkalinity.

3.3.4.1 Procedure

Alkalinity of the samples was determined by titration with an acid using a standard

method 2320B described by Eaton et al. (1995). The method involved titrating 20m I

of the sample solution with 0.1 M HCl to an end point of pH 4.0. The alkalinity was

then calculated using the formula shown below (equation 3.2) and reported in mg/L

CaC03.

Alkalinity (mg CaC03IL) = [A x N x 50 x 1000] / Vol. of sample 3.2

Where:

A = volume (ml) of standard acid used

N= normality/molarity of acid used.

The alkalinity reported as mg IL CaC03 was recalculated to mg/L HC03- and the data

was used for input during solution modeling by PHREEQC software.

mg HC03-/L = mol HC03-IL X 61.0171 X 1000 3.3

Where

mol HC03-IL = mg CaC03IL 3.4

50000
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3.3.5 Ion Chromatography (IC)

Ion chromatography (IC) 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 for which there are no other rapid analytical

methods.

Ion chromatography is used for analysis of aqueous samples in parts-per-million

(ppm) quantities of common anions (such as fluoride, chloride, nitrite, nitrate, and

sulphate and common cations such as lithium, sodium, ammonium, and potassium)

using conductivity detectors. The chromatograph also has the capability to analyze

aqueous samples in parts-per-billion (ppb) quantities.

Ion chromatography is a form of liquid chromatography where retention is

predominantly controlled by ionic interactions between the ions of the solute and

counter ions that are situated in, or on, the stationary phase. For example, to separate

organic acids, it is the negatively charged acid ions that need to be selectively

retained. It follows that the stationary phase must contain immobilized positively

charged cations as counter ions to interact with the acid ions to retain them.

Conversely, to separate cations, the stationary phase must contain immobilized anions

as counter ions with which the cations can interact. Ion exchange stationary phases are

available in mainly two forms. One form (probably the most popular) consists of

cross-linked polystyrene polymer beads of an appropriate size which have been

suitably treated to link ionic groups to the surface. The other form is obtained by

chemically bonding ionic groups to silica gel by a process similar to that used to

produce bonded phases. These materials are called ion exchange media, a term which

has given rise to the term "ion exchange chromatography" as an alternative to ion

chromatography. Ionic substances can also be adsorbed on the surface of a reverse

phase media and act as an adsorbed ion exchanger. The mobile phase is made to

contain a small percentage of a soluble organic ionic material (e.g. tetrabutyl

ammonium dihydrogen phosphate or n-octyl sulphonate). These substances are

adsorbed onto the surface by dispersive interactions between the alkyl groups of the

agent and those of the bonded phase and act as counter ions. In general ion

chromatography is one of the more difficult types of liquid chromatography to exploit
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and is most often used for analysis of anions for which there are no other rapid

analytical methods (Dionex 1998).

3.3.5.1 Procedure

The leachates of the fly ashes were filtered through a 0.45)lm membrane filter to

remove suspended solids and then diluted with de-mineralized water to obtain EC

values of between 50 and 100 )lS/cm. S042-, Cl, N03- and pol- were analysed in the

leachates using a Dionex DX-120 ion chromatograph with an Ion Pac AS14A column

and AG 14-4 mm guard column.

3.3.6 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

The Inductively Coupled Plasma (ICP) coupled with a mass spectrometer (MS) gives

very high sensitivity for the determination of elements and even isotopes in solution.

This technique has the ability to detect very low levels (parts per billion) of most

elements in an aqueous sample. The dynamic range is typically ten orders of

magnitude and data reduction is relatively simple. Rapid data acquisition and data

reduction enable the measurement of large numbers of samples in a short period of

time. ICP-MS is the technique of choice for trace element analysis of natural waters,

and can be used in analysing minerals and rocks after digestion.

In ICP-MS, a plasma or gas consisting of ions, electrons and neutral particles is

formed from Argon gas. The plasma is a very aggressive ion source, and virtually all

molecules in a sample are broken up into their component atoms because of the high

temperature (7000 K) at which the ion source operates. To create the inductively-

coupled plasma (ICP), a radio frequency signal is fed into a tightly wound, water-

cooled coil where it generates an intense magnetic field. In the centre of this coil is a

specially made glass or quartz plasma torch where the plasma is formed. The plasma

is generated in the argon gas by "seeding" the argon with a spark from a Tesla unit

(similar to that used on a car spark plug). When the spark passes through the argon

gas, some of the argon atoms are ionized and the resultant cations and electrons are

accelerated toward the magnetic field of the radio frequency coil. Through a series of

inelastic collisions between the charged particles (Ar+ and electrons) and neutral argon

atoms, a stable high temperature plasma is generated. The plasma is used to atomize
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and ionize the elements in a sample. When the sample aerosol passes through the

plasma, it collides with free electrons, argon cations and neutral argon atoms. The

result is that any molecules initially present in the aerosol are quickly and completely

broken down to charged atoms. The resulting ions are then passed through a series of

apertures (cones) into the high vacuum mass analyzer. The isotopes of the elements

are identified by their mass-to-charge ratio (rnle) and the intensity of a specific peak in

the mass spectrum is proportional to the amount of that isotope (element) in the

original sample (Jarvis et al., 1992).

3.3.6.1 Procedure

All the aqueous samples taken in this study were filtered through a 0.451lm membrane

filter to remove suspended solids and then diluted with de-mineralized water to obtain

EC values of between 50 and 100 IlS/cm. Major, minor and trace elements were

analysed using ICP-AES (Varian Liberty II) and ICP-MS (Agilent 7500ce).

3.3.7 X-ray diffraction (XRD)

50

X-ray diffraction is an analytical technique which uses the diffraction pattern

produced by bombarding a single crystal with X-rays to determine the crystal

structure. The diffraction pattern is recorded and then analyzed or "solved" to reveal

the nature of the crystal. This technique is widely used in chemistry and biochemistry

to determine the structures of an immense variety of molecules, including inorganic

compounds, DNA, and proteins. When single crystals are not available, related

techniques such as powder diffraction or thin film x-ray diffraction coupled with

lattice refinement alogrithms such as Rietveld refinement may be used to extract

similar, though less complete, information about the nature of the crystal. The spacing

in the crystal lattice can be determined using Bragg's law (nA=2dsine). The electrons

that surround the atoms, rather than the atomic nuclei themselves, are the entities that

physically interact with the incoming X-ray photons. If the angles of incidence (e) and

the wavelenght (A) are known, the spacing d of the reflecting atomic planes can be

determined using 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.
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3.3.7.1 Procedure

The fresh fly ash samples from Tutuka and Secunda were analyzed for consistent

mineral phases by XRD. A Philips PANalytical instrument with a pw3830 x-ray

generator operated at 40 kV and 2SmA was used. The ash samples were oven-dried at

105°C for 12 hours to remove the adsorbed water. The samples were pressed into

rectangular aluminium sample holders using an alcohol wiped spatula and then

clipped into the instrument sample holder. The samples were step-scanned at interval

of 0.02° 2theta from 5° to 85° and counted for 0.5 seconds per step.

3.3.8 X-ray Fluorescence (XRF)

XRF spectroscopy is widely used for the qualitative and quantitative elemental

analysis of solid environmental, geological, biological, industrial and other samples.

Compared to other competitive techniques such as, Atomic Absorption Spectroscopy

(AAS), Inductively Coupled Plasma Spectroscopy (ICPS) and Neutron Activation

Analysis (NAA), XRF has the advantage of being non-destructive, multi-elemental,

fast and cost-effective. Furthermore, it provides a fairly uniform detection limit across

a large portion of the periodic table and is applicable to a wide range of

concentrations, from a 100% to few parts per million (ppm). lts main disadvantage is

that analyses are generally restricted to elements heavier than fluorine and that a large

sample is required (Kalnicky and Singhvi 2001).

3.3.8.1 Sample preparation and procedure

Procedures for sample preparation vary considerably III the cases of in situ or

intrusi ve measurements. Solid samples such as rock minerals must be polished to

assure surface homogeneity, while powders are usually pressed into pellets. In all

cases, x-ray transparent supporting media should be used (polyethylene, Kapton,

Mylar, etc.).

Chemical analyses of the samples were done by XRF on a Philips 1404 Wavelength

Dispersive spectrometer, at the University of Stellenbosch. The spectrometer was

fitted with a Rh tube, six analyzing crystals, namely: LIF200, LIF220, LIF420, PE,

https://etd.uwc.ac.za/



Chapter 3: Sampling, Experimental and Analytical methods

TLAP and PX I and the detectors are a gas-flow proportional counter, scintillation

detector or a combination of the two. The gas-flow proportional counter uses PlO 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 rnA tube operating conditions and trace

elements were analysed on a powder briquette at 60 kV and 40 rnA 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.

3.3.9 Scanning Electron Microscopy-Energy Dispersion Spectroscopy (SEM-

EDS)

3.3.9.1 Scanning Electron Microscopy

The scanning electron microscope (SEM) is a type of electron microscope capable of

producing high-resolution images of a sample surface. Due to the manner in which the

image is created, SEM images have a characteristic three-dimensional appearance and

are useful for judging the surface structure and morphology of the sample.

Scanning electron microscopy examines structure by bombarding the specimen with a

scanning beam of electrons and then collecting slow moving secondary electrons that

the specimen generates. These are collected, amplified, and displayed on a cathode

ray tube. The electron beam and the cathode ray tube scan synchronously so that an

image of the surface of the specimen is formed. Specimen preparation includes drying

the sample in the oven at 100°C and making it conductive to electricity, if it is not

already. Photographs are taken at a very slow rate of scan in order to capture greater

resolution. SEM is typically used to examine the external structure of objects that are

as varied as biological specimens, rocks, metals, ceramics and almost anything that

can be observed in a dissecting light microscope.
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3.3.9.2 Detection of secondary electrons

The most common imaging mode monitors low energy «50 eV) secondary electrons.

Due to their low energy, these electrons originate within a few nanometers from the

surface. The electrons are detected by a scintillator-photomultiplier device and the

resulting signal is rendered into a two-dimensional intensity distribution that can be

viewed and saved as a digital image. This process relies on a raster-scanned primary

beam. The brightness of the signal depends on the number of secondary electrons

reaching the detector. If the beam enters the sample perpendicular to the surface, then

the activated region is uniform about the axis of the beam and a certain number of

electrons escape from within the sample. As the angle of incidence increases, the

"escape" distance of one side of the beam will decrease, and more secondary electrons

will be emitted. Thus steep surfaces and edges tend to be brighter than flat surfaces,

which results in images with a well-defined, three-dimensional appearance. Using this

technique, resolutions less than 1 nm are possible.

3.3.9.3 Energy Dispersive Spectroscopy (EOS)

EDS, also called Energy Dispersive X-ray Spectroscopy (EDX), is a technique based

on the collection and energy dispersion of X-rays created when high energy electrons

bombard a sample. The EDS is attached to the Scanning Electron Microscope (SEM)

and the two techniques are often used together. The X-rays have energies that are

characteristic of the elements in the sample. The instrument's electronics process the

signals to give histograms of energy vs. signal strength, the latter being related to

relative concentration. EDS can also provide elemental maps of the sample that can be

compared to the electron micrographs. The method detects all elements from boron to

uranium and is usually non-destructive. Detection limits range from 0.05-2% for high

to low Z elements, respectively. EDS is particularly good for relating elemental

composition to topographical features but it is only qualitative.
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When an element is bombarded with a particle beam and an electron beam, the

specimen will release some of the absorbed energy as X-rays. Much of the time, the

energy is the result of changes in the speed of an electron, which is random; however,

when this interaction removes an electron from a specimen's atom, frequently an
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electron from an outer shell (or orbital) occupies the vacancy. When an outer electron

occupies a vacancy, it must lose a specific amount of energy to occupy the closer

shell. This amount is readily predicted by the Laws of Quantum Mechanics and

usually much of the energy is emitted in the form of X-rays. Two methods are used to

determine the x-rays that are produced: (1) energy-dispersive analysis separates and

detects X-rays of specific energy and displays them as histograms, whereas (2)

wavelength-dispersive analysis uses the reflection of X-rays off of a crystal at a

characteristic angle to detect x-rays of specific wavelength.

3.3.9.4 Procedure

In this study, the fly ash samples from the two coal-fired stations were oven-dried at

105°C for 12 hours in preparation for the SEM-EDS analysis. The dried samples were

sprinkled on special glue mixed with carbon graphite. The morphology of the samples

was established by secondary electron mode. The "photo" imaging was used to

identify regions of relative homogeneity and thereafter spot analysis was done.

3.3.10 Geochemical modelling of the fly ash/water 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 aI., 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:

1) corrects all equilibrium constants to the temperature of the sample using either

the Van't Hoff equation or an empirical polynomial.

2) calculates speciation, for each element by solving a matrix of equations

consisting of a stability constant for each complex and a conservation of mass

equation for each element.
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3) calculates activity coefficients by either the Debye-Huckel equation or the

Davies equation.

4) calculates the state of saturation of the solution with respect to all the solids in

its database that contain the elements in the input analysis.

5) performs calculations related to oxidation-reduction processes.

PHREEQC performs other calculations such as reaction-path and advective transport

calculations involving specified irreversible reactions, mixing of solutions, mineral

and gas equilibria, surface complexation reactions and ion exchange reactions and

inverse modeling which finds sets of mineral and gas mole transfers that account for

composition differences between waters, within specified compositional uncertainties

(Parkhurst, 1995). PHREEQC is designed to perform low temperature aqueous

geochemical calculations. PHREEQC simulates chemical reactions and transport

processes in natural as well as polluted waters. The MINTEQ.V4 database supplied

with the PHREEQC computer code was used for the calculations in this work.
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Chapter Four

Results and Discussion 1: Characterization, batch leaching tests and

effect of solutions of different pH on the release of species from the
fly ashes

4.0 Introduction

This chapter presents and discusses the results of physical and chemical

characterization of fresh fly ash samples. Different analytical techniques such as XRD

XRF and SEM-EDX, and total acid-digestion test were utilized to characterize the fly

ashes as specified in sections 3.3.7, 3.3.8, 3.3.9 and 3.2.1 respectively, and the results

are presented in this section. The results of batch leaching tests carried out on the fly

ashes from Secunda and Tutuka using different leaching methods such as German

leaching test (DIN-S4) and Toxicity Characteristic Leaching Procedure (TCLP) will

be presented and discussed in this chapter. Acid neutralization capacity (ANC) tests

results will also be presented and compared with the TCLP tests in this chapter.

4.1 Physical, chemical and mineralogical compositions

The physical and chemical properties of fly ash particles are a function of source of

coal and its associated geology, mineral matter in coal, the combustion conditions,

and post-combustion cooling processes. As a result of combustion of coal at high

temperature, the inorganic mineral contents of coal become fluid or volatile to react

with oxygen. When the temperature of the ash system becomes low, the inorganic

materials may form crystalline solids or spherical amorphous particles and condense

as coating on the surface of the fly ash particles (Kutchko and Kim, 2006). This

process forms the basis for the enrichment of inorganic species in fly ash. The

enriched inorganic constituents on the surface of fly ash can easily leach out when in

contact with aqueous solutions. It is therefore extremely important to understand the

properties of fly ash to avoid indiscriminate disposal which could lead to soil and/or

groundwater contamination.
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4.2 Morphology of the fly ashes

The study of the morphology of incineration fly ashes is of practical importance

because of its influence on the leachability of heavy metals. The properties of fly ash

particles have been linked to its leaching behaviour. For example, Ramesh and

Kozinski (2001) in their study on morphology of fly ash and its relationship with

heavy metal release discovered that the presence of a non-porous continuous outer

surface and a dense particle interior may prevent heavy metal leachability from the fly

ash. The morphology of fly ash particles is controlled by combustion temperature and

the cooling rate.

4.2.1 Particle size distribution (PSD) and Surface area

The particle SIze distributions and surface area of fly ash are very important

parameters that give preliminary information about the interactions between the ash

and aqueous solution.
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Figure 4.1: Particle size distribution pattern of Secunda and Tutuka fly ashes

Figure 4.1 shows the particle size distributions of the fly ash samples from Secunda

and Tutuka power stations. The particle size of the fly ashes characterized in this
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the fly ash particles are smooth. Some irregular shaped and agglomerated spherical

particles were also observed in Tutuka fly ash.

Figure 4.2: SEM-EDS micrograph of Secunda (A) and Tutuka (B) fresh fly ashes

showing the spots for EDS analysis. (Magnification = Ik)

The EDS spots analysis is shown in Table 4.1. Spot Al and B2 are very rich in

calcium while spot A2 indicated higher quantity of aluminosilicate and ~2 showed

high Fe content in the fresh fly ashes. Generally for the fly ashes, the predominant

elements in the fly ash samples were calcium, silicon, aluminium, iron and oxygen.

The weight % of aluminium was found to be associated with silicon, i.e. where silicon

was found in low quantity, aluminium also followed the trend. Lesser amounts of

elements like potassium, titanium and sulphur were observed in the area with higher

amounts of aluminium and silicon. The amounts of calcium from the EDS analysis of

Secunda fly ash was higher than the amounts in fly ash from Tutuka, and the i~qn

content in Tutuka fly ash was higher than the amounts in Secunda. The variation in

the calcium and iron contents confirms the small difference observed in the pij of the
;.-

two fly ashes as the quantity of the oxides of these two elements determine the pH of

fly ash. Huge variations in the elemental compositions of the analysed spots show__,
that EDS analysis is not a suitable quantitative method of analysis for accurate

determination of fly ash chemical composition. The main benefit of this technique is

to qualitatively establish which elements are present and their relative abundance.
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study ranged between 1.7 and 550)lm. 85.55% of the particles of Secunda fly ash

ranged between 5 and 208)lm while 94.42% of Tutuka fly ash was in this range of

particle size (Table AI). The trends show that the volume (%) of fly ash with larger

particle sizes was found to be higher in Tutuka fly ash than what was observed in the

fly ash sample from Secunda. This is an indication that particles of fly ash from

Secunda are smaller in size than the particles of Tutuka fly ash. This could be as a

result of variation in the combustion temperature, the sources of coal burnt in these

power stations and the fraction of the ash that was sampled. The BET surface area of

Secunda fly ash is 1.76m2/g and Tutuka fly ash is 0.57m2/g. The surface area data

indicates that fly ash from Secunda has a total surface area per unit mass three times

larger than that of Tutuka fly ash. Particle size distribution and surface area of fly ash

are important properties of fly ash as these parameters affect the reactivity of the

waste product during interaction with aqueous solution and they control the retention

and release of some elements from fly ash into solution (Choi et al., 2002 and

Jankowski et al., 2006). The smaller the particles size the larger the surface area

susceptible to hydrolysis (Fischer et al., 1978). This was reflected in the reactivity of

the fly ashes (as shown in the leaching tests); fly ash sample with smaller particle size

distribution and the larger surface area (Secunda fly ash) was found to be more

reactive than Tutuka fly ash which has larger particle size and smaller surface area.

4.2.2 SEM-EDS

Scanning electron micrographs (SEM) showing the surface morphology, and the EDS

analysis of fresh fly ashes from Secunda and Tutuka power stations are shown in

Figure 4.2 and Table 4.1. SEM images of the two fly ashes show that the fly ash

particles are generally spherical in shape and also some agglomerated particles were

observed. The spherical shapes and the agglomeration observed could be as result of

the combustion conditions and the high temperature during coal combustion.

According to Saikia et al. (2006), the spherical shape is an indication that the particles

were formed under un-crowded freefall conditions and a relatively sudden cooling,

which helps to maintain the spherical shape, while the agglomerated nature of some

particles is an indication that the particles were produced due to high temperature

sintering reactions (Saikia et al., 2006; Li et al., 2003). The outer surfaces of most of
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Table 4.1: SEM-EDS spot analysis (weight %) of Secunda and Tutuka fresh fly ashes

Secunda fly ash (A) Tutuka fly ash (B)

Element Al A2 Bl B2

0 8.48 20.85 6.31 1.68

Al 1.29 25.69 12.72 5.74

Si 2.38 42.48 19.12 10.22
p 0.43 0.65 ND ND

S 1.83 0.22 ND ND

Ca 85.59 4.02 9.54 65.68

K ND 2.17 ND ND

Ti ND 1.63 13.03 2.94

Fe ND 2.30 39.27 13.73

4.3 Chemical composition of fresh Secunda and Tutuka fly ashes

The elemental composition of fresh Secunda and Tutuka fly ashes was determined by

XRF (Table 4.2a and b) as specified in section 3.3.8 and shows that the fly ashes from

Secunda and Tutuka contain Si02, Alz03, Fe203 and CaO as major oxide constituents.

According to American Society for Testing and Materials' (ASTM) standard

classification of fly ash (Table 2.5), the fly ashes from these two South African power

stations can be classified as class F since the sum of the percentage composition of

Si02, Alz03 and Fe203 is greater than 70.
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Table 4.2a: XRF analysis showing the chemical compositions (major elements as

oxides in % w/w and trace elements in ug/g) of Secunda fresh fly ash sample (n=3)

Major elements % (w/w) Trace elements (ug/g)

Ah03 25.71±O.12 V 85.5±3.54

CaO 8.67±O.O9 Cr 121±1.41

Cr203 O.O4±O Co 13±1.41

Fe203 2.73±O.Ol Ni 83±2.83

K20 O.75±O.O2 Cu 7±O

MgO 2.46±O.O8 Zn 24±O

MnO O.O5±O Ga 24±O

Na20 O.20±O.15 Rb 25.5±O.71

NiO O.Ol±O Sr 3391±14.85

P20S O.62±O.Ol y 76±1.4

Si02 50.06±O.45 Zr 476±O.71

Ti02 1.63±O Nb 34±O

LOl 6.91±1.12 Ba 1955±12.02

Total 99.89±O.17 La 97±2.83

Ce 256±1.41

Nd 62.5±3.54

Pb 30±2.83

Th 24.5±O.71

U O.5±O.71

Sum (%) O.678±O

61

https://etd.uwc.ac.za/



Chapter 4: Results and Discussion 1

Table 4.2b: XRF analysis showing the chemical compositions (major elements as

oxides in % w/w and trace elements in ug/g) of Tutuka fresh fly ash sample (n=3)

Major elements % (w/w) Trace elements (ug/g)

Ab03 24.30±O.18 V 86.5±O.71

CaO 6.44±O.O3 Cr 138.5±6.36

Cr203 O.O5±O Co 24±O

Fe203 4.72±O.O3 Ni 96.5±O.71

K20 O.83±O Cu 9±O

MgO 1.93±O Zn 37±5.66

MnO O.O4±O Ga 22±1.41

Na20 ND Rb 29.5±2.12

NiO O.Ol±O Sr 1787±3.54

P20S O.31±O y 79±O

Si02 56. 13±O.29 Zr 405±O.71

Ti02 1.61±O Nb 29±O

LOl 3.52±O.O8 Ba 1243±43.13

Total 99.89±O.63 La 70±22.6

Ce 240±24.04

Nd 63±2.83

Pb 45±5.66

Th 17±2.83

U 3±1.41

Sum (%) O.443±O.Ol

As can be seen from the tables, the values of the four major oxides that form the basis

for fly ash classification (Si02, Ab03, Fe203 and CaO) in the fly ash samples vary

slightly from one power station to the other. For instance the CaO (basic oxide)

content of Secunda (8.67%) fly ash was found to be slightly higher than that of

Tutuka (6.44%) fly ash, and the Fe203 (acidic oxide) content of fly ash from Tutuka

(4.72%) was also found to be slightly higher than that of Secunda (2.73%). The basic

and acidic oxides play an important role in the leaching chemistry and the pH values

of fly ash leachates (Reardon et aI., 1995). The higher CaO (basic oxide) of Secunda

fly ash could therefore be said to account for the slight increase in the pH values
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observed in the fresh fly ash sample from Secunda when compared with the pH values

of Tutuka fresh fly ash (Tables 4.4a and b).

The concentrations of trace elements such as Cu, Cr, Co, Ni, Zn, Rb, Y, and Pb in

Tutuka fly ash were higher than in Secunda fly ash, but the case was different for

elements like Sr, Ba, Ce, La, Nb, and Zr whose concentrations were higher in

Secunda fly ash than in Tutuka fly ash. High concentrations of Sr and Ba were

recorded in the fly ash from the two power stations with Sr concentrations in Secunda

fly ash almost twice that of Tutuka. The higher concentrations of the trace elements in

Tutuka fly ash could be explained in term of its sulphur content which is higher than

that of Secunda (Table 4.3). Ainsworth and Rai (1987) observed that the

concentrations of some trace elements are higher in fly ash from bituminous coal that

other coal types, which was associated with the sulphide contents of the coal

(Finkelman, 1980). The variations in the oxides and trace elements of the fly ash

from the two power stations could also be attributed to the source and types of coal

burnt, which in turn can vary the mineralogical and chemical compositions of the fly

ashes.

Loss on ignition (LOl) of fly ash from Secunda was higher than what was recorded in

Tutuka ash. This is an indication that the percentage of unburned carbon in Secunda

fly ash is greater than in Tutuka. Variation in the LOl could be attributed to the

different combustion temperatures of the power stations and the oxidation of

combustible constituents of coal. It has been observed (Falcon and Ham, 1988) that

apart from the initial external heat supply during coal burning, combustion of coal

could be triggered by the internally generated thermal energy. This situation could

occur as a result of the oxidation of the combustible constituents of coal in the

presence of heat. This process of oxidation is a highly exothermic reaction, thus

supplying its own continuing source of heat. The increase in amounts of combustible

constituents may therefore increase the combustion temperature of the coal which can

lead to low LOl as a result of little remaining unburned carbon and vice versa.
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4.4 Mineralogical compositions: X-ray diffraction (XRD)

X-ray diffraction (XRD) analysis was performed as specified in section 3.3.7. XRD

patterns (Figure 4.3) showed that the major crystalline mineral phases for both

Secunda and Tutuka fly ashes are quartz (Si02) and mullite (3A]z03.2Si02). Lime and

calcite phases were also identified but these phases were present in low amounts as

can be seen from the relatively minor peaks when compared to those of the quartz and

mullite. Lime (CaO) which was found in these fresh fly ashes could be one of the

contributors to the high pH values the ashes attained when in contact with water. The

mineralogical compositions of the ashes from the two power stations are not different

and revealed a similar pattern.

The XRD patterns agree with the results of the XRF (Table 4.2a and b) which showed

high percentages of the oxides of Si, Ca and Al, and these elements are the major

components of the mineral phases observed in the XRD.

Secunda (A) and Tutuka (B) fresh fly ashes
Q
M

~
1/1
c:
.!
.5
al
>..
(I)

aia:

- Secunda ash
- Tutuka fresh

Q

B

A

10 20 30 40 50
2 Theta

60 70 80

Figure 4.3: XRD patterns of Secunda (A) and Tutuka (B) fresh fly ashes. (Q=quartz;

Memullite; L=CaO; Cecalcite).

64

https://etd.uwc.ac.za/



Chapter 4: Results and Discussion 1

4.5 Total acid digestion

Total acid digestion test followed by ICP-MS analysis as described in section 3.3.6

was carried out on the fly ashes to determine their total elemental composition. For a

comparative study, it is important to determine the total elemental composition of the

fly ashes. However, a more relevant consideration is the available fraction of the

metals that could migrate to the surrounding soils and the aquatic environment. The

total concentration of species in the fresh ash was determined as described in section

3.2.1 and used in calculating the highly soluble and available fraction once the fly ash

contacts water.

Table 4.3 showed the amounts of major and minor species found in the acid-digested

fly ashes. The total concentrations of AI, Si, Ca, Na, K, Sr, Ba and S04 were very

high in the fly ashes but lower amounts were recorded for most of the trace elements

except Fe and Ti which were high. The high concentrations recorded for Al and Si

confirm the aluminosilicate property of the fly ashes. Concentrations of B, N03 and

Cl were determined but not reported because of the extremely high values which

could be due to the contribution from the chemicals used for the digestion of the fly

ashes (see section 3.2.1).
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Table 4.3: Total concentrations (mmol/Kg) of species of Secunda and Tutuka fly

ashes (n=2)

Parameter Fresh Secunda fly ash Fresh Tutuka fly ash

Li 36.31±0.014 25.94±0.016

Be 0.79±0.00042 1.065±0.00052

P 99.55±0.19 49.18±0.023

V 2.36±0.012 2.43±0.00071

Cr 3.15±0.012 3.85±O.013

Mn 5.67±0.033 6.41±0.0059

Co 0.16±0.00094 0.4±0.00099

~
0.75±0.0036 1.29±0.0089

Cu 0.63±0.0068 0.62±0.0026

Zn 0.56±0.0206 0.58±0.0059

As 0.13±0.00094 0.19±0.00055

Se 0.029±0.0000205 0.024±0.000 13

Sr 20.86±O.58 8.49±0.057

Mo 0.054±0.00038 0.079±0.0017

Cd 0.0016±0.000032 0.002±5.091

Ba 1O.81±0.25 5.42±0.17

Hg 0.0048±0.00034 0.0026±0.000048

Pb 0.17±0.00025 0.21 ±0.0049

Fe 344.85±0.58 736.26±2.76

Al 2270.72±2.86 1487.027±15.27

Ca 937.026±13.95 345.31±12.31

Mg 470.21±0.15 368.89±0.55

K 104.89±0.56 79.3± 0.64

Na 315.62±0.57 259.24±O.62

Si 10593.24±0.83 12062.66±29.19

Ti 213.12±0.083 197.99±0.14

S04 1245.29 1574.28±0.035

66

https://etd.uwc.ac.za/



Chapter 4: Results and Discussion 1

4.5.1 Comparison of total acid digestion and XRF data

Tables 4.4a and b present the comparison of the total acid-digestion test and the XRF

analysis data. There was variation in the concentrations of species in the fly ashes

when the data from the two techniques are compared. The concentrations of species

such as Ba, Co, Cu, K, Mn, Fe and Pb recorded in the XRF varied slightly from the

concentrations in the total digestion test. Higher amounts of AI, Ca and Mg were

recorded in the XRF data than what was observed in the total acid digestion test. The

lower concentrations observed in the digestate of the total acid digestion test for these

species could be due to interference with other species during the ICP-MS analysis.

The concentrations recorded in the XRF analysis of the fly ashes were found to be

similar to what was observed by Kim et al. (2003) on the analysis of class F fly ash.
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Table 4.4a: Comparison of Total acid-digestion and XRF data of Secunda fresh ash

(mmol/kg)

Element Total digestion XRF

Al 2270.72

As 0.13

Ba 10.81

Be 0.79

Ca 937.026

Cd 0.0016

Co 0.16

Cr 3.15

Cu 0.63

Fe 344.85

Hg 0.0048

K 104.89

Li 36.31

Mg 72.099

Mn 5.67

Mo 0.054

Na 315.62

Ni 0.75

P 99.55

Pb 0.17

Se 0.029

Si 10593.24

Sr 20.86

Ti 213.12

V 2.36

Zn 0.56

S04 1245.29

5043.37

14.23

1545.91

0.22

6.051

0.11

341.86

159.27

470.21

7.049

64.51

1.41

0.14

8331.45

38.7

327.6

1.68

0.37
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Table 4.4b: Comparison of Total acid-digestion and XRF data of Secunda fresh ash

(mmol/kg)

Element Total digestion XRF

AI 1487.027

As 0.19

Ba 5.42

Be 1.065

Ca 345.31

Cd 0.002

Co 0.4

Cr 3.85

Cu 0.62

Fe 736.26

Hg 0.0026

K 79.3

Li 25.94

Mg 37.53

Mn 6.41

Mo 0.079

Na 259.24

Ni 1.29

P 49.18

Pb 0.21

Se 0.024

Si 12062.66

Sr 8.49

Ti 197.99

V 2.43

Zn 0.58

S04 1574.28

4766.31

9.051

1148.37

0.41

7.56

0.14

591.078

176.26

368.92

5.64

ND

1.64

0.22
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4.6 Leaching Tests

Leaching studies are very important in predicting the environmental impacts

associated with the disposal of fly ash on land. A series of leaching tests were carried

out in order to simulate different conditions in which fly ash may be exposed to at

disposal sites. Results of the three leaching tests (sections 3.2.2; 3.2.3; 3.2.4) used in

this study are discussed in this section. They are; 1) German leaching test, DIN-S4

which was used to determine the highly water-soluble fraction of the fly ash when in

contact with water. 2), Toxicity characteristic leaching procedure (TCLP) which was

used to determine the release of elements from fly ash under a specific acidic

condition and 3) Acid neutralization capacity which was aimed at determining the

acid neutralization capacity of the fly ashes and to evaluate the pH dependent release

of species from the fly ashes when in contact with acid solutions of different pH

values under a closed system.

4.6.1 DIN-S4 Leaching test

DIN-S4 leaching test usmg different liquid/solid (LIS) ratios was carried out

according to the method specified in section 3.2.2 to assess the concentrations and the

water soluble fraction of the fly ash samples from Secunda and Tutuka power stations.

This method was used to simulate the condition at the ash dump when rainwater

percolates through the ash dump, and is a measure of short term release of highly

soluble species.

The results of the DIN-S4 leaching tests that were carried out at different liquid/solid

(LIS) ratios for the fly ashes from the two power stations are shown in Table 4.5a and

b below.
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Table 4.5a: Results of the DIN-S4 test showing the concentrations of major and minor

elements (mmolIL), pH, EC (mS/cm), TDS (ppt) and alkalinity (mmolIL CaC03) of

Secunda fly ash at two liquid/solid (LIS) ratios (n=3)

Parameter LIS 10: 1 LIS 20:1

Al 0.0025±2.95E-04 0.0047±1.67E-03

As BDL BDL

Ba 0.0306±1.44E-03 0.018±9.06E-04

Cd BDL BDL

Co BDL BDL

Cr 0.0007±5.85E-05 0.00084±2.16E-04

Cu 0.000058±1.93E-05 0.000057±3.01E-05

Fe 0.00017±1.43E-04 0.00018±1.l0E-04

Mn BDL BDL

Mo 0.00016±2.74E-06 0.00014±1.90E-05

Ni BDL BDL

Pb BDL BDL

Se 0.000063±3.05E-06 0.000069±9.68E-06

V BDL BDL

Zn 0.000072±0.00E+00 BDL

B 0.028±3.98E-03 0.022±1.95E-03

Ca 24.49± 1.31E-0 1 18.73±2.82E-01

K 0.026±2.26E-04 0.0 12±3 .46E-04

Mg 0.0029±2.13E-03 0.0011±3.l5E-04

Na 0.26±6.72E-03 0.12±2.94E-04

S04 0.15±1.25E-02 0.14±4.23E-02

pH 13.08±1.57E-01 12.67±3.46E-02

EC 1O.46±1.19E-0 1 7.93±1.97E-01

TDS 5.43±5 .29E-02 4.13±9.85E-02

Alkalinity 25.91±2.45E-0l 19.99±5.20E-01
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Table 4.5b: Results of the DIN-S4 test showing the concentrations of major and minor

elements (mmol/L), pH, EC (mS/cm), TDS (ppt) and alkalinity (mmolIL CaC03) of

Tutuka fly ash at two liquid/solid (LIS) ratios (n=3)

Parameter LIS 10:1 LIS 20: 1

Al BDL 0.0019±6.48E-05

As BDL BDL

Ba 0.0052±1.78E-03 0.006± 1.27E-03

Cd BDL BDL

Co BDL BDL

Cr 0.0069±4.97E-04 0.0042±8.20E-05

Cu BDL BDL

Fe BDL 0.00016±2.20E-05

Mn BDL BDL

Mo 0.00097±7.91E-05 0.00057±2.81E-05

Ni BDL BDL

Pb BDL BDL

Se 0.000099±1.50E-06 0.0001 04±9 .80E-06

V BDL BDL

Zn BDL BDL

B 0.12±2.lOE-03 0.082± 4.98E-03

Ca 22.82± 1.46E+00 12.46± 1.57E-0 1

K 0.035±6.11E-04 0.018±2.82E-04

Mg 0.0022± 1.32E-03 0.00 13± 1.64E-04

Na 0.17±2.29E-03 0.075±5.58E-04

S04 2.38±2.44E-0 1 1.13±5.05E-02

pH 12.7±1.21E-Ol 12.56±O.00E+00

EC 7.82± 1.11E-0l 5.14±1.02E-01

TDS 4.07±6.03E-02 2.67±4.93E-02

Alkalinity 18.96±8.65E-02 11.96±1.80E-01

BDL= Below detection limit
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4.6.1.1 pH, EC, TDS and Alkalinity

The pH values of the leachates obtained after leaching the fly ash samples according

to DIN-S4 test were alkaline ranging from 12.67 to 13.08 for Secunda fly ash while

those of Tutuka ranged from 12.56 to 12.7 for the two LIS ratios. The slight changes

observed in pH values of the leachates from the fly ash from the same power station

were found to be as a result of the quantity of fly ash in solution i.e., the pH values
\

vary with variation in the LIS ratio. The high pH values recorded for the leachates of

the fly ashes agrees with other studies (Choi et aI., 2002), and was attributed to the

dissolution and hydrolysis of oxides of calcium and magnesium contained in the ash

samples (Table 4.2a, b). The dissolution and hydrolysis of the basic oxides (CaO and

MgO) contribute to the increase in pH values of ash sample while the dissolution of

soluble acids, such as B203; and salts containing hydrolysable constituents, such as

Fe2(S04h and Ah(S04h lowers the pH of ash leachate (Reardon et aI., 1995). The

relative quantities of these soluble basic and acidic oxides in a particular ash dictate

whether the leachate will be predominantly acidic or basic. Fly ash material generates

an alkaline pH within a few minutes of contact with water in most cases, due to the

higher quantities of soluble oxides than the soluble acid phases (FuIT et aI., 1977;

Choi et aI., 2002; Reardon et aI., 1995), this was also observed in this test.

The electrical conductivity (EC) of the aqueous extract of fly ash from Secunda

ranged from 7.93 - 10.46mS/cm and these values were higher than the values

recorded (5.14 - 7.82mS/cm) in the aqueous extract of Tutuka fly ash at the same LIS

ratio. This indicates that more alkaline producing species are released into aqueous

extracts from Secunda fly ash than from Tutuka fly ash. This can also be linked with

the higher concentrations of the highly soluble oxides present in Secunda fly ash as

indicated in Table 4.2a and b and the higher reactive surface area of Secunda ash.

Slight variation was noticed in the EC values of the same fly ash with different LIS

ratios. The lower LIS ratio (10: 1) gave higher EC values for the two fly ash samples.

This is attributed to the greater quantity of soluble species released from fly ash when

using more fly ash in LIS ratio 10: 1 than in LIS 20: 1. The total dissolved solids (TDS)

values (Tables 4.5a and b) of the leachates from the ash samples from the power

stations followed the same trend with TDS values in Secunda leachates higher than

that of Tutuka.
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The alkalinity measurements were determined as described in section 3.3.4. Secunda

fly ash were found to be 25.91 and 19.99 mmolIL CaC03 and the values recorded for

Tutuka fly ashes were 18.96 and 11.97mmol/L CaC03 for LIS ratios 10: 1 and 20: 1

respectively. The high alkalinity of the fly ashes could be as a result of dissolution of

CaO and other alkaline solid phases. Duchesne et al. (1999) observed that the

dissolution of lime (CaO) could account for high alkalinity values. The higher

alkalinity values obtained for Secunda fly ash show its superior acid neutralization

capacity compared to the Tutuka fly ash sample. The variation in the alkalinity values

observed in the fly ashes could be attributed to the slight difference in the basic oxides

of the fly ashes (Tables 4.2a and b) and to the reactive surface area which was higher

in Secunda ash.

4.6.1.2 Major and Minor Elements

Concentrations of Ca (Table 4.5a and b) in the leachates of the two fly ash samples

obtained after the DIN-S4 test were high, with Secunda fly ashes having the higher

values. Ca is known to be associated with the surface of fly ash particles, as well as

forming part of the main components of the aluminosilicate glass fractions, along with

other major element like K and AI. The high Ca concentrations obtained in the

leachates within a period of 24 h are thought to be from the easily soluble sublimate

on the surface of fly ash particles. The concentrations of Na, K and Ba were

significant in the leachates of both ashes. These elements exist as soluble salts on the

surface of fly ash as well as in the glass associated fractions (Choi et al., 2002). The

values recorded for Na, K and Ba concentrations indicate that they are derived from

the rapid dissolution of their soluble salts on the surface of the fly ash particles rather

than the glass fractions. Low Mg values were recorded for the fly ashes and at all the

LIS ratios. Mg in alkaline environment can exist as insoluble Mg(OH)2 which could

account for its low concentration in the aqueous extracts of the fly ashes. Mg was also

found to be a less readily soluble component which could be incorporated within the

glass matrix of the fly ash (Ugurlu, 2004). High concentrations of S04 (ranging

between 0.14 and 2.38 mmolIL) were recorded in the leachates of the two fly ash

samples with the values in Tutuka leachates higher than that of Secunda leachates.

The high S04 concentration is an indication that significant amounts are present in the

fly ashes as soluble salts.
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Concentrations of As, Cd, Co, Mn, Ni, Pb, and V were below detection limit in the

leachates of the fly ashes at different LIS ratios. Cr, Al, Cu, Fe, Mo, Se and Zn

concentrations were very low, with concentrations of some of these elements almost

at the detection limit. The concentrations of Cr (0.0042-0.0069mmollL), Mo

(0.00057-0.00097mmoIIL) in leachates of Tutuka fly ash were slightly higher than the

concentrations in Secunda ash leachates (0.0007-0.00084mmollL Cr and 0.00014-

0.00016mmollL Mo). Al (0.0025-0.0047mmollL) and Cu (0.000057-

0.000058mmollL) concentrations of Secunda fly ash leachates were found to be

higher than what was observed for Tutuka fly ash leachates (0-0.00 19mmol/L Al and

BDL Cu). Very low concentration of Zn was released into solution at LIS 10:1 of

Secunda ash and the values were below detection limit for other LIS ratios.

The low concentrations and below-detection-lirnit values recorded for the heavy

metals in the fly ashes could be as a result of their insolubility at highly alkaline pH,

their low concentration in the fly ashes, and their presence in the glass phases, or

could be due to the adsorption of these metals on the oxy-hydroxide species in the fly

ash solution. At high pH, the surface of fly ash in solution becomes negatively

charged and the positively charged heavy metals are attracted to the fly ash surface

due to electrostatic forces of attraction (Ugurlu, 2004) and are thus not readily

solubilised.

4.6.1.3 Discussion

75

With few exceptions, values of pH, EC, TDS, alkalinity, and the concentrations of

species extracted at LIS 10:I were higher than those extracted at LIS 20: 1. This

implies that the volume of water (i.e. LIS ratios) in contact with fly ash could be one

of the determining factors of the amounts of species that would be released into

solution.

Tables 4.6a and b below tabulate the readily soluble species of the fly ashes when the

result of the total acid-digestion was compared with the concentrations of species

leached out in DIN-S4. XRF data was used in calculating the total concentrations of
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AI, Mg and Ca due to the lower concentrations of these species recorded in the total

acid-digestion test. The XRF data when calculated in mmol/kg dry matter were found

to be similar to the values observed by Kim et al. (2003) in their analysis on class F

ash.
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Table 4.6a: Comparison of total elemental concentration and amount leached out in

DIN-S4 from Secunda fly ash (mmol/kg dry mass)

Parameter Total acid-digestion DIN-S4 Soluble fractions

(lO: 1) (20: 1) % of total

Li 36.31 ND ND

P 99.55 ND ND

V 2.36 BDL BDL

Cr 3.15 0.007 0.017 0.22-0.54

Mn 5.67 BDL BDL

Co 0.16 BDL BDL

Ni 0.75 BDL BDL

Cu 0.63 0.00058 0.0011 0.17-0.92

Zn 0.56 0.00072 BDL 0-0.12

As 0.13 BDL BDL

Se 0.029 0.00063 0.0014 2.17-4.83

Sr 20.86 ND ND

Mo 0.054 0.0016 0.0028 2.96-5.19

Cd 0.0016 BDL BDL

Ba 10.81 0.306 0.36 2.83-3.33

Hg 0.0048 ND ND

Pb 0.17 BDL BDL

Fe 344.85 0.0017 0.0036 0.00049-0.001

Al 5043.37* 0.025 0.094 0.0005-0.0019

Ca 1545.91 * 244.9 374.6 15.84-24.23

Mg 470.21 * 0.029 0.022 0.0047-0.0062

K 104.89 0.26 0.24 0.23-0.25

Na 315.62 2.6 2.4 0.76-0.82

Si 10593.24 ND ND

S04 1245.29 0.15 2.8 0.012-0.22

* Total concentration calculated from XRF data. Other species were calculated from

the total acid-digestion data

ND=Not determined, BDL=Below detection limit
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Table 4.6b: Comparison of total elemental concentration and amount leached out in

DIN-S4 from Tutuka fly ash (mmol/kg dry mass)

Parameter Total acid-digestion DIN-S4 Soluble fractions

(lO: 1) (20: 1) % of total

Li 25.94 ND ND

P 49.18 ND ND

V 2.43 BDL BDL

Cr 3.85 0.069 0.084 1.79-2.18

Mn 6.41 BDL BDL

Co 0.4 BDL BDL

Ni 1.29 BDL BDL

Cu 0.62 BDL BDL

Zn 0.58 BDL BDL

As 0.19 BDL BDL

Se 0.024 0.00099 0.0021 4.13-8.75

Sr 8.49 ND ND

Mo 0.079 0.0097 0.011 12.28-13.92

Cd 0.002 BDL BDL

Ba 5.42 0.052 0.12 0.96-2.21

Hg 0.0026 ND ND

Pb 0.21 BDL BDL

Fe 736.26 BDL 0.0032 0-0.00043

Al 4766.31 * BDL 0.038 0-0.00080

Ca 1148.37* 228.2 249.2 19.87-21.7

Mg 368.92* 0.022 0.026 0.006-0.007

K 79.3 0.35 0.36 0.44-0.45

Na 259.24 1.7 1.5 0.58-0.66

Si 12062.66 ND ND

S04 1574.28 23.8 22.6 1.44-1.51

* Total concentration calculated from XRF data. Other species were calculated from

the total acid-digestion data
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The comparison of the results of the total digestion and the DIN-S4 (Tables 4.6a and

b) disclosed the easily soluble fractions of the fly ashes within 24h of the ash/water

contact period.

The results show that most of the metals in fly ashes are locked within the silica

matrix of the fly ash particles which can only be released through the action of long-

term weathering processes. Tables 4.6a and b show that major species such as Ca, K,

Na, Mg, Ba and S04 are the easily soluble species with percentage of each of the

leached soluble species ranging from 15-24.23% for Ca, 0.23-0.45% for K, 0.58-

0.82% for Na, 0.0047-0.007% for Mg, 0.96-3.33% for Ba and 0.012-1.51 % for S04

per dry mass of fly ash. The heavy metals that were easily soluble include Se (2.17-

8.75%), Mo (2.96-13.92%) and Cr (0.22-2.18%). Most of the other heavy metals in

the DIN-S4 leachates were below detection limit which is an indication that they are

not readily soluble under the applied conditions. This could be due to their low

concentrations and their encapsulation in the glass matrix of the fly ashes (Hulett and

Weinberger, 1980).

The concentrations of Al and Mg in the leachates were low when compared with the

total concentration in the fly ashes indicating that they are not readily soluble. Al

exists as both amorphous and crystalline form in fly ash, the latter form is not easily

soluble and the small amounts found in solution could be due to dissolution of the

amorphous phase which is slightly soluble at alkaline pH. Total Mg concentration in

the fly ashes is high but the amounts in solution were very low which could be as a

result of formation of insoluble Mg(OH)2 that is favoured at high pH or due to larger

amounts that could be locked in the glass phase of the fly ash.

Comparison of the concentrations of soluble species in Secunda and Tutuka fly ashes

(Tables 4.6a and b) revealed that the percentage of some easily soluble species (such

as Ca and Ba) leached into solution with respect to Secunda ash were higher than

what was observed in the leachates of fly ash from Tutuka. This could be attributed to

the larger surface area and smaller particle size of the Secunda ash which makes it

more reactive than Tutuka ash. The percentage of Cr and Mo leached into solution

from Tutuka fly ash was higher than the percentage leached into Secunda fly ash

leachates. This could be due to the total concentrations of these species being higher

in Tutuka fly ash.
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The results obtained from the DIN-S4 method have given information about the easily

soluble fractions of the fly ashes when in contact with water. The DIN-S4 method has

a number of shortcomings when the experimental conditions are compared with those

occurring in nature on the field. For instance, the liquid-solid ratio of the laboratory

test is much higher than what will commonly be observed in field conditions (Ludwig

et aI., 2005). The DIN-S4 method only addresses the release of elements from fly ash

when in contact with an aqueous solution of neutral or circum-neutral pH. Therefore

an alternative method which would consider the release of easily soluble fractions of

the fly ashes when exposed to acidic solution (low pH) at the disposal site is required

in order to assess the leachable species of the fly ashes at both alkaline and acidic

conditions.

4.6.2 TCLP leaching test

The toxicity characteristic leaching procedure (TCLP) was carried out on the fly ashes

from Secunda and Tutuka at different LIS ratios (10: 1 and 20: 1) as specified in

section 3.2.3 to assess the effect of low pH leachant on the leachability of species

from the fly ashes.

This method of leaching was aimed at simulating a condition where acid rain

precipitates on the fly ash and infiltrates the ash dump. In the power stations under

study, there is emission of acidic gases like carbon monoxide (CO) and sulphur

dioxide (S02) into the atmosphere which could lead to acid precipitation when

combined with atmospheric water vapour (H20) (equations 4.1,4.2,4.3).

CO (g) + H20 (g) ~ H2C03 .................................................. 4.1

S02 (g) + H20 (g) ~ H2S03 .................................................. 4.2

H2S03 + Y202 (g) ~ H2S04 .................................................. 4.3

80

When acid rain falls on the fly ash at the dumps, it percolates through the disposed

waste product and there would be leaching of the ash constituents. This situation can

be compared to the TCLP leaching test. Although the TCLP test was originally

designed by USEPA for the identification and classification of waste as hazardous or

non hazardous based on their toxicity, the method (TCLP) could also be considered as

one of the suitable methods to assess the release of metals, and to evaluate the short-
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term probability of leaching because of runoff or infiltration of ash dumps by acid rain

and its effect or impact on the surrounding soils and groundwater.

Table 4.7a: Concentrations of major and minor elements (mmol/L), pH, EC (mS/cm),

TDS (ppt) and alkalinity (mmol/L CaC03) values of Secunda fly ash using TCLP

leaching method at two liquid/solid (LIS) ratios (n=3)

Parameter LIS 10:1 LIS 20: 1

Al 0.OI7±6.56E-03 0.00029±0

As BDL 0.033±4.84E-03

Ba 0.0043± I.63E-03 0.0035±I.I9E-04

Cd BDL BDL

Co BDL BDL

Cr 0.OI07±7.26E-04 0.0072± 1.79E-04

Cu 0.000066±3.65E-05 0.000I9±2.08E-04

Fe 0.000045±3.06E-05 0.000057±1.17E-05

Mn 0.000028±0 0.0064±3.73E-04

Mo 0.00067±2.69E-05 0.00038±2.46E-05

Ni BDL 0.00025±1.91E-05

Pb BDL BDL

Se 0.000308±5.37E-06 0.00028±2.35E-05

V 0.00025±3.29E-05 0.0078±3.I8E-04

Zn 0.0019±2.45E-03 0.00117±1.40E-03

B 0.51±7.45E-02 0.702± 8.88E-03

Ca 58.61±3.34E+00 42.085±5.11E-Ol

K 0.023± 1.19E-03 0.017±2.94E-04

Mg 0.01l±1.15E-02 10.06±1.73E-01

Na 0.25±6.89E-02 0.15±7.55E-03

S04 1.94±2.73E-Ol 1.901±2.24E-Ol

pH 12.25±3.81E-OI 7.71±6.66E-02

EC 8.03±I.95E-Ol 6.12±7.23E-02

TDS 4.18± 1.02E-0 1 3.I8±3 .46E-02

Alkalinity 42.82±4.8IE-02 37.33±1.73E-OI
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Table 4.7b: Concentrations of major and minor elements (mmol/L), pH, EC (mS/cm),

TDS (ppt) and alkalinity (mmol/L CaC03) values of Tutuka fly ash using TCLP

leaching method at two liquid/solid (LIS) ratios (n=3)

Parameter LIS 10:1 LIS 20: 1

Al BDL 0.016±9.54E-04

As 0.058±4.43E-03 0.0912± 1.08E-02

Ba 0.0011±2.98E-04 0.0026±2.44E-04

Cd BDL BDL

Co BDL 0.000 16± 1.54E-05

Cr 0.012±1.18E-03 0.0082± 7.29E-04

Cu 0.000035±0.00E+00 0.00098± 1.48E-04

Fe 0.000071±1.03E-05 0.00012±1.09E-05

Mn BDL 0.019±1.48E-03

Mo 0.0011±8.71E-05 0.00055±5.68E-05

Ni BDL 0.000702±4.72E-05

Pb BDL BDL

Se 0.00046±5.89E-05 0.00032±2.17E-05

V 0.012±1.24E-03 0.0089±8.33E-04

Zn 0.000074±0.00E+00 0.00065±9.71E-05

B 0.96±3.68E-03 0.59±3.65E-03

Ca 55.61±5.09E+00 33.92±2.76E+00

K 0.039±1.62E-04 0.025±6.74E-04

Mg 6.41± 1.35E-0 1 9.53±3.91E-02

Na 0.19±2.53E-03 0.104±2.30E-04

S04 5.91±7.43E-02 3.29±6.35E-02

pH 9.98±5. 77E-03 4.84±1.00E-02

EC 6.59±4.62E-02 4.64±3.61E-02

TDS 3.44±1.53E-02 2.41 ± 1.73E-02

Alkalinity 38.021±2.lOE-01 23.12±2.09E-0l
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4.6.2.1 pH, se, TDS and Alkalinity

Table 4.7a and b tabulate the results of TCLP leaching test carried out at LIS 10: 1 and

20: 1 on fly ash from Secunda and Tutuka power stations.

Leachates from the TCLP test have pH values of 12.25 and 7.71 for Secunda fly ash

at LIS 10: 1 and 20: 1 while the pH values of leachates from Tutuka ranged between

9.98 and 4.84 for LIS 10:1 and 20: 1 respectively. It was observed that addition of the

prescribed amount of acidic leach ant to the fly ash did not suffice to acidify the

leachates of the fly ashes. The pH observed in the fly ash leachates was somewhat

lower than what obtained in the DIN-S4 test and could be as a result of neutralization

reactions between the acidic leachants (applied TCLP solution of pH 2.88) and the

basic oxides in the fly ash. The dissolution of acidic mineral phases such as Fe203 (as

mentioned in section 4.6.1.1), could also contribute to the lower pH values of the fly

ash solutions.

The electrical conductivity (EC) values for the two fly ash samples ranged from 6.12-

8.03mS/cm for Secunda and 4.64 to 6.59mS/cm for Tutuka. These EC values were

lower than the EC obtained in the case of the DIN-S4 test. The EC values in Secunda

fly ash leachates were observed to be higher than in leachates from Tutuka ash. The

total dissolved solid (TDS) values followed the same trend. The values of pH, EC and

TDS of the leachates decrease as the LIS ratios of each of the fly ashes increases. That

is, at LIS 10: 1, the values of these parameters were higher than what was observed at

LIS 20: 1 and this is attributed to the higher quantity of fly ash in the former ratio than

the latter.

The alkalinity values for Secunda fly ash were higher than the values of Tutuka fly

ash (values ranging from 42.82 to 37.33 and from 38.02 to 23.12mmol/L CaC03

respectively). The higher alkalinity values of TCLP leachates from the two fly ashes

when compared with those of the DIN-S4 leachates revealed that more of the

alkalinity- contributing soluble salts were dissolved in the acidic solution (TCLP),

which eventually led to the increase in alkalinity.
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4.6.2.2 Major, Minor and Trace elements

High concentrations of Ca, Na, Band S04 were recorded for all the fly ash leachates

using the TCLP method at LIS ratios 10:1 and 20: 1. Ca, Band S04 concentration in

the leachates were found to be higher than the values recorded in the DIN-S4 test. The

increase in values of Ca and S04 in the leachates could be as a result of dissolution of

their corresponding salts like CaS04, that are slightly soluble or insoluble in alkaline

or neutral pH solution but readily soluble in acidic solution. The increase in

concentrations of B could be attributed to the dissolution of its soluble salts and

mineral phases due to the low pH of the fly ash solutions. The low pH of the fly ash

leachate solution does not favour the formation of boron-oxyanion species or the

formation of ettringite at high pH which would have entrapped the boron species from

the solution (Hassett, 1994; Solem-Tishmack et al., 1995; Iwashita et al., 2005). There

was no significant change in the concentrations of Na and K in the leachates of the

TCLP test when compared with that of the DIN-S4 test which is an indication that the

effect of pH on the release of these elements is minimal. Na and K salts are soluble at

both alkaline and acidic pH and dissolve as soon as the salts contact water. The slight

difference in the amount leached from the two methods could be as a result of

dissolution of some mineral phases that contain Na and K at the lower pH. The

concentrations of Mg were also high except at LIS 10:1 for Secunda fly ash in which

case levels were low. The low concentration of Mg observed at LIS 10: 1 of Secunda

fly ash could be attributed to the high pH (Table 4.7a and b) of the fly ash (10:1)

leachate solution which could favour the formation of Mg(OH)2. Dissolution of the

fly ash matrix due to the lower pH of the leachant could be responsible for the higher

Mg values recorded in the 20: I case, since Mg is a less readily soluble component of

fly ash.

Cd and Pb concentrations were below detection limit in the TCLP leachates of the fly

ashes at both the LIS ratios applied. This could be as a result of their low

concentrations in the fly ashes (Table 4.3) and because of their encapsulation in the

insoluble glass matrix of the fly ashes. Formation of insoluble complexes at high pH

could also cause the non-detection of Cu and Pb in the TCLP leachate solution of the

fly ashes (Alinnor, 2007). As and Ni were not detected at LIS 10: 1 of the Secunda ash

leachate but were found at very low concentrations in the TCLP leachates of the two
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fly ash samples at LIS 20: 1. This could be attributed to the high pH of Secunda fly ash

at LIS 10: 1 under the conditions applied in the TCLP test, which alkalinity is

conducive to the precipitation of these species as insoluble phases or adsorption on

the surface of fly ash particles.

Trace elements, Cr, Cu, Fe, Mn, Mo, Vand Zn were found in solution at low

concentration in the TCLP leachates of both ashes. Trace elements concentrations in

alkaline solutions are controlled by Fe and Mn which exist as oxyhydroxides at high

pH. The manganese and iron oxides are negatively charged at the surface at high pH

which leads to adsorption of the heavy metals, but at low pH, the oxyhydroxides are

dissolved through reduction, and the adsorbed metals are released back into solution

(Drever, 1997). Low concentrations of Se were observed, but the values were higher

than what was recorded in DIN-S4 leaching test, which is an indication that pH has an

effect on the leachability of this element.

4.6.2.3 Discussion

The leaching of species from fly ash is associated with some factors which include the

quantity of the species, the liquid/solid ratio and the pH of the leaching solution.

The comparison of results of DIN-S4 (Table 4.5a and b) and TCLP (Table 4.7a and b)

tests revealed the effect of pH of leachants on the release of species from fly ash. The

concentrations of species such as Ca, Na, Mg, K, Band S04 in TCLP leaching test

were higher than what were obtained from the DIN-S4 leaching test. This indicates

that the highly soluble fractions of the fly ashes would only be available in solution

using DIN-S4 leaching test. Although the actual leaching pH was relatively high, the

low pH value (2.88) of the original leachant solutions used in the TCLP test increased

the leaching rate of inorganic constituents from the fly ashes due to an increase in the

intensity of attack on the fly ash mineral phases that contain these elements (Fleming

et al., 1996). Surprisingly, Ba concentration in leachates from the DIN-S4 was higher

than what was recorded in the TCLP test. The concentrations of trace elements such

as Se, As, V, Mn, Fe, Mo, Cr, Cu observed in the TCLP test were higher than the

values in DIN-S4 test, which indicates the effect of the pH on the release of these

elements. The concentrations of Pb, Ni, and Co were below detection limit in the two
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leaching tests, which could be linked with the low values of these species recorded in

the total acid digestion test and XRF data.

The application of different liquid/solid ratios showed that the volume of water in

contact with ash influence the release of species from the fly ashes. Most of the

elements released at LIS 10:1 were higher in concentration than what was released at

LIS 20: 1 for the same fly ash sample as expected. The liquid/solid ratio used gave an

accelerated leaching relative to the real leaching occurring when rainwater penetrates

into the ash at the disposal site. According to Smith, (1990) and Clarke, (1994), LIS

0.2-1 is considered to simulate 10-100 years in a disposal site while the LIS 4-16

gives information on the leaching of species over a period of 500-2000 years. It is

observed from the leachates of the fly ashes when considering the two leaching

methods discussed above that doubling the amount of water relative to the mass of fly

ash (LIS 10: 1 and 20: 1) did not result in halving the concentrations of certain species

such as Ca, S04 and Mg in solution. This development is an indication of solubility

control on the concentrations of particular elements in solution. It has been observed

that precipitation of anhydrite, gypsum and Mg(OH)z could control the release of Ca,

S04 and Mg respectively (Matti god et al., 1990). Reardon et al. (1995), also observed

similar trends and suggested that this lack of correlation between dilution and

concentration could indicate solubility control. Detailed information of the role of

solubility control in the release of both major and minor species will be discussed in

the next chapter.

The TCLP leaching test was developed by the United States Environmental protection

agency to assess the leaching potential of contaminants from hazardous waste using

an acetate buffer solution of low pH (EPA, 1992). The test only considered leaching

with solution of a predetermined pH value but the final pH of the leachate after

contact with the solid waste which aspects are also very important was neglected.

From the results of the test (Tables 4.7a and b), it is evident that despite the addition

of a solution of the same pH value to Secunda and Tutuka fly ashes at the same LIS

ratio, the final pH of the leachates varied because of the differences in the ash

mineralogy and composition, which in turn varied the release pattern of the species

from the fly ashes. The variation in the final pH of the leachates mainly depended on

the CaO contents of the ashes (Nathan et al., 1999) which differed between Secunda
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and Tutuka ash. The final pH of the leachate is important because of changes in the

solubility of many elements at different pH levels. For example, at pH 4 or less, the

release of chromium is lower than what would be released at pH between 5 and 7

(Nathan et al., 1999). Therefore it is most necessary to consider the effect of leaching

of species under solutions of different pH values and the final pH of the leachate to

better predict and compare the effect of pH on the release of species from fly ash.

Only by considering the final pH can the potential effects of waste disposal be

established when exposed to different acidifying conditions. The acid neutralization

capacity (ANC) test which would be discussed in the next section is considered to

better predict the release of species at different acidic conditions. The test also

considers the final pH of the leachant.

4.6.3 Acid Neutralization Capacity (ANC) Test

This section of the chapter deals with the results and discussion of the Acid

Neutralization Capacity (ANC) test which was performed as described in section

3.2.4. This is a pH dependent leaching test developed to evaluate the leaching

behaviour of fly ash under imposed pH conditions. This test was used in this study to

determine the influence of different pH conditions on the leachability of inorganic

constituents from fly ashes from Secunda and Tutuka power stations. This test is

important as the possibility of fly ash contacting a solution of varying pH cannot be

ruled out at the ash dump. This test would reveal the pH at which minimum and

maximum values of different species could be mobilized from the fly ashes.

4.6.3.1 Acid consumption of the fly ashes

The acid consumption capacity of the fly ashes from Secunda and Tutuka power

stations was evaluated to determine the volume of acid required to bring the solution

of the fly ashes to pre-selected pH values. This preliminary test also revealed the

buffering capacity of the fly ash samples.
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Figure 4.4: The acid consumption capacity of Secunda (A) and Tutuka (B) fly ashes
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Figure 4.4 shows the acid consumption of the fly ashes. It was observed that the

volume of acid required to achieve pH 4 in Secunda fly ash is higher than the volume

of acid required for Tutuka ash to achieve the same pH. This implies that the

neutralization capacity of Secunda ash is higher than that of Tutuka. This

phenomenon could be attributed to the higher percentage of oxides of calcium,

aluminium and magnesium recorded in Secunda fly ash (Tables 4.2a), which are the

major contributors to the alkalinity of fly ash. Johnson et al. (1995) observed that a

greater proportion of the acid neutralising capacity is contributed by the rapid

dissolution of buffering constituents such as Ba and Sr on the surface of the fly ash

sphere.

Some plateaus were noticed at pH 9-11 in the profile of acid consumption of Secunda

fly ash, and at pH 5-8 on acid consumption profile of Tutuka fly ash. These could be

as a result of dissolution of acidic oxides such as Ah03 and Fez03 or dissolution of

mineral phases at this pH which caused the reduction in the acid consumption and the

buffering capacity of the fly ashes at these points. Studies (Glasser, 1997; Polettini et

aI., 2001) have shown that the pH value at which the individual plateaus occur is

related to the nature of the pH-controlling solid phases rather than the quantity of the

mineral phases.

The pH of the solution is very important as it determines the surface charge of the fly

ash, and the degree of ionization and speciation of the elements in solution. The

interactions between the charged ions in solution and the surface of fly ash particles

4.6.3.2 Effects of pH on leachability of species
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contribute to the release of species into solution. Figure 4.5 below show the release of

different species into fly ash solution as a function of pH.
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Figure 4.5: Ca, Mg, Na, Li, K, Si, Al and Sr release from Secunda (A) and Tutuka (B)

fly ashes as a function of pH.

4.6.3.3 Calcium and Magnesium

The release of Ca and Mg into solution as a function of pH in the ANC test is shown

in Figure 4.5 above. Ca concentrations increase linearly as the pH of the leachants

decreases. The increase observed in Ca concentration in the leachate solution

corresponds quantitatively to the amounts of acid added to the system, and this
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indicates the effect of pH on the release of Ca. The continuous increase in the release

of Ca as the pH decreased showed that, apart from the Ca released due to dissolution

of its soluble salts, Ca was also released due to the dissolution of the Ca-rich mineral

phases in the ash. This behaviour is typical of calcium silicates where non-

stoichiometric release of Ca is observed in high pH ranges, followed by congruent

dissolution of calcium silicate at lower pH (Johnson et aI., 1995; Berner, 1992). At

low pH, there could be competitive replacement of Ca ions with the H+ in solution,

which will lead to the release of more Ca ions. Also, dissolution of CaC03 which may

have precipitated out of the solution of the fly ashes at high pH could lead to an

increase in Ca concentrations in the leachate upon decrease in pH (Johnson et aI.,

1995; Berner, 1992; Iwashita et al., 2005).

The release of Mg was observed at pH <11, being particularly rapid at pH 11-9.5

followed by a gradual increase in concentration as the pH decreased. A near constant

release of Mg is observed at pH 8.5-5.5 suggesting dissolution of Mg-bearing mineral

phases. Limitation of the solubility of Mg at pH > 10 could be due to the formation of

Mg(OHh which is favoured at high pH. The increase observed in the concentrations

at pH less than 10 could be as a result of the dissolution of Mg-rich mineral phases in

the fly ashes. Mg was found to be a less readily soluble component of fly ash and this

indicates that it was incorporated in the glass phases of the fly ash (Ugurlu, 2004).

4.6.3.4 Sodium, Lithium and Potassium

The concentrations of Na, Li and K released into solution during the ANC test with

respect to pH are as shown in Figure 4.5. There was no significant increase in the

values of Na, Li and K leached into solution with respect to a decrease in pH values of

the leachants. This indicates that the effect of pH in the leaching of these alkaline

metals is limited. However, the release of these species is most probable from the

dissolution of their soluble salts present on the surface of ash particles. The trend

observed showed the high solubility and non-reactive nature of the salts of these

species. This trend agrees with Tiruta-Barna et al. (2004), as they observed non-

dependent pH behaviour of the above mentioned elements during their studies on the

long-term prediction of the leaching behaviour of pollutants from solidified wastes.
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4.6.3.5 Aluminium, Silicon and Strontium

Low Al and Si concentrations were present in the ANC test leachates of the fly ash at

high pH (Figure 4.5) as expected. Aluminium was observed in ANC leachate

solutions at natural pH (> 12) of ash solution and at pH 10 after which a reduction in

the concentration (almost below detection limits) was observed between pH 5.5 and 9.

The reduction in the concentration between these pH ranges could be attributed to the

precipitation of amorphous Al-bearing phases. The concentration of Al then increased

again at pH below 5. The concentration of Si in ANC test leachate solution was

consistently increasing with a decrease in the pH with the lowest values recorded at

pH ranging between 10 and 12. Aluminium and Silicon are contained mainly in the

aluminosilicate and silicate phases of fly ash. This accounts for the low solubility and

slow dissolution kinetics of Al and Si which became more significant at pH <5. The

trend of Al dissolution could be controlled by its amorphous and crystalline phases.

Several studies (Fruchter et aI., 1990; Garavaglia and Caramuscio, 1994; Roy and

Griffin, 1984) have shown that the release of Al is controlled by amorphous AI(OH)3

at pH ranging between 6 and 9 and by gibbsite at pH higher than 9. The solubility of

silicon has been observed to be governed by the solubility of quartz (Si02) at pH

lower than 10 and by the solubility of wairakite (CaAhSi4012.2H20) at higher pH

(Tiruta-Barna et al., 2006).
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Strontium concentrations in the ANC leachates slowly increased with a decrease in

the pH values of the leachants. The trend of the solubility of Sr indicates its

dependence on the pH of the leachants added. The increase in the release of Sr at low

pH could indicate that the low pH did not favour the formation of Sr-rich mineral

phases but rather enhanced dissolution of Sr-containing phases.
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Figure 4.6: Fe, Mn, Cu, Pb, Ni, Cr and Mo release from Secunda (A) and Tutuka (B)

fly ashes as a function of pH.

4.6.3.6 Manganese and iron

Low concentrations of Mn and Fe were recorded when the pH of the leachates were

above 9 as shown in Figure 4.6. The values of Mn in solutions of the fly ashes started

to increase rapidly at pH <9 and the increase was continuous as the pH decreased. The

concentrations of Fe in Secunda fly ash did not increase until a pH of 5 was achieved

but Fe concentrations in Tutuka fly ash increased inconsistently as the pH was

reduced. Manganese and iron in alkaline solution form hydrous manganese and iron

oxides (oxyhydroxides), which occur as coatings around the silicate grains of fly ash
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and as discrete grains of oxide mineral. At high pH, Mn and Fe oxy-hydroxides are

negatively charged and have a cation exchange capacity that increases with increasing

pH (Drever, 1997). Heavy metals (such as Co, Ni, Cu, Zn, Pb, Ag and Cd) are

strongly adsorbed to the surface of these oxy-hydroxides, which could also lead to a

deficiency in the availability of trace elements in solution at high pH. At low pH,

reduction of the oxy-hydroxides leads to dissolution of their oxides (Drever, 1997)

resulting in the observed increase in levels of Mn and Fe in the ANC test leachate

solutions. The trends in the release of Mn and Fe observed in solutions of the fly

ashes could be as a result of formation and dissolution of the oxides of these elements

at different favourable pH levels.

4.6.3.7 Nickel, Lead and Copper

The results shown in Figure 4.6 indicate the pH dependent trend of the leaching of

Cu, Pb and Ni in ANC test solutions. Law concentrations of these metals were

observed at high pH (>9) but increased at pH <9 except Pb. The leaching trend for

these metals was observed to be similar to those observed for Fe and Mn. Cu was

similar to Fe while Ni was found to be similar to Mn, which indicates the dependence

of the release of Cu, Pb and Ni on the dissolution of hydrous oxides of iron and

manganese. This is expected because several studies (Drever, 1997; Elliot and

Denneny, 1982; Steenari et al., 1999; Cho et al., 2005; Lee and Saunders, 2003) have

shown that at higher pH, the surfaces of the fly ash particles are negatively charged.

This would lead to an increase in the adsorption of most of these heavy metals (Pb, Ni

and Cu) from the solution. The increase in the adsorption rate may be explained in

terms of electrostatic forces of interaction between the negatively charged surface of

fly ash and the positively charged metal ions (Alinnor, 2007). The increase in

adsorption of heavy metal ions in fly ash solution at higher pH (> 10) may also be

attributed to the calcium content which provides alkalinity in the system raising the

pH to strongly alkaline values, thereby facilitating the uptake of metal ions by the fly

ash.
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The concentration of Pb in the ANC test leachates was very low even at low pH,

which could be attributed to several factors which include the total amounts of Pb in

the fly ashes, formation of complexes and adsorption processes. Alinnor, (2007)
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observed that at low pH (4-6), the concentration of Pb in solution may be reduced by

precipitation and adsorption on the surfaces of the ash particles. The hydroxyl-metal

complex has been observed to have a higher affinity for adsorption than the hydrated

metal ion, because the formation of an OH group of the metal reduces the free energy

required for adsorption (Elliot and Denneny, 1982). The formation of complexes,

which adsorbed strongly at relatively low pH (Lee and Saunders, 2003), could also

account for the low concentrations of Pb observed in the solutions of the fly ashes

apart from the low total concentration of Pb in the fly ashes.

4.6.3.8 Chromium and Molybdenum

An increase in the concentrations of Cr and Mo in ANC test leachates was observed at

a pH ranging between 6 and 11 (Figure 4.6). After the initial increase, the

concentrations of these metals decreased gradually with a decrease in pH except in the

case of Cr in Tutuka fly ash which behaved differently. Fleming et al. (1996)

observed that Cr is usually present in different mineral phases such as Cr203, Cr(OH)3

and CrxFel_x(OH) in fly ash and the leaching of Cr is pH dependent. The release of Cr

with respect to the pH of the leachate depends on the oxidation state of Cr present in

the fly ash (Drever, 1997) and the amounts of Cr-bearing mineral phases in fly ash.

Although the oxidation state of Cr was not determined in this study, its leaching

behaviour indicates its presence in different oxidation states in the respective fly

ashes. Cr(IlI) is observed to be insoluble and strongly adsorb at a low pH while

Cr(IV) is easily available in solution (Tiruta-Barna et al., 2006; Drever 1997). This

could be the reason for the higher leaching of Cr observed in the case of Tutuka at

lower level «9).

Molybdenum concentration and mobility has been observed to depend on the

alkalinity or acidity of the leachate. Mo is highly soluble and mobile under alkaline

conditions and can also precipitate as Mo03 at high pH (Jankowski et al., 2006).

Molybdenum concentration can be controlled by Fe and Al in solution which reduces

the leaching of Mo substantially at low pH by adsorbing the oxyanion (MoOl-)

(Comans et al., 2000; Kukier et al., 2003). The high concentrations of Mo observed at

pH 6-11 could be linked to non availability of Al and Fe in solution that could adsorb

Mo. The difference in the pH of the leach ants coupled with the high concentrations of
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Al and Fe in the solutions of the fly ashes at low pH could therefore be responsible for

the decrease in the concentration of Mo.
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Figure 4.7: As, Se and S04 release from Secunda (A) and Tutuka (B) fly ashes as a

function of pH.

4.6.3.9 Arsenic and Selenium

The trend of release of arsenic and selenium in ANC test leachates as a function of pH

is shown in Figure 4.7 above. The concentrations of Se and As in the ANC leachates

of both fly ashes were found to be very low. The highest concentration of Se was

observed for Secunda fly ash at pH ~7.25 and at pH of ~8.12 for Tutuka fly ash. The

availability of As and Se species in solution is governed by adsorption and

precipitation reactions (Goh and Lim, 2004; Jankowski et al., 2006), and also depends

on the quantities present in the fly ash samples. The concentration of As in solution

can be reduced by the precipitation of Ca3(As04)2 at alkaline pH when a considerable

amount of Ca lS present in the solution. The presence of ettringite

(C~[AI(OH)6b(S04)3-26H20) in fly ash solutions at high pH can reduce the As

concentration by substituting the S04 with the oxyanion form of As. The release of As
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therefore could be controlled by the precipitation of Ca3(As04h due to the high

concentration of Ca in the leachates of the fly ashes. Lee and Saunders (2003)

observed similar trends when determining the effects of pH on metal precipitation and

sorption on sulphate reducing bacteria. Arsenic exists in inorganic form as arsenite

(As(II!)) and arsenate (As(V)) but the latter is found to be the dominant form in most

cases (Turner, 1981; Silberman & Harris, 1984). The concentration of As may also be

controlled by precipitation of one of the highly insoluble transition metal arsenates

such as ferric arsenate. However, as conditions become reducing, arsenite desorbs and

become mobilized, and reacts with dissolved sulphide to form AsS complexes, but if

sulphur is absent, it remains in solution as arsenious acid or as arsenite (Lee and

Saunders 2003; Reardon et al. 1995; Drever, 1997). The observed trend of the release

of As from the fly ashes could be as a result of adsorption and precipitation processes.

The release of Se in the fly ashes was slightly different from what was observed for

As. The availability of Se in solution at high pH could be due to its enrichment on the

surface of the ash particles. Depending on the oxidation state of Se, it can be in

solution at both alkaline and neutral pH. The amounts of Se(IV) and Se(VI) have been

observed to be reduced in solution at pH ranging between 3 and 7 by adsorption

processes (Goh and Lim, 2004).The decrease in the concentrations of Se released at

low pH could thus be due to adsorption and formation of insoluble mineral phases.

4.6.3.10 Sulphate

The concentrations of S04 recorded in ANC test leachates of the fly ashes were high

ranging from 0.04 to 4.53mmollL for Secunda fly ash and 1.78 to 7.77mmollL for

Tutuka fly ash. Gradual increase in the concentration of S04 was observed for Tutuka

fly ash while the concentration in Secunda fly ash increased rapidly and later

stabilized at low pH (Figure 4.7). The initial rapid increase in S04 concentration could

be attributed to dissolution of soluble S04-bearing mineral phases on the surface of

the fly ash particles followed by slow release from the aluminosilicate matrix or

soluble mineral phases. The initial low concentration of S04 observed at high pH in

both cases could be as a result of secondary mineral formation such as anhydrite

(CaS04) and ettringite, which are mainly insoluble at high pH.
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4.6.3.11 Discussion

The ANC leaching test showed the effect of pH on the leaching of species from the

fly ashes. The concentrations of the major and minor species such as Ca, AI, Si, Sr,

Fe, Mn, Ni, Cu and S04 increased with a decrease in the pH of the leachates.

Comparing the ANC leaching test with TCLP results, the final pH of the leachate of

TCLP (12.25 at LIS 10:1) was almost the same as the natural pH (12.48 at LIS 10:1)

recorded in the leachates of ANC test despite the addition of an acidic solution of pH

2.88 to the former. However, the concentrations of some species in the leachate of

TCLP, at almost the same pH with the ANC, were higher than the concentrations

observed in the leachates of ANC. The final pH of the leachate is a very important

parameter which requires consideration when evaluating the release of species from

fly ash. It would therefore not be wise to consider solely the TCLP method, which

does not really consider the final pH of the leachate, as the appropriate method to be

used to assess the leaching potential of species in a worst-case scenario of hazardous

waste disposal. This is because the possibility of having a lower final pH in the

ash/water system can not be ruled out due to regular weathering of the ash system or

acid precipitation. In contrast to the TCLP test, the ANC leaching test considered the

possibility of having different final pHs of the fly ash solution at the disposal scenario

and the corresponding leachabilty of species at these pH levels is also considered by

the test, which makes it a better option giving better insight into the leaching

behaviour of specific elements at specific pH as was observed in this study.

In terms of the amounts of species leached out of fly ash, a low pH value of the

leachate always favours the formation of mobile metal species and also decreases the

ability of metal ions to form surface complexes with hydrous oxides and silicates

present in the residues. Therefore, the high concentrations observed for some of the

species in solution could best be explained as a result of intensive attack on the

mineral phases of the fly ash by the acidic leach ant solution as well as the reduction in

the ability of species to form complexes in the acidic medium.

The adsorption/desorption of heavy metals from a surface into solution is dependent

on the pH of the solution and the mechanism by which these species adsorb/desorb,

this differs from one species to another. It is often suggested that the tendency of

metal cations to adsorb on the oxide surfaces of the ash is highly related to the
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hydrolysis reaction they undergo in solution. The divalent metal cations in aqueous

solution hydrolyse according to the following expression (Cho et al., 2005).

M2+(aq) + nH20 = M(OH)2-1l+ nH+ 4.4

Where M2+ is the metal cation

At low pH, ferric hydroxide holds mainly protonated sites (e.g., FeOH2+) leaving the

surface positively charged. The positive charge on the mineral surface, however

gradually decrease as the pH increases, thus reducing the electrical repulsion between

sorbing surface and cations. Moreover, lower H+ concentration (alkaline pH) also

favours cation sorption by mass action (Lee and Saunders, 2003). For example, the

sorption of divalent cations such as Cd2+on hydrous ferric oxides can be written as

FeOH2+ + Cd2+ ---+ FeOCd+ + 2H+ 4.5

Lowering H+ concentration will favour the sorption of Cd2+ by increasing pH. There

is a similar pH effect for other divalent cations. Low concentrations of Cd and Pb

(Tables Cl and C2) in the leachates even at low pH «4) may be due to factors such

as inhibition of dissolution of elemental species from the fly ashes by other

constituent release into solution, electron activity of the elements (Saikia et al., 2006)

and their total concentrations in the fly ashes.

In comparison with the total concentrations of species in the fly ashes (Tables 4.3),

the various leaching tests carried out have been able to reveal the easily soluble

fractions of the fly ashes at both alkaline and acidic conditions. It was also observed

that trace metal cation concentrations can only be expected to rise to substantial

concentrations when the pH of fly ash leachates decreases to neutral and acidic pH

range over time.

4.7 Conclusion

The physical (particle size and surface area), chemical (elemental composition),

mineralogical and leaching behaviour of Secunda and Tutuka fly ashes under different

leaching conditions were presented in this chapter. The physical characterization of
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Secunda and Tutuka fly ashes showed a higher surface area and smaller particle size

in the case of Secunda ash, giving this ash a higher reactive surface area. The

chemical compositions (XRF and total digestion results) of the two fly ash samples

showed high concentrations of major and minor elements in the fly ashes and these fly

ash samples were broadly similar in elemental composition. XRD analysis of the two

fly ashes indicated the complex nature of the fly ashes in terms of their mineralogical

compositions. The SEM analysis revealed the morphology of the ash particles which

were special with a larger particle size in the case of Tutuka ash, and the EDS analysis

indicated the general aluminosilicate composition of the fly ashes. The leaching

behaviour under alkaline condition indicated slow release of both major and minor

species from the fly ashes. From the DIN-S4 test, the amounts of easily soluble

components that were released were low when compared with the total elemental

composition of the fly ashes. The TCLP results showed the effect of an acidic solution

on the release of the easily soluble species of the fly ashes. The results of the TCLP

tests showed that at lower pH (4.84-12.25), the concentrations of both major and

minor species released into solution were higher than the amounts leached when DIN-

S4 leaching test was applied. The ANC leaching test revealed the buffering capacity

of the fly ashes and the effects of different pH on the leachability of the species in fly

ash. It was observed that at low pH, the amounts of species in solution were

significantly higher than what was observed at high pH.

The low concentrations of heavy metals such as Pb, Cr, Mo, Se, As and Cd were

observed from the leachates generated from these fly ashes at alkaline and acidic pH.
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The next chapter (five) would deal with the dissolution of species from the fly ashes

as a function of reaction time, and the solubility controlling the release of species

from ash/water system when the leach ants are renewed from time to time.
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Chapter Five

Results and Discussion 2: Factors controlling the leachability of

species under a closed system (Dissolution kinetics) and up-flow

percolation (Column) tests

5.0 Introduction

This chapter deals with the results and discussion of the dissolution kinetics test done

to evaluate the release kinetics of species from fly ash under a closed system at

different reaction times for a period of 60 days without leachant renewal. The results

of the' up-flow percolation (column) test will also be discussed in this chapter. These

tests were carried out to determine the release of species from fly ash with respect to

reaction times and the L/S ratios. The tests are expected to give information on the

solubility of mineral/solid phases that could control the concentrations of species from
the fly ashes at different ash/water contact times and at different 1)S ratios.

These experiments examined the effect of contact time on the leachability of species

from fly ash, and also the possible secondary mineral formation under a closed system

that could control the release of both major and minor species from the fly ashes.

Mineral solubility and formation of secondary mineral phases has been identified as

one of the factors. controlling the availability of species in solution. PHREEQC

geochemical modelling using MINTEQ database was therefore used in this study to

predict the possible mineral phases that could be controlling the leaching of species.
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5.1 Dissolution kinetics test

The dissolution kinetics test is described in section 3.2.5 and this was designed to

evaluate the leaching behaviour of species in fly ash when in contact with water in a

closed system at different reaction times. Several quantities of ash and water

corresponding to a liquid/solid ratio of 10:1 were used in this test as explained in
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section 3.2.5 of chapter three. The liquid phases were analysed for both cations and

anions as described in sections 3.3.5 and 3.3.6 after separation from the solid phase,

and these liquid phases are termed leachates.

5.1.1 pH and Electrical Conductivity (EC)

The pH and EC values with respect to reaction time of the fly ash/water system in the

dissolution kinetics test are shown in Figure 5.1 below.

12 I ~pH ~Ecl 9

12.5 8
10

12.4 7

8ê 12.3 6ê
12.4 .!:! - 5 ~:I:

6~ :a 12.2c.
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Figure 5.1: The pH and EC trend of the dissolution kinetics experiment for 60 days.

Secunda fly ash (A) and Tutuka fly ash (B).

Figure 5.1 shows that the pH values of the fly ash leachates were alkaline (> 11) and

reached minimal values of 12.1 and 11.9 at 30 day for Secunda and Tutuka fly ashes

respectively. The pH and EC values initially increased at the start of the test and

stabilised between 4 hand 4 d for Secunda fly ash leachates and between 4 hand 3 d

for Tutuka fly ash leachates, after which there was a gradual decrease for the rest of

the leaching period.

The high pH of the fly ash/water system can be attributed to the dissolution and

hydrolysis of oxide components, such as CaO (Iwashita et al., 2005 and Reardon et

..-al., 1995) (equation 5.1). A similar trend was observed in the pH trend and that of Ca

(Figure 5.2), and the concentrations of Ca in the leachates were much higher than

those of the other alkaline metals. The pH trends of the fly ashes were almost

independent of the leaching of the other alkaline metals like Mg, Na, and K.
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CaO + H20 ~ Ca2++ 20H- 5.1
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Factors such as dissolution of soluble acids like B203; and salts containing

hydrolysable constituents, such as Fe2(S04)3 and A}z(S04)3 can cause a reduction in

the pH of the fly ash solution. The relative quantities of these soluble acids and bases

in a particular fly ash determine whether the leachate will have a dominantly acidic or

basic behaviour. The slow dissolution of silica-rich glass from ash particles with time

at both high and low pH could also contribute to the decrease in pH values of fly ash

leachates (Reardon et aI, 1995 and Kirby et al, 1994).

Si02 + 2H20 ~ H4Si04o ~ H3Si04- + H+ 5.2

The effect of dissolution of silica on the pH can be seen in Figure 5.7, which showed

an increase in the concentration of silicon almost at the same time that the pH of the

leachate started decreasing. The decrease in pH observed in the leachates could also

be as a result of consumption of initially prevalent ions such as OH and Ca in the

solutions of the fly ashes by incorporation into precipitates.

I The EC values .were found to be increasing for several days after which a consistent

decrease was observed. Figure 5.1 shows that the EC and pH of both fly ashes are

initially the same in trends and magnitude. This suggests that the dissolution of high-pH-controlling species dominate the leachates at the beginning of the leaching tests.

As can be seen by the trends observed for Ca and S04 (Figure 5.2) concentrations in

leachates of the two fly ashes, the initial high EC values observed for both fly ashes in

the dissolution kinetics leachates could be attributed to the hydrolysis of CaO and

dissolution of SOa-bearing phases from the fly ash upon contact with water. The

decrease in EC thereafter overtime indicates that lesser amounts of ionic species are in

solution, which could be as a result of interactions between the ions in solution to

form slightly soluble or insoluble secondary mineral phases.
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5.1.2 Calculation of saturation indices

The PHREEQC calculated saturated indices (SI) for selected mineral phases are

shown in Tables 5.1, 5.2, 5.3 and 5.4. The solution chemistry is considered to be in

equilibrium with the mineral phases when the SI = O. However, a positive SI value is

an indication that it is probable that the mineral will precipitate from solution and be

associated with the aqueous solution, whereas a negative SI value suggests that it is

highly unlikely that the mineral phase will precipitate from the solution. The mineral

phases selected for the discussion from the mineral phases predicted by PHREEQC

were based on the minerals frequently reported in the literature for similar systems.

The calculated saturation indices for some selected mineral phases predicted by

PHREEQC to be the phases controlling the release of species at selected reaction

times are shown in Tables 5.1 and 5.2 below. These SI tables were used to predict the

release of species from the fly ashes as discussed in sections 5.1.3 to 5.1.13.
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10h 2d 5d

Table 5.1: Calculated saturation indices for selected mineral phases at selected

reaction times for Secunda fly ash.

Phase 60d

AI(OH)3(a)

AI203

Anhydrite (CaS04)

Ba3(As04)2

BaCr04

Barite (BaS04)

BaSe04

Birnessite (Mn02)

Bixbyite

Boehmite (AIOOH)

Brucite Mg(OH)2

Bunsenite (NiO)

Ca2V207

Ca3(As04)2:4H20

CaMo04

CaSe04:2H20

Celestite (SrS04)

Chalcedony (Si02)

Cu(OH)2

Cupricferrite (CuFe204)

Cuprousferrite
(CuFe02)
Diaspore (AIOOH)

Fe(OH)2.7CI.3

Ferrihydrite [Fe(OH)3)

Gibbsite [AI(OH)3)

Goethite (FeOOH)

Gypsum (CaS04:2H20)

Hausmannite

Maghemite «Fe203)

Magnetite (Fe304)

Manganite (MnOOH)

Mg(OH)2(active)

Ni(OH)2

Nsutite (Mn02)

Pb(OH)2

BaSe04

Periciase (MgO)

Portlandite [Ca(OH)2]

Pyrochroite [Mn(OH)2)

Sepiolite
(Mg2Si307.50H:3H20)
Si02(am)

Zn(OH)2 (a)

30min

·5.8

-9.61

-1.36

17.5

-1.34

1.26

-11.11

13.42

-3.57

1.63

-1.9

-5.19

-4.77

-0.65

-5.99

-0.84

-4.13

-1.79

7.13

5.11

-1.88

1.33

-0.08

-3.3

2.61

-1.11

16.78

-0.29

2.38

5.95

-0.42

-2.25

5.25

-1.41

-0.76

-3.08

0.05

-0.24

-1.92

-4.97

-2.7

Ih

-5.72

-9.47

-1.34

17.62

-1.26

1.32

-4.36

4.43

12.85

-3.49

1.28

-2.08

-5.31

-4.76

-0.63

-5.84

-0.79

-4.13

-1.86

6.52

4.78

-10.72

-1.64

17.67

-1.03

1.06

-11.13

4.22

12.09

-4.1

1.54

-2.05

-5.82

-4.75

-0.55

-6.99

-1.16

-4.06

-1.88

6.84

4.9

-6.32 -5.73 -5.96

-9.54 -9.95

-2.68 -2.82

18.48 18.82

-1.36 -1.39

0.28 0.26

-5.21 -4.95

4.16 4.52

11.85 12.98

-3.51 -3.74

1.45 1.24

-2.13 -1.98

-5.7 -6.05

-4.66 -4.82

-0.71 -0.86

-6.98 -6.85

-2.07 -2.18

-4.12 -4.1

-1.63 -2.01

7.19 6.28

5.21 4.54

19.43

-1.16

-4.61

4.32

12.67

-3.06

0.83

-1.83

-5.42

-4.87

-0.96

-6.75

-3.3

-1.32

8.26

6.01

-1.36

0.25

-2.77

2.95

16.66

0.5

3.56

6.02

-1.12

-2.18

4.91

-1.24

-0.29

-3.91

-0.12

-0.23

-0.97

-3.99

10d

-5.28

-8.62

20d 30d 40d

-0.56

1.55

0.63

-1.98

3.32

-3.81

16.71

1.17

4.68

5.92

-2.28

-2.32

4.97

-0.11

0.48

-4.98

-0.35

-0.17

-3.26

-4.54

-1.1

-4.48

-7

-4.06

17.84

-0.13

-0.63

-4.67

4.39

13.07

-2.26

-0.26

-1.97

-5.33

-6.84

-1.24

-6.92

-2.88

-3.7

-0.55

9.78

7.2

-4.75

-7.53

-3.08

17.29

-1.03

0.27

-5.09

3.85

12.11

-2.53

3.71

-2.7

-6.36

-7.15

-1.5

-7.26

-1.88

-4.04

-1.11

7.06

5.61

-1.79

1.05

-0.35

-3.21

2.35

-1.1

16.35

-0.76

1.63

5.87

-0.72

-2.43

5.02

-1.56

-0.83

-3.44

0.06

-0.39

-2.58

-2.39

1.09

-0.17

-3.81

2.53

-1.39

16.22

-0.27

2.23

6.01

-0.35

-2.39

4.81

-1.66

-0.86

-3.22

0.19

-0.46

-1.8

-1.79 -2.04

1.18 0.8

-0.12 -0.39

-3.2 -3.46

2.59 2.3

-2.42 -2.58

16.36 16.32

-0.1 -0.88

2.44 1.43

6.13 5.85

-0.38 -0.78

-2.48 -2.33

4.75 5.1

-0.95 -1.67

-0.61 -0.98

-3.32 -3.48

0.21 0.14

-0.41 -0.42

-2.12 -2.56

-5.03 -4.93

-2.63 -2.7

-4.91

-7.84

-4.28 -4.49

-6.6 -7

-4.71

20.29 20.38

-1.13 -1.18

-1.11

-4.58 -4.95

4.51 4.31

13.73 12.88

-2.06 -2.26

0.68 0.83

-1.48 -1.8

-5.24 -5.73

-4.75 -4.8

-1.11 -1.48

-6.95 -7.37

-3.52

-2.96 -4.13

0.17 -0.79

11.63 8.95

8.69 6.65

-0.83

0.3

-0.46

-2.25

2.24

-2.83

15.31

-I

1.47

5.44

1.7

-3.05

4.44

-0.82

-0.07

-I

-0.51

-0.61

2.55

-0.53

-2.09

-4.97

-2.87

-4.76

-2.93
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19.9

-1.14

-4.54

4.6

13.4

-2.68

0.83

-1.57

-5.64

-4.89

-1.11

-6.83

-3.24

-1.18

8.72

6.3

-0.98 -0.36 -0.56

1.09

1.2 0.34

-1.78 -1.99

3.89 3.03

-4.46

17.89 16.4

2.3 0.58

6.58 3.78

6.25 5.83

-1.34 -1.18

-1.83 -2.15

5.1 4.9

0.47 -0.43

1.2 0.25

-4.04 -3.89

-0.74 -0.33

0.35 -0.29

-0.27 -3.49

0.41

-2.41

3.11

17.15

0.74

3.99

6.09

-1.19

-1.92

5.19

-0.77

-0.15

-3.89

-0.19

-0.06

-0.84

-3.92

-3.2

-3.36 -6.58

-2.2 -2.23
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Table 5.2: Calculated saturation indices for selected mineral phases at selected

reaction times for Tutuka fly ash.

SOdPhase 60d30mil1 Ih 10h 2d 5d 10d 20d 30d 40d

AI(OH)3 (a)

AI203

Anhydrite (CaS04)

Ba3(As04)2

BaCr04

BaMo04

Barite (BaS04)

BaSe04

Birnessite (Mn02)

Boehmite (AIOOH)

Brucite Mg(OH)2

Bunserrite (NiO)

Ca3(As04 )2:4H20

Ca3(V04)2

CaCr04

CaMo04

CaSe04:2H20

Celestite (SrS04)

Chalcedony (Si02)

Cu(OH)2

Cupric ferrite (CuFe204)

Cuprousferrite (CuFe02)

Diaspore (AIOOH)

Fe(OH)2.7CI.3

Ferrihydrite [Fe(OH)3]

Gibbsite [AI(OH)3]

Goethite (FeOOH)

Gypsum (CaS04:2H20)

Magheruite «Fe203)

Magnetite (Fe304)

Mangauite (MnOOH)

Mg(OH)2(active)

Ni(OH)2

Nsutite (Mn02)

Pb(OH)2

PericIase (MgO)

Portlandite [Ca(OH)2]

Pyrochroite [Mn(OH)2]

Sepiolite
(Mg2Si307.50H:3H20)
SrCr04

Si02(am-ppt)

Zn(OH)2 (a)

-5.51

-9.03

-13.6

-5.6 -6.35 -6.22

-9.22 -10.77 -10.53

-1.19 -1.04 -1.02

17.09 17.13 16.98

-1.49 -1.12 -1.04

-4.71 -4.49

1.24 1.39 1.37

-4.77 -5.61 -5.38

4.4 3.93 4.06

-3.37 -4.13 -4

1.3 1.42 1.43

-2.08 -2.16 -1.98

-4.59 -4.46 -4.48

-3.4 -3.59

-5.69 -5.24

-0.54 -0.38 -0.26

-6.02 -6.86 -6.59

-1.1 -0.89 -0.81

-3.83 -3.75 -3.88

-2.01 -1.94 -1.62

7.06 6.48 7.29

5.02 4.8 5.34

-1.67 -2.41 -2.29

1.24 0.94 1.2

o -0.32 -0.08

-3.1 -3.83 -3.7

2.69 2.39 2.63

-0.95 -0.79 -0.77

-0.09 -0.56 -0.03

2.71 1.89 2.63

5.85 5.84 6.06

-0.72 -0.46 -0.42

-2.43 -2.51 -2.33

4.99 4.52 4.65

-1.45 -1.67 -1.05

-3.42 -3.34 -3.34

-0.1 -0.06 0.Q2

-0.34 -0.53 -0.39

-1.65 -1.1 -1.46

-1.58

-4.8

1.17

-4.77

4.48

-3.28

1.23

-2.01

-4.52

-3.18

-5.71

-0.58

-5.97

-1.15

-3.79

-1.61

7.32

5.35

-1.58

1.09

-0.07

-3.01

2.61

-0.97

-0.28

2.45

5.83

-0.82

-2.36

5.07

-1.35

-3.47

-0.13

-0.3

-1.66

-5.54

-4.59

-3.13

-5.47 -4.9

-4.64 -4.69

-3.04 -3.42 -3.38

-5.41

-4.46

-3.11
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-4.92

-7.87

-3.05

-4.32

-0.07

-5.47

4.34

-2.69

1.07

-1.96

-4.83

-4.6

-6.11

-0.7

-7.27

-2.47

-3.66

-1.86

6.87

5.06

-I

1.06

-0.17

-2.42

2.52

-2.8

-0.44

2.25

5.81

-0.96

-2.31

4.93

-1.28

-3.64

-0.28

-0.3

-1.58

-4.24

-4.33

-3.27

-5.4

-8.8

-2.88

19.59

-0.32

-3.44

1.35

-4.43

4.88

-3.17

1.59

-2.13

-7.52

-3.88

-6.29

-1.07

-7.47

-0.94

-3.52

-0.61

8.89

6.39

-1.48

1.37

0.21

-2.91

2.89

-2.64

0.25

3.03

5.89

-0.48

-2.48

5.47

-0.86

-3.11

0.31

-0.44

-0.17

-4.21

-6.46

19.29

-1.23

-4.28

-4.97

4.23

-1.99

0.84

-1.47

-4.82

-4.47

-6.24

-0.92

-7.02

-2.96

-0.42

9.84

7.46

-0.29

0.6

-1.71

3.29

1.1

4.74

5.92

-1.17

-1.82

4.81

0.12

-3.87

-0.76

-0.01

0.07

-5.31

-3.76

-2.63

-3.87

-5.77

-0.94

-4.2

-1.43

-4.63

-0.23

-4.4

4.17

-1.75

0.76

-1.35

-3.74

-4.39

-6.13

-0.96

-6.15

-2.22

-3.41

-0.38

10.44

7.8

-0.05

1.92

0.87

-1.47

3.56

-2.91

1.65

5.58

5.88

-1.26

-1.7

4.75

0.66

-3.96

-0.87

-0.03

-1.48

-4.91

3.65

-1.64

0.52

-1.07

-4.24

-4.58

-5.9

-0.8

-6.93

-2.61

-0.73

10.54

7.89

0.05

2.7

1.09

-1.37

3.79

2.1

6.48

5.59

-1.5

-1.42

4.24

-0.08

-4.2

-1.41

-0.11

0.44

-4.93

-3.42

-5.07

-4.22

-2.82

-5.97

-3.16

-3.89

-4.09

-I

-3.95

-5.93

-3.83

-3.91

-5.86

-2.19

-0.47

-4.73

-1.13

-5.25

4.29

-1.72

1.14

-1.59

-4.72

-4.19

-4.94

-0.83

-6.77

-2.9

-3.29

0.15

11.31

8.54

-0.03

2.14

1.04

-1.45

3.73

-3.59

1.99

6.13

6.05

-1.35

-4.71

0.57

-5.57

3.34

-1.69

3.37

-2.34

-6.18

-4.52

-5.87

-0.87

-7.15

-1.25

-3.29

-0.56

8.82

6.97

0.01

1.04

0.15

-1.41

2.85

-1.94

0.22

3.51

5.13

1.35

-2.69-1.94

4.88

0.61

-3.58

-0.95

0.17

-0.33

-0.17

-1.35

-1.08

-0.72

4.11

-4.81

-4.1

-2.01
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A
o 5 10 15 20 25 30 35 40 45 50 55 60

Reaction time (day)

o

5.1.3 Calcium and Sulphate

The leaching trends and the concentrations of Ca and S04 leached out from Secunda

and Tutuka fly ashes are as shown in Figure 5.2 below.

35 I ~Ca ~S041 1.2 301 I~ca ~S041 2.5

25 2
25

0.8 ~ :=;~ :=; 20
1.5~~ 20 0 15E

0.6.s E 15 .s.s 15 .s... 1 ...co Mg co 0U U 10 en
10

- 0.2 5 0.5
5

B
5 10 15 20 25 30 35 40 45 50 55 60

Reaction time (day)
-------

Figure 5.2: Concentrations of Ca and S04 leached from Secunda (A) and Tutuka (B)

fly ashes by the use of the dissolution kinetics experiment.

Calcium concentrations in the two fly ash leachates with respect to the dissolution

kinetics test were relatively high with Secunda fly ash having the highest values. The

difference in Ca concentrations in the leachates of the two fly ashes corresponds with

the difference in Ca concentrations observed in XRF analysis results (Table 4.2a and

b) and the total acid digestion test (Table 4.3). An increase in the concentrations of Ca

was observed during the first few hours of the leaching test (Figure 5.2), after which a

gradual decline in the concentrations was noticed for the rest of the leaching period.

The initial increase in Ca concentrations could be as a result of the hydrolysis of CaO

and dissolution of other soluble salts of calcium from the surface of the fly ash (Kirby

and Rimstidt, 1994). The decrease in concentrations of Ca with time could be due to

its reaction with other species in solution such S04 to form secondary mineral phases

like gypsum and anhydrite, and Ca-Si bearing phases at high pH. I,!_isalso possible

that under high pH conditions the precipitation of CaC03 occurs, resulting in the

observed decrease in the calcium concentrations. The concentrations of S04 was also

found to be high at the beginning of the dissolution kinetics experiment but reduced

abruptly after a few days whereafter the levels decreased to below detection limit

(BDL) between day 20 and 30. This is a clear indication (in a closed leaching system)

that the concentrations of S04 are being controlled by the formation of secondary

mineral phases. PHREEQC predicted portlandite (Ca(OH)z), anhydrite (CaS04),
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gypsum (CaS04:2H20), as the solubility-controlling phases for Ca and S04 in

solutions of the fly ashes (Tables 5.1 and 5.2). Anhydrite and gypsum were observed

to be under-saturated but portlandite was at saturation. This agrees with the proposal

made by Fruchter et al. (1990) that Ca activities in leachate from an alkaline ash are

controlled by portlandite when the pH is greater than 12.

5.1.4 Sodium, Lithium and Potassium

The leaching trends of Na, Li and K in the leachates obtained from the dissolution

kinetics test carried out on fly ashes from Secunda and Tutuka are shown in Figure

5.3 below.

1 ~Na -Li ~K 0.4 1.2 [ Na ~Li ~Kl 0.45
0.9 - 0.35 0.4
0.8 0.350.3

~ 0.7
0.25 ~

~ 0.8 0.3 ::J~ 0.6 0
0 E 0.25 ~.§. 0.5 - 0.2 E .§. 0.6
E :.:; 0.2 .§.

0.15 ;; i 0.4 0.15 ><:
0.1 0.1

0.2
- 0.05 0.05

,-,- 0 0 0
0 5 10 15 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40 45 50 55 60

A Reaction time (day) B Reaction time (day)

Figure 5.3: Concentrations of Na, Li and K leached from Secunda (A) and Tutuka (B)

fly ashes by the use of the dissolution kinetics experiment.

Sodium, Lithium and Potassium leached into the aqueous phase during the dissolution

kinetics experiment and followed the same trends for both ashes, as shown in Figure

5.3. The release of Na, Li and K was very slow and almost stable in the first few days

of the leaching test, which could indicate that the leaching of these components was

initially mainly from the surface of the fly ash particles where they exist as soluble

salts (Mattigod et al., 1990). A progressive increase in the concentrations of Na, Li

and K was observed after a few days of the leaching test. The increase is thought to be

as a result of slow dissolution of the less soluble glass matrix which led to the release

of these elements trapped in the fly ash matrix. A similar trend was observed by

Warren and Dudas (1984), and they explained the gradual increase in concentrations

of these elements to be as a result of their existence in the reservoir of the anhydrous

core of fly ash particles. Sodium, Lithium and Potassium are initially predominantly
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Chapter 5: Results and Discussion 2

released from readily soluble salts which dissolve completely within minutes of

reaction. The concentrations of these elements increase as different solid phases such

as carbonates, sulphates, silicate minerals, and silicate glasses that contain them are

dissolved over time (Kirby et aI., 1994).

The geochemical modelling code, PHREEQC, predicted the formation of Na and K-

rich mineral phases like halite (NaCl) and K-Jarosite [KFe3(S04)2(OH)6] but the

calculated saturation indices (SI) of these mineral phases indicated under-saturation

for the duration of the experiment. This indicates that the mineral phases are unlikely

to precipitate out of solution under the experimental conditions, which could mean the

absence of secondary mineral solubility controlling these elements.

5.1.5 Magnesium

The concentrations of Mg in the water/fly ash extracts from Secunda and Tutuka ash

for the period of the leaching test are shown in Figure 5.4.

A o 5 10 15 20 25 30 35 40 45 50 55 60

Reaction time (day)

O~~~~~~~~~~~~~
BOS 10 15 20 25 30 35 40 45 50 55 60

Reaction time (day)

Figure 5.4: Concentrations of Mg leached from Secunda (A) and Tutuka (B) fly ashes

by the use of the dissolution kinetics experiment.

There was a rapid increase in the concentrations of Mg in the leachates of the fly

ashes in the first few hours of leaching after which an inconsistent reduction in the

concentrations was observed after 3 days. The amounts of Mg released from the two

fly ashes were very low. The low concentrations of Mg observed in the leachates,

when compared with the total concentration of Mg in the fly ashes (Table 4.3), gives

an indication that most of the Mg is locked up in an insoluble form in the

aluminosilicate matrix of the fly ashes. The inconsistent decline in the amounts

released with time could indicate its control by the formation and dissolution of
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mineral phases. PHREEQC simulation predicted the precipitation of brucite

(Mg(OH)2 and sepiolite (Mg2Si307.50H:3H20) as the mineral phases controlling Mg

concentration in the leachates of the fly ashes. Brucite was at saturation level while

slight under-saturation was observed for periclase and sepiolite (Tables 5.1 and 5.2).

Reardon et al. (1995) observed that the release of Mg could be controlled by the

precipitation of periclase, Mg(OH)2 and sepiolite. The precipitation of these mineral

phases (brucite and sepiolite) could explain the initial inconsistent release of Mg and

the decrease in concentrations of Mg observed for the period of the experiment.

5.1.6 Boron

Boron concentrations in the leachates of the dissolution kinetics experiments with

Secunda and Tutuka fly ashes are shown in Figure 5.5 below.

0.14 I~BI 0.14 L~BJ
0.12 0.12

0.1 0.1

:::r 0.08 - :::r 0.08 -
15 15
E 0.06 . E 0.06 -
.§. .§.
ID 0.04 ID 0.04

0.02 0.02

0 0
5 10 15 20 25 30 35 40 45 50 55 60 -0.02 5 10 15 50 55 60-0.02

A Reaction time (day) B Reaction time (day)

Figure 5.5: Concentrations of B leached from Secunda (A) and Tutuka (B) fly ashes

in the dissolution kinetics experiment.

The concentrations of B in the leachates of the fly ash samples as shown in Figure 5.5

revealed a significant increase in the release of B in the first few hours of leaching

after which the concentration decreased up till 5 day. Boron concentrations in

Secunda fly ash were found to decrease after the initial increase (between 30mins and

10 h) and later stabilized for a while. The stability in the concentrations was observed

between 10 hand 7 days of the experiment after which an increase in the

concentrations was observed. The release of B in Tutuka fly ash was slightly

different. There was a decrease in concentrations of B after the initial increase in the

concentrations but the trend of decrease was inconsistent. The concentrations of B in

the leachates of the fly ashes were almost at below detection limit at 30 and 40 day.
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Several studies (Iwashita et aI., 2005; Jankowski et aI., 2006) have shown that B

occurs in oxy-anionic forms such as borate in aqueous solution. The initial increase in

B concentrations in the solutions of the fly ashes could be due to the electrostatic

repulsion between the anionic form of B in solution and the negative charge of the fly

ash surface (Iwashita et aI., (2005). According to Hollis et aI., (1988), fly ash samples

with high calcium contents can cause a reduction in the concentration of boron in

solution because of the possible interactions between B and Ca in aqueous solution.

Co-precipitation of B with CaC03 was also suggested to contribute to the reduction of

B in alkaline solution. However, the formation of ettringite [C<l{;Ah(S04h.26H20] in

highly alkaline solution which occurs depending on the availability of its components,

can also reduce the concentration of B. The ettringite phase formed has the tendency

of trapping oxy-anionic species, such as borate and selenite (Lecuyer et aI., 1996;

Iwashita et aI., 2005; Hassett, 1994; Solem- Tichmack et aI., 1995) by replacing its

sulphate component with the oxy-anions. Therefore, the decrease in the B

concentrations observed at different reaction time could be as a result of entrapment

by ettringite phase or/and as a result of co-precipitation of B species with CaC03:.

Unfortunately the calculated saturation indices did not indicate the presence of

ettringite which could mean that PHREEQC does not have thermodynamic data for

ettringite in its database (Mattigod et al., 1990).

5.1.7 Strontium and Barium

The curves below (Figure 5.6) show the leaching trends of Sr and Ba as a function of

contact time from Secunda and Tutuka fly ashes.
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Figure 5.6: Concentrations of Sr and Ba leached from Secunda (A) and Tutuka (B) fly

ashes over time during the dissolution kinetics experiment.
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111

The results shown in Figure 5.6 indicate a progressive increase in the concentrations

of Sr and Ba in the dissolution kinetics leachate solutions of Secunda fly ash for the

entire period of the experiment until 40 days when the concentrations of Ba in the

leachate reduced. The concentration of Ba in Tutuka fly ash increased initially and

then was almost stable between 6 and 20 days of the leaching test before gradually

reducing. The initial increase in concentrations of Sr and Ba indicates the dissolution

of the soluble salts containing these species on the surface of the fly ash particles. The

PHREEQC modelling predicted the relationship between Sr, Ba and S04 as depicted

in the calculated SI (Table 5.1 and 5.2). The calculated SI indicated the probable

precipitation of barite (BaS04) and celestite (SrS04) as the factor controlling the

activities of Ba, Sr and S04 in the solutions of the fly ashes. Barite was found to be

super-saturated in the leachates but celestite was under-saturated, and this could mean

that Ba and S04 concentrations in the leachates of the fly ashes were most likely

controlled by barite. Fruchter et al. (1988) indicated that Ba and Sr concentrations are

likely to be controlled by BaS04 and SrS04 in acidic to mildly alkaline fly ash

leachates. Reardon et al. (1995) also suggested (Ba,Sr)S04 as the solid phase

controlling the concentration of Sr rather than celestite because of the total

concentrations of Ba which was higher than that of Sr in their study. The reverse is

the case for the concentrations of these species in this experiment as shown in Figure

5.6, and that could be the reason for non prediction of (Ba,Sr)S04 by PHREEQC.

Celestite could be the potential solubility-controlling phases for Sr despite its under-

saturation because of the high concentration of Sr and S04 in the fly ashes.
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5.1.8 Aluminium and Silicon

The trends of Al and Si leached out of Secunda and Tutuka fly ashes as a function of

contact time during the dissolution kinetics experiment are shown in Figure 5.7

below.
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Figure 5.7: Concentrations of Al and Si leached from Secunda (A) and Tutuka (B) fly

ashes over time during the dissolution kinetics experiment.

The concentrations of Al in the leachates of both fly ashes were low at the beginning

of the experiment. An increase in the Al concentrations was observed after 10 and 30

days of the leaching test for Secunda and after 3 days for Tutuka fly ashes (Figure

5.7). Silicon exhibited slow leaching behaviour at the beginning of the experiment up

to the io" day after which a sudden increase in its concentration was noticed in the

leachates of both ashes. Si concentrations in the fly ash leachates were initially low

then increased on the io" day and then suddenly reduced after 30 days and were

almost stable at these lower values for the remaining duration of the test. The leaching

trends of Al and Si could indicate that they are released as a result of dissolution of

amorphous glass phases, which were formed in the incinerator during combustion.

Aluminium and silicon concentration in fly ash leachates have been observed to be

controlled by anhydrous aluminosilicate such as allophane at high pH and imogolite at

lower pH (Warren and Dudas, 1985). However the PHREEQC database does not have

the thermodynamic data for allophane and imogolite and thus their saturation states

could not be estimated. Calculated saturation indices (SI) (Tables 5.1 and 5.2) for

Al(OH)3(am), boehmite (AIOOH), diaspore (AIOOH) and gibbsite [AI(OH)31 indicate

that they were under-saturated in the leachates while diaspore and gibbsite were near

saturation. Mattigod et aI., (1990) observed that Al concentrations and activities are
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controlled by gibbsite [Al(OH)3] and boehmite (AIOOH) under alkaline condition.

The following reaction (equations 5.3 and 5.4) was proposed to describe the

dissolution of mullite (AI6ShO'3) and the formation of boehmite (AIOOH) by Roy

and Griffin, (1984).

6Al(OHk ~ 6AIO(OH) + 6H20 + 60H- .5.4

The decrease observed in the concentrations of Si after 30 day indicates formation of

mineral phases controlling the concentration of Si in solution of the fly ashes.

PHREEQC predicted formation of Si02(am) but the calculated SI indicated that the

leachates was at under-saturation with respect to Si02 and chalcedony (Table 5.1 and

5.2).

5.1.9 Manganese and Iron

The concentrations of Mn and Fe that leached out over time into the leachates

obtained in the dissolution kinetics experiment performed on Secunda and Tutuka fly

ashes were generally low as shown in Figure 5.8.
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Figure 5.8 Concentrations of Fe and Mn leached from Secunda (A) and Tutuka (B) fly

ashes in the dissolution kinetics experiment.

Low concentrations of Fe were observed at the beginning of the dissolution kinetics

experiment but increased to a maximum at the 30th and the so" day for Secunda and
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Tutuka fly ash respectively. Mn levels in the leachates of the fly ashes initially

increased before the 5th day. The pattern of release of Mn and Fe in the leachates of

the fly ashes followed the same trend after the initial periods of leaching. Mn and Fe

in alkaline fly ash leachates exist as oxy-hydroxides which coat the silicate grains of

fly ash as discussed in chapter 4 section 4.6.3.6. This could explain the reason for the

low values of Mn and Fe observed in the leachates of the fly ash as shown in Figure

5.8. The concentration of Mn in the leachates for the entire period of leaching was

very low but an increase in the concentrations of Fe was noticed from the io" day of

the leaching test. The low concentrations of Mn and Fe could be associated with

various controlling factors which include; low total concentrations of Mn and Fe in

the fly ashes as observed from the total digestion of the fresh fly ashes (Table 4.3);

due to the high sorptive capacity of Mn and Fe oxides; and the high pH values of the

fly ash solution (Theis and Wirth, 1977). The calculated saturation indices by

PHREEQC indicated that birnessite (Mn02), bixbyite (Mn203), hausmannite

(Mn304), manganite (MnOOH) were at super-saturation while pyrochroite (Mn(OH)2)

was near saturation. Maghemite (Fe203), magnetite (Fe304), hematite (Fe203) and

goethite (FeOOH) were predicted to be the solubility-controlling phases for Fe and

they were observed to be at super-saturation (Table 5.1 and 5.2) in these leachates.

5.1.10 Nickel, Copper and Lead

The concentrations of Ni, Cu and Pb in the leachates from the dissolution kinetics test

of the two fly ash samples are shown in Figure 5.9 below.
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Figure 5.9: Concentrations of Cu, Pb and Ni leached from dissolution kinetics

experiment on Secunda (A) and Tutuka (B) fly ashes.
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The concentrations of these species in solution were very low at the beginning of the

leaching test but increased at ±1O-20 day of leaching. The initial low values of these

metals could to be due to their adsorption on the surface of fly ash particles. Alinnor,

(2007) observed that at high pH, the surfaces of fly ash particles become negatively

charged which would lead to an increase in the uptake of positively charged metal

ions like Pb2+ and Cu2+ in solution. The hindered release of these metals was

explained as a result of electrostatic forces of attraction on the fly ash surface. The

high pH values of the fly ash solution facilitate the adsorption of metal ions like Pb2+,

Ni and Cu2+ on the surface of the fly ash particles.

According to Theis and Wirth, (1977) in their study on sorptive behaviour of trace

metals on fly ash in aqueous solution, they identified the major surface deposit on fly

ash with which each trace metal is associated. As, Cr, Cu, and Zn were found to be

associated with iron oxides while Cd, Ni and Pb were said to be associated with

manganese oxides. This observation agrees with the trends observed for the leaching

of Cu which corresponds with the release pattern of Fe. The leaching pattern of Ni

and Pb also correspond to that of Mn in leachates of the fly ashes. This sorptive

behaviour of Mn and Fe could explain the reason for the low concentrations of Cu, Pb

and Ni in solution of the fly ash samples. PHREEQC predicted the precipitation of

cupricferrite (CuFe204) and cuprousferrite (CuFe02) with the calculated SI values at

super-saturation level; Cu(OH)2 and tenorite (CuO) were found to be near saturation.

Bunsenite (NiO), Ni(OH)2 and Pb(OH)2 were under-saturated. The factor controlling

the availability of Cu, Pb and Ni in solution of the fly ashes could be due to the

formation of their secondary mineral phases as observed in the PHREEQC data

(Table 5.1 and 5.2). The total low concentrations of these species in the leachates

could be attributed to the low concentrations (Table 4.3) of these species in the fly ash

samples.
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5.1.11 Chromium and Molybdenum

Concentrations of Cr and Mo from the leachates of Secunda and Tutuka fly ashes are

shown in Figure 5.10 below.
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Figure 5.10: Concentrations of Cr and Mo leached from Secunda (A) and Tutuka (B)

fly ashes by the use of the dissolution kinetics experiment.

The release of Cr and Mo in the solutions of the two fly ashes followed the same trend

by increasing rapidly to a maximum at the beginning of the experiment. A gradual

decline in the concentrations of Cr and Mo in the leachates was thereafter observed up

to 40 days of leaching after which the concentrations of Cr increased abruptly (Figure

5.10). The initial rapid increase observed in the release of Mo could be attributed to

its presence on the surfaces of the fly ash particles rather than within the amorphous

glass phase. The sudden decline in concentrations within 3 days indicates a solubility

control governing the release of Mo into solution. Removal of Mo from solutions of

the fly ashes could probably be associated with the precipitation of Mo03 or Mo04

which could form complexes on Fe hydroxide surfaces (Meima and Comans, 1998;

Jankowski et al., 2006). Chromium concentrations followed a similar trend as Mo but

with higher concentrations for the whole duration of the leaching period. This could

be an indication that Mo and Cr release are governed by similar chemical or physical

processes. Powellite (CaMo04) has been observed to control the Mo concentration in

aqueous solution (Ainsworth and Rai, 1987) while Ba(S,Cr)04 has been suggested as

a control for Cr release (Dijkstra et al., 2002). PHREEQC predicted CaMo04 and

BaCr04 to be at near saturation in the leachates (Table 5.1 and 5.2) and this could

indicate that these mineral phases are most likely the solubility-controlling phases for

Mo and Cr in the leachate solution of the fly ashes. The solid form of BaCr04 has
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been described to have the lowest solubility and its formation requires high

concentrations of Cr and Ba ions in solution (Eary et aI., 1990). The formation of

BaCr04 is possible in the solution because of the high concentrations of Cr and Ba in

the fly ashes (Table 4.3) and this could control the concentrations of Cr in solution.

5.1.12 Arsenic and Selenium

Total Arsenic and Selenium concentrations were determined in the dissolution

kinetics experiments, and no attempt was made to determine the speciation of these

elements in the leachates of Secunda and Tutuka fly ash. The release patterns of these

species in leachates of Secunda and Tutuka fly ashes are shown in Figure 5.11 below.
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Figure 5.11: Concentrations of Se and As leached from Secunda (A) and Tutuka (B)

fly ashes in the dissolution kinetics experiment.

Generally, the low concentrations of As and Se in solutions when compared to other

species in the solution of the fly ashes could be as a result of their low concentration

in the fly ash as shown in Table 4.3. The release of As and Se decreased with time

after the initial concentration in Secunda fly ash but a sudden increase was observed

between 20 and 40 day in Tutuka fly ash leachates. Significant amounts of Arsenic

and Selenium have been shown to be present in the silicate matrix; associated with

iron rich glass phases, or accumulated on the surface of fine particles of fly ash

(Iwashita et aI., 2005). The initial relatively high concentrations of these species in the

fly ash leachates could be from the accumulated portion on the surface of the fly ash

particles.
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Adsorption and precipitation have also been considered to be the factors responsible

for controlling the release of these species in solution. Arsenic and Selenium exhibit

anionic chemistry in solution of high pH and form precipitates with many trace metals

such as iron, such as FeAs04 (Theis and Wirth, 1977). Grisafe et al. (1988) also

observed precipitation of Ca3(As04)2 at high pH when Ca concentration in solution

was high. The formation of these precipitates in solution could be responsible for the

low concentrations observed in concentrations of As in the fly ash leachates. The

saturation indices calculated by PHREEQC geochemical modelling software showed

that the leachates are super-saturated with respect to Ba3(As04h and under-saturated

with respect to Ca3(As04)2:4H20 for the entire duration of the experiment which

could indicate that the low As concentrations recorded was as a result of Ba3(As04h

precipitation. PHREEQC did not predict any mineral phase controlling the

concentrations of Se in the leachates of the fly ashes. This could be as a result of the

high solubility property exhibited by all possible alkaline earth and transition metal

selenite minerals. Reardon et al. (1995) reported similar cases in both batch and

column leach tests they carried out but Johnson and Eagleson, (1989) suggested that

co-precipitation with sulphate minerals, such as gypsum and barite may likely control

Se concentrations.

118

5.1.13 Other species

Several other species leached out of the fly ashes during the dissolution kinetics

experiments include Be, P, Ti, Cd, Hg, Zn, Co, V, Cl and N03 (Tables Dl and D2).

The concentrations of these species were very low in the leachates of the fly ashes.

This could be attributed to their low total concentration in the fly ashes (Table 4.3)

and co-precipitation with the secondary mineral phases formed. Calculated saturation

indices (SI) by PHREEQC (Tables Eland E2) indicated under-saturation for most

mineral phases bearing these species indicating that the release of these species in

solution may not necessarily be controlled by the formation of secondary mineral

phases.
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5.1.14 Discussion

119

The pH and EC of the leachates were very high at the beginning of the experiment.

The high pH (> 12) shows that the fly ashes are alkaline, and the high initial EC is an

indication that some of the components of the fly ashes are soluble when in contact

with water. The fly ash leachates demonstrated slight variations in their final pH and

EC values despite their exposure to the same leaching condition. Fly ash from

Secunda power station has higher final pH and EC values which indicate that the fly

ash is slightly more alkaline and releases more species into solution than fly ash from

Tutuka. This is evident from the concentrations of CaO (Figure 4.2a and b) of

Secunda fly ash which is found to be higher than that of Tutuka fly ash. It was

observed that, in most cases, the concentrations of the species released from Secunda

fly ash are higher than the concentrations released from Tutuka fly ash. This is

possible because of the variation in the total concentrations of the species in the fly

ashes. Also, the higher concentrations of species released from Secunda fly ash could

be attributed to the higher reactive surface area and the smaller particle size of

Secunda ash. The difference in the total concentrations of the elements in the fly ashes

could be attributed to the different sources of coal burnt in the power stations. The

pattern of the pH and EC of the fly ashes clearly indicated that one of the factors

contributing to the leaching of elements from fly ash is the reaction time. The

leaching pattern of metals from the fly ashes showed that some species such as Ca,

S04 and Mg are easily released into solution as soon as the fly ash contacts water

while some like AI, Si, Sr and Ba showed gradual increase in their concentrations

with respect to time. This trend could be attributed to the presence of some species as

soluble salts on the surface of fly ash, and the presence of some in the glass matrix of

the fly ash particles. It was observed that some of the major elements such as Ca, Mg

and S04 from the fly ashes decreased with increase in the reaction time. This

observation could be attributed to the formation of solid phases as predicted by

PHREEQC. The leaching trends of the trace elements from the fly ashes also show

their dependence on solubility and precipitation of mineral phases.

Variation in the pattern of release of the trace elements was observed in the leachates

of the two fly ashes. The different pattern of release exhibited by the trace elements

https://etd.uwc.ac.za/
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could be attributed to the distribution of these elements in different fractions of the fly

ash particles.

The dissolution kinetics test, which deals with the release of species from fly ash in

solution at different time interval in a closed system without renewal of leachants

(deionized water), gives information on the leaching behaviour of species and the

factors controlling the leaching when the fly ash is in contact with water at different

time. This leaching method has its shortcoming as it only provides information on the

mineral phases formed when fly ash is in constant contact with neutral water in a

closed system. It is also an aggressive way of leaching which does not really represent

the leaching process at the ash dump where water percolates through the ash from

time to time. It is therefore necessary to employ a leaching method that simulates the

continuous percolation of water through the ash at the dump to better understand the

leaching behaviours of fly ash in a disposal scenario.
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5.2 Up-flow percolation test

This section presents and discusses the results of the up-flow percolation (column)

test carried out on Secunda and Tutuka fly ashes as described in section 3.2.6. The up-

flow percolation test was carried out to determine the leaching behaviour of species

from the fly ashes under renewal of leachants. The up-flow percolation (column) test

tends to simulate what happens to fly ash at the dump when water flows through the

ash system from time to time. The column test has been considered as a suitable

method to simulate the percolation of leaching agent through the ash dump (Ram et

aI., 2007). The choice of the up-flow mode of the leachant was to avoid

channelization or preferential percolation of the leachant and to ensure complete

saturation of the fly ash in the column. The dry mass of fly ash in the column, volume

of leachate and the time taken for collection of leachate were used to calculate the LIS

ratios used in the graphs. The mineral solubility controlling the release of species

from the solution of the fly ashes was predicted using PHREEQC geochemical

modelling software.

5.2.1 pH and Electrical Conductivity (EC)

Figure 5.12 below shows the pH trends of the leachates for Secunda and Tutuka fly

ashes obtained by use of the up-flow percolation test.
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Figure 5.12: pH and EC trend as a function of LIS ratio for up-flow percolation test.

Secunda (A) and Tutuka (B) fly ashes.
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The pH rapidly decreased at the beginning of the experiment. The pH gradually

decreased thereafter until a final pH of 12.3 and 11.52 for Secunda and Tutuka fly

ashes respectively was observed at the end of the leaching test. The pH values of the

leachates were sustained at alkaline levels (pH > 11) for both fly ashes despite an

extended period of leaching (90 days). The high pH of the leachates could be due to

the high amounts of basic oxides in the fly ashes while the slow reduction in the pH

values could be as a result of the slow wash-out of the dissolved buffering

components as a result of the low flow rate (0.2ml/min) applied. The EC values of

Tutuka fly ash decreased gradually for the entire period of the leaching test but the EC

of Secunda fly ash was almost stable between LIS 5 and 20. Apart from the highly

soluble components of the fly ashes that were released into solution immediately on

contact with water, the stability observed in the EC could be attributed to the

dissolution of components locked up in the aluminosilicate matrix that are released

over time. The EC values were initially very high (14.86 and 9.83mS/cm) but reduced

to 6.97 and 0.61 for Secunda and Tutuka fly ash respectively over time. This indicates

that some species which were in solution at the beginning of the test have been taken

out of solution either by flushing out or precipitation. This is evident from the graphs

of most of the species showing reduction in concentration with increase in LIS ratio.

5.2.2. Calculated saturation indices (SI) for up-flow percolation test

Tables 5.3 and 5.4 below show the summary of the PHREEQC calculated saturation

indices (SI) of the up-flow percolation test. These show the predicted mineral phases

controlling the concentrations of species in the solutions of Secunda and Tutuka fly

ashes as a function of LIS ratio. Tables 5.3 and 5.4 were used were used to predict the

release of species from the fly ashes as discussed in sections 5.2.3 to 5.2.11.
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Table 5.3: Summary of the calculated saturation indices (SI) for mineral phases

controlling the concentrations of elements in the leachates of up-flow percolation test

carried out on Secunda fly ash.

Phase / Liquid-solid ratio 0.1 0.2 0.5 2 5 10 20

AI(OH)3(am) -5.56 -5.17 -5.34 -5.39 -5.28 -4.92 -4.66 -5.04
AI203 -9.15 -8.36 -8.68 -8.79 -8.58 -7.88 -7.36 -8.11
Anhydrite (CaS04) -2.67 -2.78 -2.86 -2.76 -2.76 -2.56
Ba(OH)2:8H20 -6.81 -2.8 -2.84 -3.17 -3.49 -4.11 -4.45 -5.21
BaCr04 -5.9 -0.07 -0.31 -0.64 -0.81 -1.44 -1.78 -2.2
Ba3(As04)2 20.48 19.66 20.38 19.13 19.29 13.86
Barite (BaS04) -10.64 1.5 1.35 1.15 0.93 -0.23
BaSe03 -4.08 -11.1 -11.38 -13.84 -11.25 -11 -10.46 -12.68
BaSe04 -3.8 -4.15 -4.41 -7.05 -4.51 -5.07 -4.29 -6.61
Birnessite (Mn02) 11.57 5.4 4.82 5.04 4.4 4.53 3.39
Bixbyite (Mn203) -3.33 14.61 13.55 14.21 12.9 13.25 11.09
Boehmite (AIOOH) 1.15 -2.94 -3.11 -3.16 -3.05 -2.7 -2.44 -2.81
Brucite (Mg(OH)2) -1.97 1.99 1.53 0.73 0.12 0.43 0.13
Bunsenite (NiO) -5.71 -1.86 -2.07 -1.83 -1.53 -1.72 -1.65 -2.73
Ca2V207 -9.84 -5.05 -5.47 -5.36 -5.71 -6.09 -5.4 -7
Ca2V207:2H20 3.07 -9.26 -9.7 -9.58 -9.94 -10.18 -9.55 -11.15
CaMo04 -7.19 -0.98 -1.05 -1.02 -1.03 -1.14 -1.69 -1.81
Ca3(As04)2:4H20 -6.77 -7.42 -5.15 -5.07 -3.97 -7.53
CaSe04:2H20 -0.54 -7.25 -7.45 -9.78 -7.02 -7.16 -6.06 -7.76
Celestite (SrS04) -3.75 -0.66 -0.93 -1.52 -1.84 -2.55
Chalcedony (Si02) 7.14 -3.41 -3.44 -3.71 -3.24 -3.2 -3.77
Chrysotile [Mg3Si205(OH)4] -3.39 10.3 8.82 6.81 5.16 4.02
Co(OH)2 -3.75 -2.9 -3.15 -3.4 -2.45 -2.4 -1.96 -3
Co(OH)3 -3.95 -3.24 -3.51 -3.83 -2.92 -3 -2.55 -3.64
Cristobalite (Si02) -0.04 -3.61 -3.64 -3.44 -3.4 -3.97
Cu(OH)2 9.71 0.6 -0.52 -0.16 -0.2 -0.74 -1.16
Cupricferrite (CuFe204) 7.14 11.06 9.1 10.08 10.44 9.8 9.42 7.22
Cuprousferrite (CuFe02) -1.64 8.11 6.6 7.44 7.56 7.34 6.88 5.61
Diaspore (AIOOH) -13.71 -1.25 -1.42 -1.47 -1.36 -0.99 -0.74 -1.12
Fe(OH)2 1.7 -13.47 -13.88 -13.6 -13.28 -13.31 -13.3 -14.14
Fe(OH)2.7CI.3 0.34 1.9 1.45 1.67 1.91 0.75
Ferrihydrite [Fe(OH)3] -3.06 0.7 0.27 0.47 0.76 0.47 0.54 -0.35
Gibbsite [AI(OH)3] 3.04 -2.68 -2.84 -2.9 -2.79 -2.41 -2.16 -2.54
Goethite (FeOOH) -2.42 3.38 2.96 3.16 3.45 3.16 3.23 2.35
Gypsum (CaS04:2H20) 14.29 -2.54 -2.62 -2.52 -2.52 -2.32
Hausmannite (Mn304) 8.48 18.28 16.6 17.71 16.76 16.93 13.73
Hematite (Fe203) -4.92 9.18 8.32 8.73 9.31 8.73 8.87 7.1
Maghemite (Fe203) 8.22 1.24 0.37 0.79 1.36 0.89 0.99 -0.78
Magnesioferrite (Fe2Mg04) 3.55 9.77 8.46 8.64 7.42 7.89 5.81
Magnetite (Fe304) 5.23 4.53 3.27 3.95 4.86 4.18 4.37 1.75
Manganite (MnOOH) -5.08 6.48 5.89 6.23 6.02 6.01 4.93
Massicot (PbO) -0.85 -4.02 -5.47 -4.72 -4.79 -4.88 -5.23 -5.31
Mg(OH)2(active) -2.32 -0.07 -0.55 -1.35 -1.86 -1.59 -1.89
Ni(OH)2 4.52 -2.21 -2.42 -2.18 -1.88 -2.07 -2 -3.08
Pb(OH)2 -8.38 0.72 -0.74 0.01 -0.06 -0.14 -0.49 -0.57
PbMo04 -3.57 -7.41 -8.96 -8.15 -8.13 -8.09 -8.99 -9.06
Periciase (MgO) -8.5 -2.71 -3.17 -3.97 -4.61 -4.29 -4.59
Plallnerite (Pb02) 0.13 -7.35 -8.86 -8.25 -8.4 -8.77 -9.1 -9.28
Portlandite [Ca(OH)2] -1.17 0.18 0.21 0.18 0.07 -0.17 -0.17 -0.3
Pyrochroite [Mn(OH)2] 5.91 0.15 -0.39 0.06 -0.19 -0.13 -1.17
Pyrolusite (Mn02) -1.7 7.28 6.68 6.91 6.42 6.48 5.35
Sepiolite (Mg2Si307.50H:3H20) -4.77 1 -0.05 -1.06 -2.1 -3.8
Si02(am-gel) -8.34 -4.24 -4.27 -4.55 -4.08 -4.04 -4.6
Spinel (MgAI204) -5.94 -6.7 -7.49 -8.18 -8.11 -7.27 -8.32
SrSe04 -2.06 -6.01 -6.39 -9.42 -6.98 -7.51 -6.68 -8.63
ZnO(active) -1.46 -2.05 -1.98 -1.88 -2.2 -2.01 -1.82
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Table 5.4: Summary of the calculated saturation indices (SI) for mineral phases

controlling the concentrations of elements in the leachates of up-flow percolation test

carried out on Tutuka fly ash.

Phase / Liquid-solid ratio 0.1 0.2 0.5 2 5 10 20

AI(OH)3(am) -5.28 -4.75 -4.72 -4.73 -4.62 -4.42 -4.29 -3.72
AI203 -8.6 -7.51 -7.44 -7.46 -7.26 -6.87 -6.6 -5.53
Anhydrite (CaS04) -2.72 -2.59 -2.78 -2.77 -2.8 -2.47
Ba(OH)2:8H20 -4.5 -3.53 -3.55 -3.71 -4.04 -4.77 -5.66 -7.7
BaCr04 -1.21 -0.71 -0.84 -0.72 -1.02 -1.96 -2.51 -1.86
Ba3(As04)2 18.13 19.97 20.96 20.05 17.94 17.29 15.65
Barite (BaS04) 0.3 1.35 1.13 1.04 0.78 -0.24
BaSe03 -10.54 -11.08 -11.56 -11.17 -11.46 -11.27 -9.45
BaSe04 -4.7 -4.47 -5.06 -4.75 -5.64 -5.41 -6.41
Birnessite (Mn02) 4.7 3.97 4.86 4.42 3.73 4.23 1.03
Bixbyite (Mn203) 13.86 12.14 14.08 13.29 11.72 12.96 7.69
Boehmite (AIOOH) -3.06 -2.52 -2.49 -2.5 -2.39 -2.19 -2.06 -1.5
Brucite (Mg(OH)2) 1.21 1.04 1.04 0.33 0.35 0.47 0.12
Bunsenite (NiO) -1.9 -1.79 -1.84 -1.25 -1.45 -1.84 -1.5 -2.17
Ca2V207 -5.23 -5.17 -5.29 -5.41 -5.8 -5.93 -4.98 -3.31
Ca2V207:2H20 -9.37 -9.4 -9.52 -9.64 -10.03 -10.03 -9.12 -7.17
CaMo04 -0.83 -0.88 -0.95 -0.91 -0.98 -1.07 -1.16 -1.96
Ca3(As04)2:4H20 -5.34 -6.28 -4.91 -5.11 -5.1 -3.63 -5.31
CaSe04:2H20 -6.55 -7.23 -7.69 -7.14 -7.35 -6.4 -7.47
Celestite (SrS04) -2.05 -0.84 -1.1 -1.64 -2.17 -2.19
Chalcedony (Si02) -3.59 -3.62 -3.58 -3.69 -3.08 -3.1 -3.92 -1.85
Chrysotile [Mg3Si205(OH)4] 7.63 7 6.86 5.94 6.05 4.75 8.02
Co(OH)2 -2.58 -2.33 -2.76 -1.91 -2.59 -1.95 -2.94
Co(OH)3 -3.32 -2.85 -3.3 -2.55 -3.26 -2.69 -4.53
Cristobalite (Si02) -3.79 -3.82 -3.78 -3.89 -3.28 -3.3 -4.12
Cu(OH)2 -0.83 0.75 0.71 1.04 0.47 -0.08 -0.05
Cupricferrite (CuFe204) 10.3 10.6 10.5 12.42 10.78 9.45 10.32 9.14
Cuprousferrite (CuFe02) 7.42 8.14 8.1 9.27 8.2 7.3 7.82 7.71
Diaspore (AIOOH) -1.36 -0.83 -0.8 -0.81 -0.71 -0.49 -0.36 0.22
Fe(OH)2 -12.65 -13.6 -13.61 -12.77 -13.26 -13.49 -13.04 -12.15
Fe(OH)2.7CI.3 1.71 1.55 2.29 1.81 1.72
Ferrihydrite [Fe(OH)3] 1.03 0.39 0.36 1.15 0.62 0.23 0.64 0.42
Gibbsite [AI(OH)3] -2.78 -2.26 -2.22 -2.24 -2.13 -1.91 -1.79 -1.19
Goethite (FeOOH) 3.73 3.07 3.05 3.84 3.3 2.92 3.34 3.13
Gypsum (CaS04:2H20) -2.48 -2.35 -2.54 -2.53 -2.56 -2.21
Hausmannite (Mn304) 18.05 14.71 17.63 16.48 15 16.64 11.39
Hematite (Fe203) 9.86 8.55 8.5 10.09 9.01 8.25 9.08 8.66
Maghemite (Fe203) 1.98 0.61 0.56 2.14 1.07 0.41 1.2 1
Magnesioferrite (Fe2Mg04) 9.65 8.2 9.73 7.95 7.18 8.14 7.3
Magnetite (Fe304) 5.99 3.78 3.73 6.15 4.58 3.53 4.83 5.16
Manganite (MnOOH) 6.35 5.22 6.16 5.76 5.39 5.87 4.14
Massicot (PbO) -5.57 -4.41 -4.39 -3.55 -4.46 -4.96 -4.55 -4.49
Mg(OH)2(active) -0.8 -1.03 -1.04 -1.75 -1.63 -1.54 -1.7
Ni(OH)2 -2.25 -2.15 -2.19 -1.6 -1.8 -2.19 -1.85 -2.52
Pb(OH)2 -0.83 0.33 0.35 1.19 0.27 -0.22 0.19 0.26
PbMo04 -8.35 -7.31 -7.38 -6.43 -7.32 -7.84 -7.34 -5.92
Periciase (MgO) -3.51 -3.66 -3.66 -4.37 -4.38 -4.24 -4.67
Plallnerite (Pb02) -9.74 -8.11 -8.14 -7.4 -8.4 -9 -8.72 -10.43
Portlandite [Ca(OH)2] -0.29 -0.21 -0.2 -0.26 -0.36 -0.43 -0.6 -2.78
Pyrochroite [Mn(OH)2] 0.34 -0.91 0.11 -0.25 -0.73 -0.13 -1.35
Pyrolusite (Mn02) 6.66 5.85 6.72 6.28 5.73 6.19 3.3
Sepiolite (Mg2Si307.50H:3H20) -1.1 -1.55 -1.76 -1.37 -1.34 -3.58 2.03
Si02(am-gel) -4.43 -4.45 -4.42 -4.52 -3.91 -3.94 -4.76 -2.7
Spinel (MgAI204) -7.73 -6.81 -6.76 -7.26 -6.87 -6.47 -5.78
SrSe04 -6.75 -6.35 -7.43 -7.4 -7.98 -7.22 -8.06
ZnO(active) -2.32 -0.82 -0.92 -0.63 -1.19 -1.47 -1.59 -0.48
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5.2.3 Calcium and sulphate

The concentrations of Ca and S04 in the leachates of the fly ashes are shown in Figure

5.13 below.
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Figure 5.13: Concentrations of Ca and S04 as a function of LIS ratio in up-flow

percolation test: Secunda (A) and Tutuka (B) fly ashes.

The highest concentrations of species observed in the leachates obtained in the up-

flow percolation tests of the fly ashes were those of Ca with values ranging between

17 and 26mmol/L for the two fly ashes (Figure 5.13). There was a gradual increase in

the concentrations of Ca in the leachates until a maximum was reached at LIS of 1.

The Ca concentrations in the leachates of Tutuka fly ash then decreased gradually for

the rest of the leaching period (LIS ratio) while that of Secunda fly ash was almost

stable at about 20mmol/L. The trend of release of Ca, especially in the Secunda

leachate, could indicate the dissolution of sparingly soluble mineral phases after the

soluble Ca-containing salts have been flushed out of the system. The initial increase in

the concentrations of Ca could be caused by the dissolution of readily soluble, Ca-rich

phases such as CaO and CaS04; and on the other hand, the lowering of the

concentrations of Ca could be as a result of precipitation of new Ca-rich mineral

phases in the ash/water system. This trend agrees with what was observed by

Georgakopoulos et al., 2002 and Hjelmar, 1990. The presence of Ca and other species

like S04 in solution has been identified to be involved in the transformations of Ca-

rich minerals occurring in alkaline fly ashes to produce Ca-hydrated minerals such as

gypsum and calcites (Steenari et al., 1999).
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Ca in fly ash occurs mainly as lime (CaO), anhydrite (CaS04), and in the glass matrix,

these anhydrous phases are very reactive when exposed to water. Lime (CaO) is

hydrated to portlandite (Ca(OHh), which can react with CO2 to produce calcite

(CaC03). The results of the geochemical modelling (PHREEQC) (section 5.2.2)

predicted that the release of Ca is controlled by portlandite which was at equilibrium

throughout the period of the test. Anhydrite and gypsum were also predicted to be

under-saturated (Table 5.3 and 5.4) but calcite was not predicted which could be due

to the precaution taken to avoid the ingress of atmospheric CO2 into the up-flow

percolation system.

The concentrations of S04 in the leachates as a function of the LIS ratio applied

indicated that after the initially high levels, the concentrations reduced abruptly to

about O.04mmol/L at LIS of 1 in the fly ash leachates. The leaching of S04 was

almost stable between LIS of 1 and 2 before finally reducing to a minimum at LIS of

5. The initial high concentration of S04 indicates that most of the S04-rich minerals

are available in the fly ash as soluble salts. Barite, gypsum, celestite and anhydrite

were predicted by PHREEQC as the mineral phases controlling the leaching of S04 in

the fly ash/water system.

5.2.4 Sodium, Lithium and Potassium

Figure 5.14 shows the concentrations of Na, Li and K from the leachates of Secunda

and Tutuka fly ashes obtained in the up-flow percolation tests.
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Figure 5.14: Concentrations of Na, Li and K as a function of LIS ratio in up-flow

percolation test: Secunda (A) and Tutuka (B) fly ashes.
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The concentrations of Na, Li and K found in the leachates of the fly ashes after

equilibration for three days prior to the initiation of an active up-flow were high as

shown in Figure 5.14. The concentrations of Na, Li and K declined rapidly at the

onset of the up-flow percolation leaching test indicating that they were flushed out of

the system as soon as the leaching started. The high concentrations observed after the

three days equilibration indicates that Na, Li and K are present on the surfaces of the

ash particles as soluble salts. Despite the initial flush of these species out of the

system, which drastically reduced their concentrations, they continued to be released

in small amounts in the leachates as the drainage progressed. This indicates that they

were not only present as soluble salts on the surface of the particles but also present in

the matrix of the fly ashes. Warren and Dudas (1984) observed similar trends, and

they attributed the initial high concentrations of these species from the dissolution of

their soluble sulphate salts associated with the surface of ash particles. This trend of

leaching shows no solubility control in their leaching into solution. This was affirmed

by the modelling output of PHREEQC which did not predict the formation of any

secondary mineral phases bearing these species (Table 5.3 and 5.4).

5.2.5 Magnesium

The curves of Mg indicating its release from Secunda and Tutuka fly ashes during the

up-flow percolation test are shown Figure 5.15.
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Figure 5.15: Concentrations of Mg as a function of LIS ratio in up-flow percolation

test: Secunda (A) and Tutuka (B) fly ashes.

The concentrations of Mg in the leachates from the up-flow percolation test as shown

in Figure 5.15 increased abruptly at the beginning of the experiment (LIS 0.2) for the
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Secunda fly ash but such initial increase was not noticed in the leachate of Tutuka fly

ash until LIS 1. After the initial increase, the concentrations of Mg in Secunda fly ash

decreased and remained at this low concentration for the entire period of the test.

There was a difference in the trend observed in Figure 5.15 (B) where a gradual and

continuous increase was noticed at LIS 5 to the end of the experiment in the case of

Tutuka ash. The abrupt fluctuating increase observed in the concentrations of Mg at

different stages of the leaching of fly ashes could indicate incongruent dissolution of

Mg-bearing minerals. The lower concentrations of Mg in solutions of Secunda fly ash

could be due to the formation of mineral phases which reduced its concentrations in

solution. The gradual increase in the concentrations of Mg in Tutuka fly ash at LIS 5

could indicate the steady dissolution of Mg-containing mineral phases in the fly ash.

PHREEQC modelling predicts the precipitation of brucite (Mg(OH)z) as the

controlling factor for Mg concentrations in the solution. Calculated SI (Tables 5.3 and

5.4) indicate the leachates to be slightly supersaturated with respect to brucite but the

calculated SI for periclase showed under-saturation. Perielase has been observed to be

the principal crystalline compound of Mg which hydrolyses to form sparingly soluble

brucite and could account for the low levels of Mg in the leachates of Secunda after

the initial flush (Warren and Dudas 1984; Tiruta-Bama et al., 2006). Some minor

fractions of Mg are also present in the slowly dissolving glassy phase which could

lead to gradual increase in Mg concentration in the fly ash leachates over time as was

observed in the case of Tutuka fly ash (Matti god et al., 1990).
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5.2.6 Strontium and Barium

Figure 5.16 (A and B) showed the release of Sr and Ba during the up-flow percolation

test into the leachates of Secunda and Tutuka fly ashes.
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Figure 5.16: Concentrations of Sr and Ba as a function of LIS ratio in up-flow

percolation test: Secunda (A) and Tutuka (B) fly ashes.
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The leaching of Sr and Ba from the fly ashes followed the same trend during the up-

flow percolation test. There was an initial increase in their concentrations which

reduced gradually at LIS 0.5 to minimum concentrations at LIS of 5. This low

concentration was maintained for the remaining period of the experiment. The initial

increase in concentrations of Sr and Ba could be due to the dissolution of their oxides

in the fly ashes. It has been observed that the oxides of Sr and Ba when in contact

with water are readily soluble leading to high concentrations of these species in

solution (Reardon et al., 1995).

The release of Sr and Ba was almost similar to trends observed in the release of S04

except that the S04 concentrations were higher than the concentrations of Sr and Ba in

solutions of the fly ashes. The evidence of solubility control for Sr and Ba was

indicated by the saturation indices calculated by PHREEQC which show that the

solutions are supersaturated with barite (BaS04) and near saturation with respect to

celestite (SrS04) for the entire period of the experiment. The calculated SI depicts a

similar scenario as was observed by Duchesne and Reardon, (1998) and Reardon et

aI., (1995). These authors suggested that Sr-substituted barite is more likely to control

the concentrations of these species. Their assumption was based on the fact that the SI

calculations indicated under-saturation with respect to celestite, and that the
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concentration of Ba in the fly ash was higher than Sr. This corresponds with what was

observed in leachate of the fly ashes used in this study. Although SI for (Ba,Sr)S04

were not calculated in this study, the lower concentrations of Sr and Ba observed in

the leachates after the initial higher concentrations could be a result of barite and

celestite precipitation from the solutions.

5.2.7 Boron

The trends of B in the up-flow percolation test leachates of Secunda and Tutuka fly

ashes are shown in Figure 5.17 (A and B).
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Figure 5.17: Concentrations of B as a function of LIS ratio in up-flow percolation test:

Secunda (A) and Tutuka (B) fly ashes.

A gradual increase in B concentration is observed with a maximum at a LIS of 5,

thereafter a subsequent decrease to a minimum at a LIS ratio of 10 was observed for

both fly ashes. The gradual increase in the concentrations of B at the beginning of the

experiment could be due to the dissolution of soluble fractions accumulated on the

surface of the fly ashes and the B-bearing solid phases. Hulett et al. (1980) and Querol

et al. (1995) observed that B is present as surface oxide precipitates or incorporated in

glassy matrix of fly ash. B has been observed to exist in alkaline solution in anionic

form; and can co-precipitate with CaC03 or substituted in the ettringite structure

(Hollis et al 1988; Jankowski et., 2006). The decrease observed in concentration of B

after LIS 5 could be as a result of co-precipitation with CaC03 or entrapment in the

ettringite structure. The increase noticed at LIS 10 could be attributed to the

dissolution of the amorphous glass matrix that incorporated B, as is evident in Si

trends presented in the following section.
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5.2.8 Aluminium and Silicon

The concentrations of Si and Al released during the up-flow percolation test from

Secunda and Tutuka fly ashes are shown in Figure 5.18 (A and B).
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Figure 5.18: Concentrations of Si and Al as a function of LIS ratio In up-flow

percolation test: Secunda (A) and Tutuka (B) fly ashes.

Small amounts of Si and Al were released into solutions of the fly ashes at the

beginning of the leaching test whereafter their concentrations steadily increased.

There was a decrease in concentrations of Al at LIS 1 after which a gradual increase

was observed until a maximum was reached at LIS 10. The trends of Si showed a

decrease in concentration at LIS 1. An abrupt increase was observed at LIS 2 after

which the concentrations decreased to the minimum at LIS 10. The concentration of

Si thereafter increased gradually for the remaining period of the test particularly in the

case of Tutuka ash. The leaching pattern of Al and Si in the two fly ashes indicates

that there are interactions between these species and some other species in the

solution. Seoane and Leirós, (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 amorphous aluminosilicates and silica. The initial increase in

concentration of Al and Si observed at LIS of 0.2 and 0.5 could be attributed to the
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~ssolution of these amorphous aluminosilicates and silica. The decrease observed at

LIS 1 could be as a result of formation of insoluble amorphous Al hydroxide phases

and amorphous Si-bearing mineral phases such as AI(OH)3, diaspore (AIOOH),

kaolinite [AhShOs(OH)4] and boehmite (AIOOH) in the solution which could hinder

the release of Al and Si. These mineral phases were predicted by PHREEQC in this

study but only diaspore was at near saturation during the up-flow percolation test. It

https://etd.uwc.ac.za/



Chapter 5: Results and Discussion 2

was also suggested by Georgakopoulos et al. (2002) that the presence of Al and Si in

solution at high pH, could lead to the formation of amorphous Al hydroxides and Si-

rich mineral phases such as gehlenite (Ca2AlzSi07), hatrurite (Ca3SiOs), and calcium

aluminate (Ca3Alz06). Tiruta-Barna et al. (2006) suggested wairakite

(Ca2AlzSi4012·2H20) as one of the phases governing the concentration of Si in

alkaline solution. The trends observed in the leachates of the fly ashes could be

attributed to the formation and dissolution of the mineral phases in the fly ash/water

system. Increase in the concentrations of Al and Si were observed after LIS 1 which

could be attributed to the dissolution of the crystalline silica and mullite phases at the

alkaline pH of the leachates. Roy and Griffin (1984) observed equilibration of H4Si04

acid species with cryptocrystalline silica after 36 days of exposure to water.

Calculated SIs by PHREEQC indicates that the mineral phases such as boehmite,

diaspore and AI(OH)3 (Tables 5.3 and 5.4) were under-saturated at LIS ratios above 1

indicating that these mineral phases were not likely to be precipitating out of solution.

There is therefore a clear indication that Al and Si are not only available on the

surface of the fly ash particles but are also abundant in the slowly dissolving glass

phases of the fly ash.

5.2.9 Iron and Manganese

The concentrations of Fe and Mn in the leachates of the up-flow percolation test are

shown in Figures 5.19 (A and B) for Secunda and Tutuka fly ashes.

0.009 I~Fe --Mnl 0.0002 0.014 I~Fe --Mnl 0.00012
0.008 0.012 0.0001
0.007 - 0.00015

T

~
0.01 0.00008 ~~

0.006
~0.005 0.0001 ~ 0.008 0.00006 0

0 0 EE 0.004 E .§. 0.006 0.00004 .§..§.
0.003 0.00005

.§.
Cl) c:

Cl) e LI.. 0.004 0.00002 :::!!LI.. 0.002 :::!!

0.001 0 0.002 0
0 0 ~.00002

~.001 ~.00005 0 2 4 6 8 1012 14 16 1820
A LiS ratio B LJS ratio

Figure 5.19: Concentrations of Fe and Mn as a function of LIS ratio In up-flow

percolation test: Secunda (A) and Tutuka (B) fly ashes.
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The trends of the two species (Fe and Mn) followed a similar release pattern. The

initial increase could be attributed to the partial dissolution of their oxides from fly

ash surface when in contact with water. The concentration thereafter decreased as a

result of precipitation at the high pH. The peaks in concentration at LIS ratios of 1-2

could also occur as result of flushing of previously precipitated Fe and Mn phases or

due to the slight decrease in pH of the leachates. Geochemical modelling by

PHREEQC predicted precipitation of birnessite (Mn02), manganite (MnOOH),

pyrochroite [Mn(OH)2], ferrihydrite (Fe(OH)3, goethite (FeOOH), maghemite

(Fe203), magnetite (Fe304) and hematite (Fe203) (Tables 5.3 and 5.4). Ferrihydrite

and maghemite were observed to be at near saturation. It has been suggested that the

concentrations of the Fe and Mn in fly ash leachates are controlled by precipitation of

their hydroxides (Roy and Griffin, 1984).

5.2.10 Arsenic and Selenium

The curves below show the concentrations of Se and As in the leachates of the up-

flow percolation test of fly ashes from Secunda and Tutuka.
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Figure 5.20: Concentrations of Se and As as a function of LIS ratio In up-flow

percolation test: Secunda (A) and Tutuka (B) fly ashes.

The concentrations of As and Se were low as observed in the leachates of the two fly

ashes (Figure 5.20 (A and B). The concentrations of Se were found to decrease

abruptly to below detection levels from the beginning of the experiment up to LIS 1

and 0.5 for leachates of Secunda and Tutuka fly ashes respectively. An inconsistent

increase in concentrations was observed thereafter. The highest concentrations of As

and Se were released into leachate of the fly ashes at LIS 10 and this could indicate
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flushing out of the earlier precipitated phases or the dissolution of the mineral phases

in which As and Se were incorporated in the fly ash matrix. The increase in

concentration of species observed at LIS 10 was common to most of the minor

elements such as Fe, Mn, As, Se, and Ni. The concentration of these toxic elements

remained low over the duration of the experiment, ranging from 0.00005-0.00025

mmolIL for both Tutuka and Secunda leachates. This is probably due to their low

concentration in the fly ashes (Table 4.3). The geochemical modelling data indicated

that Ba3(As04h was super-saturated in the leachates of the fly ashes while

Ca3(As04h:4H20, BaSe04, CaSe04:2H20 and SrSe04 were under-saturated. Earyet

al., (1990); Wagemann (1978) suggested that Ba3(As04h is a likely controlling solid

phase for As in solutions where Ba concentrations are at equilibrium with BaS04

while Essington (1988) points out that the formation of Ba3(As04h is more dependent

on high concentration of As(V) in solution. Selenium has been observed to be

enriched on the surfaces and in the silicates of fly ashes (Martinez- Tarazona and

Spears, 1996) which could account for the leaching pattern observed for these fly

ashes.
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5.2.11 Copper, Lead and Nickel

The concentrations of Cu, Pb and Ni leached out in the up-flow percolation test from

Secunda and Tutuka fly ashes are shown in Figure 5.21.
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Figure 5.21: Concentrations of Cu, Pb and Ni as a function of LIS ratio in up-flow

percolation test: Secunda (A) and Tutuka (B) fly ashes.

Relatively low concentrations of these toxic trace metals (Cu, Pb and Ni) were

observed in the leachates of the fly ashes (Figure 5.21 (A and B). Peaks in
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concentration were observed for leachates of both fly ashes but at different LIS ratios.

For Secunda fly ash an initially relatively high release was observed at LIS ratio of

0.2 which decreased with increasing LIS ratios except for Ni while for Tutuka the

highest release is observed at LIS ratio of 1. The release of Ni into the leachates of the

fly ashes followed the same trend as those of Fe and Mn. Cu(OHh, Cuprousferrite

(CuFe02), Ni(OHh and Pb(OHh were predicted to be the solid phases controlling the

release of these species in solution (Table 5.3 and 5.4). The saturation indices

calculated for these mineral phases indicated near saturation or super-saturation

except for Ni(OHh that was slightly under-saturated. These phases would likely form

in the fly ash/water system and could thus control the release of Cu, Ni and Pb.

5.2.11 Chromium and Molybdenum

Cr and Mo concentrations in the leachates from up-flow percolation test as a function

of LIS ratios are shown in Figures 5.22 (A and B) for both Secunda and Tutuka fly

ashes.
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Figure 5.22: Concentrations of Cr and Mo as a function of LIS ratio In up-flow

percolation test: Secunda (A) and Tutuka (B) fly ashes.

The release pattern of these toxic elements is similar to that of Na, K and Li to some

degree. Smith et al. (1979) and Meserole et al. (1979) observed that many of the

potentially toxic trace elements such as As, Pb, Cd, Cr, Mo and Zn are commonly

associated with the nonmagnetic fraction of fly ash in the glass phase, and are

distributed on the surface of the ash particles and have higher dissolution

characteristics. This would probably explain the observed trends of these elements.

CaMo04, BaMo04, CaCr04, BaCr04 and SrCr04 are predicted by PHREEQC as
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some of the mineral phases that would precipitate and exert control on the release of

Mo and Cr in the solution of the fly ashes. The calculated SI for the mineral phases

indicates under-saturation in the leachates except for CaMo04 which is near

saturation. The probable mineral phases controlling the Cr and Mo could be CaMo04

and BaCr04 because of the high concentration of Ca and Ba in the solution of the fly

ashes. This was affirmed by the SI calculated for CaMo04 and BaCr04 which

indicated near-saturation. Querol et al. (2001) and Tiruta-Barna et al. (2006) observed

similar trends in the release of Cr and Mo, they suggested that the mobility of these

elements in alkaline solution can be controlled or reduced by the formation of stable

solid phases such as BaCr04 and CaMo04.
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5.2.12 Other minor species

Zn, Cd, Co, Hg, Be, P, Ti, Cd, V, Cl and N03 were also released from the fly ashes

but only in very low concentrations (Tables D3 and D4). The total concentrations of

these species in the fly ashes are very low and this may explain the reason for their

low concentrations in the leachates of the fly ashes. Co-precipitation of most of the

species with newly formed secondary phases could also hinder the release of the

species in solution.

5.3 General discussion

Several leaching methods have been employed in this study with the aim of achieving

different results to understand the leaching behaviour of the fly ashes. The dissolution

kinetics test gives information on the total amounts of species leachable from the fly

ashes and the mineral phases expected to control the leaching of the contaminants in

closed system. However, this method does not give the most direct picture of the

disposal scenario. The up-flow percolation test was employed to simulate the

continuous infiltration of leachant and flow through the ash at the disposal scenario

and to understand the leaching behaviour of the fly ashes on disposal. The

combination of these two leaching test provides information on the factors likely to

control the release of major and minor elements of the fly ashes under disposal

conditions.
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The curves of the up-flow percolation (column) test indicated that most of the major

and minor elements except B, As and Se showed a sharp decrease in their

concentrations during the first leaching period (LIS 0.2-1) before increased or steady

concentrations were observed. The trends are similar for both fly ashes with slight

variations in the concentrations of the species leached out of the fly ashes. The high

concentrations that were leached at the beginning of the leaching test could be as a

result of dissolution of the soluble salts during the equilibration of the fly ash/water

system for a period of three day before the commencement of the leaching test. The

sharp decrease observed thereafter could be attributed to the flushing of the soluble

species from fly ash into solution or as a result of interactions of the species in the

ash/water system to form slightly soluble and insoluble mineral phases. AI, Si and B

displayed a trend slightly different from other species in the leachates of the fly ashes.

Instead of decreasing with respect to the increase in LIS ratios, their concentrations

were found to be increasing inconsistently with minimum concentrations at LIS of 10

for Si and B. This inconsistency observed in the leaching pattern could be due to the

precipitation and dissolution of both amorphous and crystalline phases of this species

at different LIS ratios. The peculiarity of the leaching pattern of the fly ashes was that

the concentrations of nearly all the trace elements increased at LIS 10. This increase

in concentrations at LIS 10 was reflected in the Al trend of the fly ashes.
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Comparing the pH values of the leachates from dissolution kinetics and up-flow

percolation tests, it was observed that the final pHs of Secunda and Tutuka fly ash

leachates were greater than 10 for the entire leaching period and the LIS ratios of the

tests. This could be attributed to the alkalinity-contributing oxides such as CaO, Na20

and MgO which are present in high quantities in both fly ashes. In fact, the

availability of higher amounts of some species such Ca in a solution has been

observed to contribute to the high pH value of a solution (Ram et aI., 2007). This

observation was affirmed in this study as the pattern of the Ca released corresponds

with the pH of the fly ashes. However, the patterns of the pH profiles of the two

leaching tests (dissolution kinetics and up-flow percolation) varied. The pH trend of

the dissolution kinetics test was found to be irregular while that of up-flow

percolation test was regularly decreasing. This variation could be due to the constant

renewal of leachant in the latter and the flushing of species from the system,

preventing their interaction.
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The release of Ca and S04 from the two fly ashes when the two leaching methods are

compared shows the same leaching pattern but with difference in species

concentrations. It was observed that the concentrations of Ca and S04 from

dissolution kinetics test were slightly higher than what was observed in the up-flow

percolation test. This could be attributed to the aggressive leaching method of the

former. The leaching of Na, Li, K, Sr and Ba was different as an increase in the

concentrations of these species was observed in the leachates from the dissolution

kinetics test while their concentrations in the up-flow percolation test were higher but

decreasing in the leachates of the fly ashes. The gradual increase in the concentrations

of these species observed in the dissolution kinetics test could be due to the

dissolution of the precipitated secondary mineral phases of most of these species or

the dissolution of the less soluble mineral phases that contained these species over

time. The decrease observed in the concentrations of leachates from the up-flow

percolation test could be attributed to the constant renewal of leachant and the slow

flow rate (O.2mL/min) which was not aggressive to quickly dissolve the mineral

phases formed. The leaching of heavy metals such as Cu, Pb, Ni, As, Se, Cr, Mo, Fe

and Mn followed almost the same trend when the leachates from the two methods

were compared. Contrary to what was observed in the concentrations of major

elements leached out, the concentrations of these heavy metals released through up-

flow percolation test were higher than the concentrations of these species observed in

dissolution kinetics test. One would expect this as the electrolyte concentration of the

solution surrounding the ash would be less in the case of the up-flow percolation

therefore there is a greater driving force to release the heavy metals. When compared

with total concentrations of major and minor species in the fly ashes, the amounts of

each of the species leached out into solution from the fly ashes was <0.2%. The

geochemical modelling with PHREEQC predict the formation of secondary mineral

phases in the fly ash/water system that could be controlling the leaching of species

from the fly ashes.
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Chapter Six

Conclusion and Recommendations

This chapter summarizes the discussions, significant findings and conclusions of the

results presented in the previous chapters. Recommendations for further research on
some aspects are outlined.

6.1 Overview

The objectives of this study were to characterize and understand the leaching

behaviour of Secunda and Tutuka fly ashes when exposed to different leaching agents

at different reaction times and 1)S ratios. Several leaching methods employed in this

study were aimed at developing a suitable methodology for the modelling of ash

~isposal scenario. The characterization and leaching of the ashes is applied to identify

the major and minor species in the fly ashes and the leachable species of the fly ashes

in order to predict their possible effect on the environment when disposed. The

quantity of species released from the fly ashes was studied and the amounts leached

per unit mass of fly ash quantified, the mechanisms involved in the leaching of

species were also elucidated. Of major concern in this study is the possibility that the

toxic elements contained in fly ash when leached can contaminate the groundwater.

Therefore, the concentration of species leached from the fly ashes used in this study

were compared with the South African Department of Water Affairs and Forestry

(DWAF) water quality guidelines (Tables C3, C4, D5, D6) in order to assess the

possible effects of fly ash disposal on the environment, more importantly on the
groundwater quality.

6.2 Variation in the fly ashes

Fly ashes from Secunda and Tutuka vary slightly in terms of their chemical

compositions due to the different sources of the coal burnt, different combustion

temperatures and different ash handling techniques. The disposal techniques of the

power stations are different and this is shown to have an effect on the leaching process
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of species from the fly ashes. Fly ash from Secunda ash is disposed of as slurry in ash

dams while that of Tutuka is being dry disposed onto the dump but with addition of

about 16% salt laden wastewater to moisten the ash. The leaching methods employed

in this study were adapted from Tiruta-Barna et al. (2006) to simulate the leaching

process of the ashes in these different disposal scenarios. The up-flow percolation and

dissolution kinetics tests were adapted from Tiruta-Barna et al. (2006) to develop a

methodology that could reproducibly model the ash disposal techniques of Secunda

and Tutuka respectively. These methods indicated that the leaching of the species out

of the fly ash to the environment could be controlled by the precipitation of mineral

phases in the ash system under certain conditions of limited flow. This is favoured by

the high pH of the ash system.
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6.3 Physical, chemical and mineralogical characterization of the fly ashes.

The characterization of fly ash is of practical importance because of the influence of

its physical and chemical properties on the leachability of major and minor elements.

The particle size distribution and surface area analyses revealed that the particle size

distribution and surface area of Secunda and Tutuka fly ash particles differ. Secunda

fly ash has smaller particle size and larger surface area while the particle size of

Tutuka fly ash is bigger with smaller surface area. This difference makes Secunda fly

ash generally more reactive than Tutuka ash.

The total acid digestion and XRF analysis were carried out to evaluate the chemical

compositions of the fly ashes from the two power stations. These analyses revealed

that all the elements analyzed for were present within the detectable limit (i.e the

concentrations of the elements in the fly ashes are high enough to be detected during

analysis). The total acid-digestion results showed the concentrations of major, minor

and trace species in the fly ashes. Some of the major species such as Ca, Ba, K, Na,

Mg, Sr, Li and Al were present in higher concentrations in Secunda fly ash than in

Tutuka. Trace elements Pb, Mo, Se, As, Zn, Cu, Ni, Co, Fe, Cr, V, Ti were also

present in higher concentrations in Tutuka than in Secunda fly ash. This observation

was corroborated by the XRF analysis which showed similar higher concentrations of

the major species in Secunda fly ash. Considering the XRF results, most of the
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elements in their oxides such as Ah03 (24-25%), CaO (6-8%), Si02 (50-56%) and

Fe203 (2-4%) are high in the fly ashes. The difference observed in the chemical

compositions of the two fly ashes was attributed to the different sources of coal used

for power generation at Secunda and Tutuka respectively and the different combustion

temperatures employed by the two power stations.

XRD analysis of the two fly ashes indicated the complex nature of the fly ashes in

terms of their mineralogical compositions. The major crystalline mineral phases of the

fly ashes are quartz (Si02) and mullite (3Ah03.2Si02) with non-prominent peaks of

lime and calcite. Apart from quartz and mullite, there could be other mineral phases

that are not detected by XRD. This could be as a result of the masking effect of the

alumino-silicate matrix of the fly ash, the crystalline mullite and quartz phases that are

abundant in fly ash, the presence of minor phases in non-detectable concentrations or

in their amorphous nature.
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The SEM images of the two fly ashes suggested that most of the fly ash particles are

spherical in shape and also revealed some agglomerated particles while elemental

composition by EDS quantitatively revealed that the elements in the fly ashes are

predominantly silicon, aluminium, iron, calcium and oxygen. However, these

elements identified by EDS cannot be conclusively used to identify the mineral

compositions of the fly ashes due to the analysis volume limitations and contribution

of signal from the underlying residual fly ash matrix.

This study revealed that the leaching of species from the fly ashes depends on various

factors which include: physical and chemical characteristics and mineralogical

composition of the fly ashes, the total concentrations of species in the ash, the rate of

flow through the ash system and more importantly the pH of the leachant to which the

ash system is exposed to.

6.4 Batch leaching test: DIN-S4, TCLP and ANC

The release of major and minor species from fly ash does not only depend on the total

concentrations of the species in the fly ash, but also depends on other factors which

include the pH of the ash/aqueous medium. The batch leaching tests were carried out
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on both Secunda and Tutuka fly ashes to determine the easily soluble fractions and to

understand the effect of leachant pH on the release of species from the fly ashes.
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The natural pH (pH of ash in deionized water) of the Secunda and Tutuka fly ashes

was high ranging between 12 and 13. Slight variation was observed in their pH values

with Secunda ash being slightly more alkaline than that of Tutuka. This difference

could be attributed to the variations in the concentrations of CaO and MgO in the fly

ashes as confirmed by the XRF data and total acid digestion results.

The DIN-S4 leaching test employed in this study to evaluate the easily soluble

fractions of the fly ashes showed that some fractions of the major and minor species in

the fly ashes were easily released when in contact with water. When compared with

the results of the total digestion, the DIN-S4 results revealed that major species such

as Ca, K, Na, Mg, Ba and S04 are the most easily soluble species. The percentage of

each of these soluble species leached into solution from the total concentrations of

each element in the ashes ranged from 15-24.23% for Ca, 0.96-3.33% for Ba, 0.012-

1.51% for S04, 0.58-0.82% for Na, 0.23-0.45% for K and 0.0047-0.007% for Mg per

dry mass of fly ash. The heavy metals that were easily soluble include Mo (2.96-

13.92%), Se (2.17-8.75%) and Cr (0.22-2.18%) but some of the heavy metals were

not detected in the leachates which could be attributed to their low concentrations in

the fly ashes, or due to their encapsulation in the glass matrix of the fly ashes or as a

result of their precipitation as insoluble mineral phases which are usually favoured by

high pH. The DIN-S4 results indicated that most of the metals in fly ashes are

incorporated within the silica matrix of the fly ash particles and may only be released

through the action of long-term weathering. The DIN-S4 gives the understanding that

many of the major elements and heavy metals such as Cr and Mo could easily be

leached out of Secunda and Tutuka ash system when exposed to rain water or

wastewater at the disposal site. The liquid-solid ratios of the test are much higher than

what could commonly be observed in the disposal scenario. Therefore the amounts of

the species released within 24 h of the DIN-S4 test cannot be used to quantitatively

determine the concentration of the easily leachable species that would rapidly leach

out of the fly ash system. The DIN-S4 method has given information about the easily

soluble fractions of the fly ashes when in contact with water. One of the shortcomings

of the DIN-S4 method is the liquid-solid ratio of the laboratory test which is much
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higher than what will commonly be observed in field conditions. Also, the DIN-S4

method only addresses the release of elements from fly ash when in contact with an

aqueous solution of neutral or circum-neutral pH and does not take long term

weathering into account.

The TCLP results showed the effect of an acidic solution on the leachability of the

easily soluble species of the fly ashes. The results of the TCLP tests revealed that at

lower pH (4.84-12.25), the release of both major and minor species was higher

compared to the amounts leached when the DIN-S4 leaching test was applied. The

increase in concentrations was also as a result of an increase in the intensity of

dissolution by the acidic solution used in the TCLP test on the fly ash mineral phases

that contained these elements. The TCLP leaching test only considered the initial pH

of the leaching agent and not the final pH of the ash/aqueous system. It was observed

that despite the addition of TCLP solution of pH 2.88, the final pH of the leachates

from the TCLP test was still high. This test revealed that due to the high alkalinity of

the Secunda and Tutuka fly ashes, it will take a considerable number of years for the

ash system to be acidic even if there is acid precipitation on the ash dumps. The

results show that more of the toxic species of the fly ashes could eventually leach out

if the pH of the ash system becomes lower than the initial ash system pH over time.
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The ANC leaching test was not limited to leachant solutions of one particular pH

value but considered the effect of leachant solutions of different final pH values on

the leaching of species from the fly ashes. This test is considered more appropriate in

determining the effect of leachant solutions pH on the leachability of species from fly

ash since it evaluates the leachability of species over a wider range of pH such as can

be expected in the disposal scenario in the longer term. The concentrations of the

major and minor species such as Ca, Al, Si, Sr, Fe, Mn, Ni, Cu and S04 increased

with a decrease in the pH of the leachants applied. Cu, Pb, As, Se and Cd did not

leach as levels were below detection limits in leachates obtained at various pH values.

This shows that the leaching of these species is pH independent and also independent

of their concentrations in the fly ashes. The low values of these elements in the

leachates could possibly be due to precipitation or re-adsorption of these elements

from the leachate solution of the fly ashes. Interestingly, trace elements such as Cr,

Mo, As and Se exhibited maximum concentrations in leachates at different
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intermediate pH values after which reduction in their concentrations were observed at

lower pH. This shows that the release of some of these trace elements is highest at

specific pH values. The concentrations of most of the major and minor species found

in the ANC leachates of the fly ashes were observed to be higher than the target water

quality range (TWQR) of South African Department of Water Affairs and Forestry

(DW AF) at certain pH values except for some metals such as Na, K, Cu, Cd and Zn

that exhibited lower concentrations despite the low pH. The ANC results give an

indication that high concentrations of the major, minor and trace species could leach

out of the fly ashes when the pH of the ash system is lowered over time at the disposal

scenario, which could lead to significant environmental or groundwater pollution.

144

Generally, the results of DIN-S4, TCLP and ANC leaching test clearly showed the

concentration of the species of the respective fly ashes that are easily soluble in

aqueous solution. It was also found that at low pH, higher concentrations of major,

minor and trace species are released into solutions of the fly ashes while the leaching

of some species is independent of pH. One of the limitations of these methods is the

LIS ratios of the ash/water system which do not correspond with the ratios of water to

ash at the ash dump and neither is contact time factored in. Based on the small

amounts of variations (standard deviation) observed in the data of the replicate ash

samples when the DIN-S4, TCLP and ANC methods was used, the methods are

considered to be reproducible.

6.5 Dissolution kinetics test and up-flow percolation test

Dissolution kinetics test and up-flow percolation tests were conducted with the aim to

determine the temporal evolution of species in Secunda and Tutuka fly ashes as a

function of contact time and different LIS ratios and to determine the mineral

solubility controlling the elemental concentrations in the leachates.

A significant feature observed was that the pH of the fly ash leachates for both

dissolution kinetics and up-flow percolation test was> 10 for the entire period of the

leaching test. This observation was related to the initial alkalinity of the fresh fly

ashes. The EC of the fly ash leachates ranged between 2.84-10.44 and 0.61-14.86

mS/cm for dissolution kinetics and up-flow percolation tests respectively over the
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duration of the test. The high final pH of the leachates of both dissolution kinetics and

up-flow percolation test which was done for a period 60 and 90 days respectively

gives an indication that the pH of ash system at the disposal site could be maintained

at high pH for a longer period of time even under high flow conditions which would

playa significant role in limiting the release of species from the fly ashes.

The results of the dissolution kinetics test demonstrated that the ash/water contact

time plays a significant role in the release of species into solution; i.e the reaction time

of fly ash/water system has an influence on the release of major and minor species

into solution. The concentrations of some species were observed to reduce in the

leachates over time while some increased with an increase in contact time. The

leaching of Na, Li and K increased with contact time and their release showed no

evidence of control by mineral solubility. Anhydrite, portlandite and gypsum

solubility controlled the concentrations of Ca and S04 in the leachate solutions of the

fly ashes as determined by the dissolution kinetics. The concentrations of Sr and Ba in

the solutions were controlled by barite (BaS04) and celestite (SrS04); release of Al

and Si were found to be controlled by aluminosilicates such as diaspore (AIOOH) and

kaolinite [AhShOs(OH)4]; and Mg seemed to be controlled by brucite, Mg(OHh,

periclase (MgO) and sepiolite (Mg2Si)07.50H:3H20). The PHREEQC modelling also

predicted that the trace elements in the fly ashes are controlled by mineral solubility.

The dissolution kinetics test can be likened to the disposal scenario at Tutuka where

ash is in contact with wastewater or rain water after dry disposal for some period of

time thereby causing the ash/water system to equilibrate. The result of dissolution

kinetics test indicates that the release of both major and minor species from the fly ash

system at the ash dump could be controlled by mineral solubility and precipitation

when the dry ashing disposal system is implemented and contact with water

minimized.
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The release patterns of species from the fly ashes when considering the up-flow

percolation test at different LIS ratios also gave an indication of mineral solubility

controlling the leaching of elements. The results revealed that the release of trace

elements from the fly ashes was a slow and complex process. The slow release of

sparingly soluble species from the fly ashes under constant recharge is attributed to

the high pH of the ash/water system which favoured the precipitation of mineral
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phases. The up-flow percolation leaching test simulates the disposal technique of

Secunda fly ash where the water used in the ash dam slurry percolates through the ash

thereby flushing out some soluble species from the fly ash system. The implication of

the leaching trends of up-flow percolation test on the disposal scenario is that the

highly soluble species of the fly ash would be flushed out of the ash/water system

after which the precipitation of mineral phases could hinder the release of species

from the fly ash system at the dump. In a wet ashing disposal system such as in use at

Secunda, it is less likely that the release of species would be controlled by mineral

solubility and precipitation, and it is more likely that environmental impacts from

leachable species would be observed.
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These methods (dissolution kinetics and up-flow percolation tests) are reproducible.

The difference observed in these methods is the large volumes of water flowing

through the ash system as in case of up-flow percolation test, and the recycle of water

in the case of dissolution kinetics test which is unlikely at the dump. This observed

difference makes the up-flow percolation test a good tool to predict the leaching of

species from the ash disposal scenarios.

The concentrations of the species released from the fly ashes from both dissolution

kinetic test and up-flow percolation test were low when compared to their total

concentrations in the fly ashes. This observation affirms that the amounts of some

species leached out of fly ash is independent of their total concentrations in the fly

ashes when the pH of the ash system is high rather on the mineral solubility in the fly

ash/water systems. The release of the trace elements such as Mn, Co, Ni, Cu, V, Zn,

Cd, and major elements like Mg, Na, K, Cl and S04 in leachates were found to be

within the target water quality range (TWQR) of the Department of Water Affairs and

Forestry's (DWAF) guidelines for domestic water use. The concentrations of some

species such as As, Se, Hg, Ca, Al and Pb in leachates were slightly higher than the

TWQR. However, the fact that the concentrations of some species in the leachates are

slightly higher than the target water quality range (TWQR) of DWAF could signal the

possible cumulative negative impacts of the fly ash disposal on the environment over

time if proper design of the disposal scenario is not considered.
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6.6 The significance of the study

The results of different experiments and analysis carried out on the two South African

fly ashes (Secunda and Tutuka fly ashes) showed that, despite the high concentrations

of soluble species or leachable elements in the fly ashes, the leaching of major, minor

and trace elements into the soils and the groundwater could be minimized if certain

conditions such as avoiding acidic precipitation that could reduce the pH of the ash

system are adhered to.

The leaching trends of the species and the geochemical modelling data also showed

that the formation of secondary mineral phases could reduce the release of toxic

elements, the release of which would require aggressive low pH leachants, high flow

rate, high recharge and long-term leaching for the dissolution of the formed mineral

phases.
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In conclusion, the combination of the leaching tests employed in this study gives

information on the leaching behaviour of the Secunda and Tutuka fly ashes and the

factors controlling the leaching of the elements from the fly ashes. This study has

been able to show that elements are leached out of the fly ashes at both alkaline and

acidic pH. It is also revealed in the study that the disposal techniques employed by the

coal-fired stations which were simulated by the dissolution kinetics and up-flow

percolation tests are adequate methods for modelling of the ash disposal scenario.

These two methods show that the dry disposal system at Tutuka will encourage

equilibration of the ash/water system thereby facilitating the precipitation of mineral

phases that could control the release of both major and minor species from the fly ash,

whereas the wet ashing system at Secunda may expose the ash to sufficient flow to

rapidly leach species out into the environment.

6.7 Recommendations

It is therefore recommended that the pH of the ash system is maintained at alkaline

levels with low or minimal flows through the ash to allow the formation of secondary

mineral phases which should reduce the leaching of the toxic elements from the fly

ash at the disposal sites. Excessive flow through the ash dump should be avoided, and
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ash handling systems would need careful consideration of long term impacts on the

environment.

6.8 Recommendations for future study

Apart from the experiments and analyses carried out on the fly ashes, there is a need

for more research in future to better understand the behaviours of the ashes on the

dump in terms of the leachate compositions and their effect on the environment. The

recommended future works include the following:

• Due to the complexity of the mineralogy of the fly ashes, it is recommended

that more analysis be done on the mineral compositions of both fresh and

reacted fly ashes using different analytical techniques such as QEMSCAN to

fully understand the mineral transformation in the fly ash.

• Apart from the PHREEQC modelling, other experiments and analyses need to

be done on the fly ash residues from both dissolution kinetics and up-flow

percolation tests in order to identify the species that are involved in the

mineral formations.

• It is also recommended that, apart from laboratory scale tests carried out on

the fly ashes, field pilot scale study (lysimeter) needs to be done at the disposal

site to simulate the real natural exposure condition of the fly ashes.
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Appendices

APPENDICES

Secunda fl y ash Tutuka fly ash

Size (urn) (Volume in %) (Volume in %)

1.905 0.15 0.12

2.188 0.29 0.24

2.512 0.45 0.38

2.884 0.6 0.51

3.311 0.77 0.65

3.802 0.93 0.79

4.365 1.11 0.94

5.012 1.30 1.11

5.754 1.52 1.3

6.607 1.74 1.5

7.586 1.98 1.73

8.710 2.23 1.97

10.000 2.48 2.23

11.482 2.72 2.48

13.183 2.95 2.75

15.136 3.16 3

17.378 3.35 3.26

19.953 3.53 3.52

22.909· 3.68 3.77

26.303 3.82 4.03

30.200 3.94 4.29

34.674 4.05 4.55

39.811 4.16 4.8

45.709 4.24 5.03

Appendix A: Particle size distribution of Secunda and Tutuka fresh fly ashes

Table Al: Particle size distribution table showing the volume in % of different

particle sizes of Secunda and Tutuka fresh fly ashes
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Appendices

Table Al: Continued.

Secunda fly ash Tutuka fly ash

Size (urn) (Volume in %) (Volume in %)

52.481 4.30 5.2

60.256 4.33 5.29

69.183 4.30 5.27

79.433 4.20 5.11

91.201 4.03 4.81

104.713 3.79 4.38

120.226 3.48 3.84

138.038 3.13 3.22

158.489 2.75 2.59

181.970 2.37 1.97

208.930 2.02 1.42

239.883 1.68 0.9

275.423 1.39 0.45

316.228 1.12 0.21

363.078 0.87 0.15

416.869 0.62 0.11

478.630 0.38 0.07

549.541 0.08 0.02
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Appendices

Appendix B: Acid consumption of Secunda and Tutuka fly ashes

Table Bl: Acid consumption capacity of Secunda fly ash

Vol. (ml) of 2M HN03 Final pH EC (mS/cm) TDS (ppt)

12.48 9.16 4.80

7.4 11.29 10.33 5.37

9.1 10.68 11.78 6.11

12.7 9.58 15.41 7.99

14.0 8.78 16.69 8.66

15.5 7.25 18.14 9.43

16.80 5.83 19.46 >10.00

17.50 4.77 >20.00 >10.00

Table B2: Acid consumption capacity of Tutuka fly ash

Vol. (ml) of 2M HN03 Final pH EC (mS/cm) TDS (ppt)

12.34 6.39 3.32

3.2 11.83 6.51 3.39

5.4 10.73 7.87 4.09

6.8 9.59 9.37 4.86

9.2 8.12 12.21 6.34

9.8 7.30 12.94 6.72

10.0 6.31 13.11 6.81

10.5 5.46 13.16 7.63

11.5 4.36 14.74 7.65
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Appendices

Tutuka fly ash

Table DS: Minimum and maximum concentrations (mmolIL) of species from the

leachates of Secunda and Tutuka fly ashes as a function of reaction time In

comparison with DWAF's target water quality range (TWQR) for domestic water use

(mmol/L)

Secunda fly ash

Element Min value Max value

DW AF's (TWQR)

Min value Max value Domestic water use

Li
Be
B
AI
Si
Ti
V
Cr
Mn
Fe
Co
Ni
Cu
Zn
As
Se
Sr
Mo
Cd
Ba
Hg
Pb
Ca
K
Mg
Na
Cl
S04

0.0667 0.1264
0.00002 0.00005
0.008 0.115

0.00029 0.115
0.0211 0.1803
0.023 0.053

0.000021 0.00015
0.00051 0.0087

0.000019 0.00022
0.000041 0.0085
5.00E-06 0.00002
0.000011 0.0002
0.000023 0.0016
0.00024 0.013
1.70E-06 0.000034
0.000015 0.00039

0.375 1.142
0.00014 0.00089

0.0000011 0.000017
0.021

4.9E-08
0.000014

13.02
0.027

0.000103
0.241

0.00169
0.005

0.126
0.000007
0.00035

29.89
0.37

0.0101
0.867
0.878
1.108

0.035 0.134
0.000019 0.00012
0.00336 0.125 0.046
0.00148 0.231 0.0056

0.053 0.221
0.0126 0.0441

0.0000394 0.000202 0.00196
0.00071 0.0267

0.000014 0.000111 0.00091
0.00049 0.0055 0.0018

0.000013 0.000054 0.00085
0.000016 0.000253 0.00034
0.000017 0.00239 0.016
0.0005 0.034 0.046

6.00E-06 0.000086 1.30E-07
9.00E-06 0.00032 2.50E-07

0.11 0.39
0.00049 0.0019 0.00052
1.30E-06 0.000034 0.000044
0.0095 0.044
4.5E-08 0.0000048

0.000016 0.00053
4.90E-09
4.80E-08

6.34
0.039

0.00078
0.156
0.0028
0.022

26.18
0.428

0.0065
0.957
0.86
2.22

0.8
1.28
1.23
4.35
2.82

2.083
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Table D6: Minimum and maximum concentrations (mmolIL) of species from the

leachates of Secunda and Tutuka fly ashes as a function of LIS ratios in comparison

with DWAF's target water quality range (TWQR) for domestic water use (mmolIL)

Secunda fly ash Tutuka fly ash OWAF's (TWQR)

Element Min value Max value Min value Max value Domestic water use

Li 0.0215 2.961 0.013 1.53
Be 0.000035 0.00014 3.50E-06 0.00012
B 0.0039 0.141 0.0027 0.086 0.046
AI 0.019 0.083 0.03 0.14 0.0056
Si 0.047 0.26 0.024 0.42
Ti 0.028 0.053 0.0035 0.034
V 8.00E-06 0.00015 0.000032 0.0021 0.0019
Cr 0.00049 0.0025 0.00046 0.0073
Mn 6.00E-06 0.00018 8.20E-06 0.000095 0.00091
Fe~ 0.00039 0.0078 0.00046 0.011 0.0018
Co 1.80E-06 0.000039 0.0000025 0.000076 0.00085
Ni 0.000012 0.00024 0.000012 0.00033 0.00034
Cu 0.00014 0.021 0.000054 0.021 O.
Zn 0.00072 0.0094 0.0012 0.016 0.046
As 9.00E-07 0.00005 6.59E-06 0.000081 1.30E-07
Se 4.70E-08 0.00025 6.56E-06 0.00014 2.50E-07
Sr 0.089 11.29 0.0202 3.96
Mo 0.000051 0.00067 0.00013 0.00089 0.00052
Cd 6.00E-07 0.000015 2.0IE-06 0.000016 0.000044
Ba 0.0081 0.76 0.00073 0.29
Hg 6.00E-08 3.80E-06 9.33E-08 4.23E-06 4.90E-09
Pb 0.00008 0.007 0.000021 0.0045 4.80E-08
Ca 17.86 26.2 2.031 17.21 0.8
K 0.061 1.26 0.062 3.19 1.28
Mg 0.00021 0.0092 0.00041 0.0029 1.23
Na 0.097 10.97 0.059 7.58 4.35
Cl 0.027 0.36 0.0068 0.72 2.82
S04 0.00197 0.0845 0.039 0.19 2.083
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Appendix E: Saturation indices calculated using PHREEQC and MINTEQ database

for the dissolution kinetics and up-flow percolation leachates.

Table EI: Summary of saturation indices (SI) for the mineral phases controlling the

concentrations of species in the leachates of Secunda fly ash for dissolution kinetics

test

Phase 4d 5d

AI(OH)3(am)
AI203
Anhydrite (CaS04)
Ba(OH)2:8H20
Ba3(As04)2
BaCr04
Barite (BaS04)
BaSe04
Birnessite (Mn02)
Bix.byite
Boehmite (AIOOH)
Brucite Mg(OH)2
Bunsenite (NiO)
Ca2V207
Ca3(As04)2:4H20
CaMo04
CaSe04:2H20
Celestite (SrS04)
Chalcedony (Si02)
Chrysotile
Cu(OH)2
Cupricferrite (CuFe204)
Cuprousferrite (CuFe02)
Diaspore (AIOOH)
Fe(OH)2
Fe(OH)2.7CI.3
Ferrihydrite [Fe(OH)3]
Gibbsite [AI(OH)3]
Goethite (FeOOH)
Gypsum (CaS04:2H20)
Hausmannite
Hematite

Maghemite «Fe203)
Magnesioferrite
Magnetite (Fe304)
Manganite (MnOOH)
Mg(OH)2(active)
Ni(OH)2
Nsutite (Mn02)
Pb(OH)2
SrSe04
BaSe04
PbMo04
Periciase (MgO)
Portlandite [Ca(OH)2]
Pyrochroite [Mn(OH)2]
Sepiolite (Mg2Si307.50H:3H20)
Si02(am-gel)
Zincite
Zn(OH)2

30min

-5.8
-9.61
-1.36
-4.58
17.5

-1.34
1.26

-11.11
4.66
13.42
-3.57
1.63
-1.9

-5.19
-4.77
-0.65
-5.99
-0.84
-4.13
7.75
-1.79
7.13
5.11
-1.88

-14.06
1.33

-0.08
-3.3
2.61
-1.11
16.78
7.63
-0.29
7.85
2.38
5.95
-0.42
-2.25
5.25
-1.41
-6.35
-0.76
-9.08
-3.08
0.05
-0.24
-1.92
-4.97
-2.51
-2.7

Ih

-5.72
-9.47
-1.34
-4.51
17.62
-1.26
1.32

-4.36
4.43
12.85
-3.49
1.28

-2.08
-5.31
-4.76
-0.63
-5.84
-0.79
-4.13
6.76
-1.86
6.52
4.78
-1.79

-14.25
1.05

-0.35
-3.21
2.35
-1.1

16.35
7.1

-0.76
6.97
1.63
5.87
-0.72
-2.43
5.02
-1.56
-6.17
-0.83
-9.22
-3.44
0.06
-0.39
-2.58
-4.97
-2.43
-2.87

2h

-5.98
-9.98
-1.33
-4.47
17.56
-1.21
1.37

-4.42
4.64
13.3

-3.75
1.19

-2.65
-5.71
-4.96
-0.66
-5.94
-0.77
-4.04
6.62
-2.15

4
3.34
-2.06

-15.46
-0.08
-1.46
-3.48
1.23

-1.08
16.64
4.86
-3.05
4.64
-1.79
5.92
-0.86

-3
5.22
-1.69
-6.26
-1.12
-9.39
-3.52
0.08
-0.31
-2.52
-5.63
-2.8

-3.95

4h 7h IOh

-5.49
4.07
11.71
-4.16
1.51

-2.22
-5.87
-4.77
-0.57
-7.06
-1.23
-4.07
7.71
-1.96
6.47
4.69
-2.44

-14.03
1.02

-0.32
-3.85

12h

-6.37
-10.83
-1.75
-4.23
17.79
-0.99
1.01

2.4
-1.49
15.96
7.18
-0.51
7.23
1.83
5.96
-0.35
-2.56
4.66
-1.68
-7.43
-0.94
-9.44
-3.26
0.19
-0.55
-1.87
-4.79
-2.3
-2.5

2d

-5.73
-9.54
-2.68
-4.01
18.48
-1.36
0.28
-5.21
4.16
11.85
-3.51
1.45

-2.13
-5.7

-4.66
-0.71
-6.98
-2.07
-4.12
7.46
-1.63
7.19
5.21
-1.79
-13.8
1.18

-0.12
-3.2
2.59
-2.42
16.36
7.58
-0.1
7.56
2.44
6.13
-0.38
-2.48
4.75
-0.95
-7.25
-0.61
-8.86
-3.32
0.21
-0.41
-2.12
-5.03
-2.77
-2.63

3d

-5.4
-8.89
-2.77
-3.88
19.16
-1.29
0.32
-4.92
4.61
12.74
-3.18
1.95

-2.05
-4.75
-4.39
-0.79
-6.83
-2.13
-4.05
9.1

-1.51
7.54
5.45
-1.46

-13.68
1.24

o
-2.87
2.71
-2.51
17.7
7.81
0.14
8.3
2.8

6.57
0.12
-2.39

5.2
-1.01
-7.07
-0.49

-9
-2.82

0.2
0.03
-0.91
-3.81
-2.67
-2.98

-5.34
-8.76
-2.82
-3.87
18.79
-1.32
0.3

-4.92
4.25
12.05
-3.12

-5.96
-9.95
-2.82
-4.02
18.82
-1.39
0.26
-4.95
4.52
12.98
-3.74
1.24

-1.98
-6.05
-4.82
-0.86
-6.85
-2.18
-4.1
6.69
-2.01
6.28
4.54
-2.04

-14.37
0.8

-0.39
-3.46

-6.17
-10.41
-1.3

-5.43 -6.32
-8.95 -10.72
-1.32 -1.64
-4.33 -4.3
17.71 17.67
-1.09 -1.03
1.33 1.06
-4.7 -11.13
4.39 4.22
12.33 12.09
-3.22 -4.1
1.89 1.54

-2.25 -2.05
-5.07 -5.82
-4.53 -4.75
-0.53 -0.55
-6.18 -6.99
-0.9 -1.16

-4.08 -4.06
8.85 7.78
-1.65 -1.88
7.25 6.84
5.24 4.9
-1.5· -2.39

-13.76 -13.94
1.26 1.09

-0.08 -0.17
-2.91 -3.81
2.63 2.53
-1.06 -1.39
17.02 16.22
7.66 7.47
-0.02 -0.27
8.08 7.55
2.57 2.23
6.34 6.01
0.05 -0.35
-2.59 -2.39
4.98 4.81
-1.74 -1.66
-6.63 -7.39
-0.63 -0.86
-9.46 -9.4
-2.88 -3.22
0.19 0.19
-0.19 -0.46
-1.13 -1.8
-4.04 -4.76

-2.58
-2.93

1.63
-2.26
-5.91
-4.84
-0.8

-6.85
-2.15
-4.07
8.09
-1.89
6.65
4.81
-1.4

-13.96
I

-0.26
-2.82
2.45
-2.56
16.54
7.29
-0.4
7.46
2.01
6.17
-0.22
-2.6
4.83
-1.66
-7.07
-0.87
-9.64
-3.14
0.19
-0.35
-1.61
-4.53
-2.68
-2.8

2.3
-2.58
16.32
7.01
-0.88
6.84
1.43
5.85
-0.78
-2.33

5.1
-1.67
-7.09
-0.98
-9.64
-3.48
0.14
-0.42
-2.56
-4.93
-2.5
-2.7

-4.4
17.46
-1.2
1.31

-4.65
4.08
11.83
-3.95
1.36

-2.26
-5.56
-4.67
-0.56
-6.08
-0.91
-4.11
7.16
-1.84
6.11
4.57
-2.24

-14.32
0.74
-0.56
-3.65
2.15
-1.05
15.84
6.69
-1.04

6.6
1.08
5.87
-0.53
-2.61
4.67
-1.69
-6.56
-0.81
-9.42
-3.4
0.18
-0.58
-2.3

-5.26
-2.73
-2.9
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Table El: Continued

Phase Mk!7~ 9~ IOd Ild lSd Ilki 20d 30d 40d SOd

AI(OH)3(.un)
,\1203
Anhydrite (CaS04)
B,(OH)HH20
Ba3(As04)2
BaCr04
Barite (83504)
BaSc04
Birnessite (Mn02)
Bixbyitc
Boehmite (AIOOH)
Brucite Mg(OH)2
Bunscmtc (NiO)
Ca2V207
C,3('\s04)NH20
CaMo04
CaSc04:2H20
Celestite (SrS04)
Chalcedony (Si02)
Cbrysonlc
Cu(OH)2
Cupricferme (CuFc204)
Cuprousfcrritc (CuFe02)
Diaspore (AIOOH)
Fe(OH)2
Fc(OH)2.7CI.3
Ferrihydrhc I Fc(OH)3)
Gibbsite (AI(OH)3)
Goethite (FcOOH)
Gypsum (CaS04:2H20)
Hausmannitc
Hematite
Magheruite «Fc203)
Magncsiofcrrirc
Magnetite (Fc304)
Manganitc (MnOOH)
Mg(OH)2(activc)
N;(OH)2
Nsutitc (Mo02)
Pb(OH)2
SrSc04
BaSc04
PbM«)4
Perlelase (MgO)
Ponlandito (Ca(OH)21
Pyrochrouc (Mn(OH)2j
Sepiolite (Mg2Si307.50H:3H20)
Si02(am-gcl)
Zincho
Zn(OH)2

-H7
-9.7R
-2.66
-3.89
19.05
-1.29
0.48
-4.98
4.5

12.82
-3.65
1.41
-2.06
-HI
-4.75
-0.81
-6.94
-1.98
-3.99
7.46
-2.06
6.75
4.75
-1.94

-14.05
1.19
-0.13
-3.36
2.57
-2.41
16.5
7.54
-0.3
7.52
2.25
5.98
-0.57
-2.41
5.09
-1.62
-7.14
-1.03
-9.6
-3.32
0.19
-0.37
-1.88
-4.92
-2.57
-2.7

-5.72
-9.48
-2.65
-3.81
19.01
-1.19
0.52
-4.74
4.41
12.59
-3.49
1.34
-2.37
-5.91
-4.86
-0.8

-6.73
-1.95
-4.05
7.11
-1.88
5.94
4.4

-1.79
-14.58
0.54
-0.63
-3.21
2.07
-2.4

16.12
6.54
-1.29
6.45
0.73
5.86
-0.64
-2.72

5
-1.69
-6.91
-0.85
-9.72
-3.39
0.25
-0.52
-2.22
-5.27
-2.72
-2.9

-5.88
-9.77
-2.66
-3.98
19.11
-1.27
0.51
-4.93
4.61
13.25
-3.65
1.39

-2.04
-5.89
-4.81
-0.87
-6.92
-1.97

-4
7.33
-1.85
6.54
4.76
-1.95

-14.32
0.89
-0.34
-3.38
2.35
-2.42
16.62
7.1
-0.8
7.09
1.58
5.92
-0.64
-2.4
5.2

-1.53
-7.11
-0.82
-9.46
-3.32
0.1

-0.31
-1.98
-4.84
-2.3
-2.5

-5.38
-8.77
-2.R7
-3.92
19.28
-I.OX
0.38
-4.97
4.75
13.6
-3.15
1.57
-1.91
-5.18
-4.89
-0.84
-7.03
-2.11
-3.89
8.05
-1.4
7.08
5.25
-1.46

-14.34
0.83
-0.3

-2.89
2.39
-2.63
16.85
7.18
-0.76
7.36
1.67
5.95
-0.5

-2.26
5.34
-1.44
-7.15
-0.36
-9.34
-3.13
0.09
-0.23
-1.32
-4.73

-2.7

-5.28
-8.62

-4.02
19.43
-1.16

-4.61
4.32
12.67
-3.06
0.83
-1.83
-5.42
-4.87
-0.96
-6.75

-3.3
7.11
-1.32
8.26
6.01
-1.36
-13.49

0.25
-2.77
2.95

16.66
8.31
0.5
7.7
3.56
6.02
-1.12
-2.18
4.91
-1.24
-6.76
-0.29
-9.05
-3.91
-0.12
-0.23
-0.97
-3.99

186

-5.28
-8.61

-3.92
19.4
-1.2

-4.59
4.18
12.34
-3.05
0.96
-1.92
-5.67
-5.03
-1.01
-6.77

-3.36
7.39
-0.64
8.55
6.46
-1.35

-13.71

0.06
-2.77
2.76

16.13
7.92
0.12
7.45
2.96
5.86
-0.99
-2.27
4.77
-0.69
-6.73
0.39
-8.62
-3.7R
-0.07
-0.43
-0.88
-3.9

-2.38
-2.5

-5.04
-8.13

-J.n
19.63
-1.32

-4.63
4.41
12.88
-2.82
0.69
-1.86
-5.78
-4.96
-1.11
-6.85

-3.31
6.64
-1.62
7.89
5.64
-1.12
-13.59

0.22
-2.54
2.92

16.65
8.24
0.39
7.5

3.41
5.98
-1.29
-2.21

5
-0.54
-6.78
-0.59
-8.54
-4.04
-0.09
-0.25
-1.3

-4.36
-2

-2.2

-4.87
-7.77

-4.09
19.73
-1.2

-4.6
4.4
13.1
-2.65
0.84
-1.75
-5.58
-4.94
-1.08
-6.84

-3.23
7.23
-0.83
9.19
6.77
-0.95

-13.32

0.47
-2.37
3.16

16.75
8.73
0.85
8.16
4.21
5.94
-1.18
-2.11
4.99
-0.46
-6.77
0.21
-8.25
-3.88
-0.28
-0.16
-0.77
-3.85

-4.91
-7.84

-3.96
19.9

-1.14

-4.54
4.6
13.4

-2.68
0.83
-1.57
-5.64
-4.89
-1.11
-6.83

-3.24
7.16
-1.18
8.72
6.3

-0.98
-13.42

0.41
-2.41
3.11

17.15
8.62
0.74
8.03
3.99
6.09
-1.19
-1.92
5.19
-0.77
-6.72
-0.15
-8.67
-3.89
-0.19
-0.06
-0.84
-3.92
-2.75
-3.2

-4.28
-6.6

-4.43
20.29
-1.13

-4.58
4.51
13.73
-2.06
0.68
-1.48
-5.24
-4.75
-1.11
-6.95

-2.%
7:19
0.17
11.63
8.69
-0.36

-12.39

1.2
-1.78
3.89

17.89
10.18
2.3

9.45
6.58
6.25
-1.34
-1.83
5.1

0.47
-6.74

1.2
-6.87
-4.04
-0.74
0.35
-0.27
-3.36
-2.01
-2.2

-4.49
-7

-4.71
-3.97
20.38
-1.18
-1.11
-4.95
4.31
12.88
-2.26
0.83
-I.R

-5.73
-4.8

-1.48
-7.37
-3.52
-4.13
5.4

-0.79
8.95
6.65
-0.56

-13.47
1.09
0.34
-1.99
3.03
-4.46
16.4
8.46
0.58
7.88
3.78
5.83
-1.18
-2.15
4.9

-0.43
-7.06
0.25
-8.55
-3.89
-0.33
-0.29
-3.49
-6.58
-I.R

-2.23

-4.48
-7

-4.06
-4.16
17.84
-0.13
-0.63
-4.67
4.39
13.07
-2.26
-0.26
-1.97
-5.33
-6.84
-1.24
-6.92
-2.88

-4.75
-7.53
-3.08
-4.4

17.29
-1.03
0.27
-5.09
3.85
12.11
-2.53
3.71
-2.7

-6.36
-7.15
-1.5

-7.26
-1.88
-4.04
14.23
-1.11
7.06
5.61
-0.83

-14.19
0.3

-0.46
-2.25
2.24
-2.83
15.31
6.88
-I

9.18
1.47
5.44

-3.7
2.97
-0.55
9.7R
7.2

-0.56
-13.16

1.55
0.63
-1.98
3.32
-3.81
16.71
9.05
1.17
7.37
4.68
5.92
-2.28
-2.32
4.97
-0.11
-6.62
0.48
-7.97
-4.98
-0.35
-0.17
-3.26
-4.54

1.7
-3.05
4.44
-0.82
-6.94
-0.07
-8.79

-I
-0.51
-0.61
2.55
-0.53

-1.1 -2.09
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Table E2: Summary of saturation indices (SI) for the mineral phases controlling the

concentrations of species in the leachates of Tutuka fly ash for dissolution kinetics test

4dPhase 5d

AI(OH)3(am)
AI203
Anhydrite (CaS04)
Ba(OH)2:8H20
Ba3(As04)2
Ba3(V04)2:4H20
BaCr04
BaMo04
Barite (BaS04)
BaSe03
BaSe04
Birnessite (Mn02)
Boehmite (AIOOH)
Brucite Mg(OH)2
Bunsenite (NiO)
Ca3(As04)2:4H20
Ca3(V04)2
Ca3(V04)2:4H20
CaCr04
CaMo04
CaSe04:2H20
Celestite (SrS04)
Chalcedony (Si02)
Chrysotile
Co(OH)2
Co(OH)3
Cristobalite
Cu(OH)2
Cupricferme (CuFe204)
Cuprousferrite (CuFe02)
Diaspore (AIOOH)
Fe(OH)2
Fe(OH)2.7CI.3
Ferrihydrite IFe(OH)31
Gibbsite [AI(0H)3]
Goethite (FeOOH)
Gypsum (CaS04:2H20)
Hematite
Maghemite «Fe203)
Magnesioferrite
Magnetite (Fe304)
Manganite (MnOOH)
Mg(0H)2(aetive)
Ni(OH)2
Nsutite
Pb(OH)2
Periciase (MgO)
Portlandite ICa(OH)21
Pyrochroite [Mn(OH)2]
Sepiolite (Mg2Si307.50H:3H20)
Si02(am-ppt)
SrCr04
SrSe04
Zincile
Zn(OH)2
ZnO(aclivc)

30rnin

-5.51
-9.03
-13.6

-5.6
-9.22
-1.19
-4.91
17.09
-7.08
-1.49
-4.71
1.24

-11.02
-4.77
4.4

-3.37
1.3

-2.08
-4.59
-3.4

-4.47
-5.69
-0.54
-6.02
-1.1

-3.83
7.41

-7.08
-1.58
-4.8
1.17

-11.2
-4.77
4.48
-3.28
1.23

-2.01
-4.52
-3.18
-4.34
-5.71
-0.58
-5.97
-1.15
-3.79
7.27

-3.99
-1.61
7.32
5.35
-1.58
-14
1.09

-0.07
-3.01
2.61
-0.97
7.64
-0.28
7.47
2.45
5.83
-0.82
-2.36
5.07
-1.35
-3.47
-0.13
-0.3

-1.66
-4.59
-5.54
-6.79
-2.18
-3.13
-2.04

-4.03
-2.01
7.06
5.02
-1.67

-13.88
1.24

o
-3.1
2.69
-0.95
7.79
-0.09
7.68
2.71
5.85
-0.72
-2.43
4.99
-1.45
-3.42

Ih

-0.1
-0.34
-1.65
-4.64
-5.47
-6.81
-2.12
-3.04
-1.98

2h

-5.87
-9.76
-1.11
-4.83

-1.35
-4.63
1.35

-11.3
-4.74
4.63
-3.64
1.64

-1.96
-4.54
-3.47
-4.65
-5.57
-0.5

-6.02
-0.99
-3.78
8.49

-3.98
-1.94
6.76
4.87
-1.95
1.05

-0.19
-3.38

2.5
-0.86
7.41
-0.52
7.65
2.06
5.91
-0.42
-2.31
5.21
-1.44
-3.06
-0.03
-0.26
-0.84
-4.59
-5.33
-6.78
-1.98
-2.93
-1.83

411

-5.91
-9.88
-1.08
-4.75

-6.95
-1.24
-4.56

1.4
-10.58
-4.89
4.33

1.39
-2.01
-4.38
-3.6

-4.44
-5.52
-0.43
-6.19
-0.95
-3.79
7.84

-3.99
-1.68
6.87
5.11
-1.98

-13.99
0.92
-0.26
-3.4
2.45
-0.83
7.29
-0.48
7.24
2.03
6.09
-0.53
-2.36
4.92
-1.52
-3.36
-0.03
-0.24
-1.31
-4.6

-5.26
-6.95
-2.62
-3.46
-2.47

187

7h

-5.39
-8.85
-1.01
-4.79

-6.53
-1.15
-4.53
1.48

-10.19
-5

4.17
-3.17
1.61

-2.18
-4.24
-3.33
-3.99
-5.45
-0.4

-6.31
-0.85
-3.65
8.87

-3.85
-1.68
7.49
5.47
-1.45

-13.53
1.32
0.05
-2.86
2.77
-0.75
7.92
0.23
8.08
3.07
6.19
-0.24
-2.53
4.75
-1.61
-3.16
-0.1

-0.19
-0.39
-4.46
-5.15
-7.02
-2.54
-3.33
-2.39

10h

-6.35
-10.77
-1.04
-4.82
17.13
-7.04
-1.12

1.39
-11.02
-5.61
3.93
-4.13
1.42

-2.16
-4.46

-0.38
-6.86
-0.89
-3.75
8.05

-1.94
6.48
4.8

-2.41
-13.97
0.94
-0.32
-3.83
2.39
-0.79
7.17
-0.56
7.13
1.89
5.84
-0.46
-2.51
4.52
-1.67
-3.34
-0.06
-0.53
-1.1

-7.59
-2.61
-3.42
-2.46

12h

-6.49
-11.05
-1.01
-4.72
17.13
-6.93
-1.04
-4.51
1.44

-10.88
-5.53
4.01
-4.27
1.42

-1.88
-4.51
-3.59
-4.26
-5.3

-0.33
-6.8

-0.85
-3.8
7.97

-2.01
6.77
4.89
-2.55

-13.79
1.18

-0.14
-3.97
2.57
-0.75
7.53
-0.17
7.49
2.43
5.96
-0.45
-2.23
4.6

-1.74
-3.35
0.02
-0.47
-1.24
-4.61
-5.01
-7.52
-2.72
-3.52
-2.57

2d

-6.22
-10.53
-1.02
-4.76
16.98
-7.07
-1.04
-4.49
1.37

-10.65
-5.38
4.06

-4
1.43

-1.98
-4.48
-3.59
-4.23
-5.24
-0.26
-6.59
-0.81
-3.88
7.85

-4.08
-1.62
7.29
5.34
-2.29
-13.7

1.2
-0.08
-3.7
2.63
-0.77
7.66
-0.03
7.63
2.63
6.06
-0.42
-2.33
4.65
-1.05
-3.34
0.02
-0.39
-1.46
-4.69
-4.9

-7.26
-2.6

-3.38
-2.45

3d

-5.93
-9.96
-1.57
-4.65

-6.8
-0.86
-4.29
1.03

-10.07
-5.3
3.88
-3.72
1.56

-2.05
-4.44
-4.06
-4.53
-5.28
-0.25
-6.72
-1.14
-3.87
8.31

-4.07
-1.55
7.06
5.31
-1.99
-13.7
1.16

-0.23
-3.4
2.49
-1.31
7.38
-0.24
7.44
2.3

6.14
-0.23
-2.39
4.47
-1.32
-3.24
-0.1

-0.37
-1.15

-4.72
-7.17
-2.08
-2.81
-1.93

-4.81
-7.71
-2.83
-4.31

-4.92
-7.87
-3.05
-4.54

-6.64
-1.39
-4.25
0.17

-10.65
-5.42
3.99
-2.6
1.44

-2.04
-4.64
-4.44
-5.1
-6.2

-0.63
-7.24
-2.26
-3.75
8.14

-4.32
-0.07

-11.68
-5.47
4.34
-2.69
1.07

-1.96
-4.83
-4.6

-5.71
-6.11
-0.7

-7.27
-2.47
-3.66
7.07

-3.95
-1.84
7.19
5.22
-0.88

-13.62
1.27

-0.02
-2.29
2.69
-2.58
7.78
0.09
7.76
2.84

6
-0.41
-2.39
4.58
-1.53
-3.33
-0.14
-0.41
-1.05
-4.57
-5.5

-7.55
-2.05
-2.84
-1.9

-3.86
-1.86
6.87
5.06
-I

1.06
-0.17
-2.42
2.52
-2.8
7.45
-0.44
7.12
2.25
5.81
-0.96
-2.31
4.93
-1.28
-3.64
-0.28
-0.3

-1.58
-4.46
-5.41
-7.57
-2.18
-3.11
-2.04
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Table E2: Continued

Phase 60<1

AI(OH)~(arn)
AI203
Anhydrite (CaS04)
1l,(OH)2:8H20
BaJ(As04)2
Ba3(VOl)2:4H20
BaCr04
BaMo04
Barite (BaS04)
BaSc03
BaScO-l
Birnessite (Mn02)
Boehmite (AIOOH,
Brucite Mg(OH)2
Bunscnilc(NiO)
C,3(As04)2:4H20
C,3(V04)2
Ca3(V04)2:4H20
CaCr04
CaMo04
Ca5c04:2H20
CCICSlilc (SrS04)
Chalcedony (Si02)
Ctrryscnlc
Co(OH)2
Co(OH)3
Cnsrobuluc
Cu(OH)2
Cupricfcrntc (CuFc204)
Cuprousfcrritc (CuFc02)
Diaspore (AIOOH)
Fc(OH)2
Fc(OH)2.7CI.3
Fcrtihydritc (Fc(OH)3)
Gibbsite (AI(OH)31
Goethite (FeOOH)
Gypsum (CaS04:2H20)
Hematite
Maghcmitc «Fc203)
Magncsiofcrritc
Magnetite (Fc304)
Mangauite (MnOOH)
Mg(OH)2(activc)
Nó(OH)2
Nsumc
Pb(OH)2
Perielase (MgD)
Portlanditc (Ca(OH)2(
Pyrochrohc (Mn(OH)2(
Sepiolite (Mg2Si307.50H:3H20)
Si02(am-ppl)
SrC<04
SrSc04
Zincito
Zn(OH)2
Znor,)

6d

-4.Y3
-7.8Y
-2.Y4
-4.37

-1.57
-4.36
0.09

-11.65
-5.66
4.25
-2.7
1.33
-2.03
-4.&2
-4.55
-5.54
-6.38
-0.78
-7.51
-2.33
-3.66
7.86

-3.86
-1.21
7.52
5.69

-1
-13.%

1.04
-0.17
-2.42
2.53
-2.7
7.46
-0.38
7.37
2.26
5.84
-0.65
-2.38
4.84
-1.03
-3.4

-0.17
-0.36
-1.07
-4.47
-5.64
-7.78
-2.16
-3.05
-2.01

7d

-4.82
-7.69
-2.72
-4.33

-6.31
-1.57
-4.38
0.34
-11.5
-5.53
4.17
-2.6
1.31

-2.15
-4.9
-4.6

-5.57
-6.41
-0.83
-7.41
-2.1

-3.72
7.69

-3.92
-2.22
6.12
4.47
-0.9

0.85
-0.37
-2.32
2.33
-2.47
7.ry,
-0.77
6.95
1.66
5.77
-0.67
-2.5
4.76
-1.5

-3.42
-0.17
-0.46
-1.28
-4.53
-5.66
-7.66
-2.28
-3.16
-2.13

8d

-4.76
-7 .5.~
-2.Yl
-4.53

-6.45
-1.53
-4.37
0.16

-11.77
-5.54
4.35
-2.53
1.14

-1.93
-4.83
-4.65
-5.79
-6.36
-0.84
-7.43
-2.27
-3.61
7.35
-2.81
11.13
-3.81
-1.94
7.31
5.27
-0.84

-13.74
1.3

0.08
-2.26
2.77
-2.67
7.95
0.04
7.69
3.02
5.8
-0.9

-2.28
4.94
-1.2

-3.57
-0.36
-0.25
-1.32
-4.42
-5.6

-7.67
-2.08
-3.02
-1.94

Yd

-4.57
-7.16
-2.65
-4.5

-6.13
-1.47
-4.33
0.42

-11.87
-5.55
4.46
-2.34
1.22
-1.7

-4.86
-4.32
-5.49
-6.3

-0.81
-7.45

-2
-3.63
7.54

-3.83
-1.08
8.03
6.05
-0.65

-13.84
1.28
0.D2
-2.08
2.7

-2.41
7.82
-0.11
7.64
2.7Y
5.86
-0.84
-z.os
5.05
-1.09
-3.48
-0.32
-0.18
-1.22
-4.44
-5.54
-7.68
-2.12
-3.07
-1.97

((Jd

-5.4
-8.8

-2.88
-2.73
19.59
-2.28
-0.32
-3.44
1.35

-11.51
-4.43
4.88
-3.17
1.59

-2.13
-7.52
-3.88
-5.11
-6.2Y
-1.07
-7.47
-0.94
-3.52
8.85
-3.18
-3.49
-3.72
-0.61
8.89
6.39
-1.48

-14
1.37
0.21
-2.91
2.89
-2.64

8.2
0.25
8.4

3.03
5.89
-0.48
-2.48
5.47
-0.86
-3.11
0.31
-0.44
-0.17
-4.33
-4.24
-6.41
-2.31
-3.27
-2.16

12d

-4.34
-6.71

-4.67
is.os
-5.86
-1.26
-4.31

-10.86
-5.01
4.17
-2.11
0.68
-1.61
-4.92
-4.48
-5.55
-6.22
-0.91
-7.03

-2.98
7.24
-2.35
-3.1

0.24
10.47
8.05
-0.41
-13.1
-12.3
0.58
-1.84
3.27

8.95
1.07
8.22
4.65
5.82
-1.34
-1.97
4.76
0.26
-4.04
-0.63
-0.17
-0.35
-3.79
-5.36
-7.17
-2.09
-3.01
-1.95

15d

-4.3
-6.62

-4.6Y
IY.56
-5.75
-1.18
-4.3

-10.65
-4.84
4.49
-2.07
0.5

-1.28
-4.51
-4.46
-5.53
-6.17
-o.n
-6.89

-2.98
6.7

-1.74
-2.52

-0.75
9.78
7.23
-0.37

-12.93

0.73
-1.8
3.42

9.25
1.37
8.33
5.11
6.16
-1.52
-1.63
5.08
-0.16
-4.22
-0.68
0.19
-0.7

-3.7Y
-5.3

-7.01
-1.95
-2.87
-1.8

lSd

-4.24
-6.51
-1.91
-4.75
IY.19
-5.86
-1.25
-4.32
1.31

-10.82
-5.05
4.2Y
-2.01
0.86
-1.43
-4.87
-4.56
-5.64
-6.24
-0.94
-7.1

-1.14
-3.02
7.71
-2.28
-3.07
-3.22

o
10.48
7.98
-0.32

-12.94
2.3
0.7

-1.74
3.39
-1.66
Y.19
1.31
8.64
5.04
5.97
-1.16
-1.79
4.87
0.32
-3.86
-0.73
0.03
-0.09
-3.82
-5.35
-7.21
-2.04
-2.96
-1.89

20<1

-4.21
-6.46

-4.76
19.29
-5.71
-).23
-4.28

-10.71
-4.97
4.23
-1.99
0.84
-1.47
-4.82
-4.47
-5.54
-6.24
-0.92
-7.02

-2.%
7.79
-2.16
-2.%
-3.16
-0.42
9.84
7.46
-0.29

-13.03

0.6
-1.71
3.29

8.98
1.1

8.42
4.74
5.92
-1.17
-1.82
4.81
0.12
-3.87
-0.76
-0.01
0.D7
-3.76
-5.31
-7.09
-UI
-2.63
-1.56

30d

-3.87
-5.77

-5.45

-0.94
-4.2

-10.17
-4.91
3.65
-1.64
0.52
-1.07
-4.24
-4.58
-5.65
-5.9
-0.8

-6.93

-2.61
7.5

-2.05
-3.09
-2.81
-0.73
10.54
7.89
0.05

-12.2Y
2.7
1.09

-1.37
3.79

9.98
2.1

9.09
6.48
5.59
-1.5

-1.42
4.24
-0.08
-4.2

-1.41
-0.11
0.44
-3.42
-4.93
-6.96

40<1

-5.Y7
-3.16
-5.18

-1.43
-4.63
-0.23

-10.11
-4.4
4.17
-1.75
0.76
-1.35
-3.74
-4.39
-5.47
-6.13
-0.%
-6.15
-2.22
-3.41
6.62
-2.14
-2.96
-3.61
-0.38
10.44
7.8

-0.05
-12.74

1.92
0.87
-1.47
3.56
-2.91
9.53
1.65
8.88
5.58
5.88
-1.26
-1.7
4.75
0.66
-3.%
-0.87
-0.03
-1.48
-4.22
-5.07
-6.09
-1.9

-2.82
-1.75

50d

-3.95
-5.93
-3.83
-5.49

-3.YI
-5.86
-2.19
-5.56

-7.ry,
-0.47
-4.73
-1.13

-10.88
-5.25
4.2Y
-1.72
1.14

-1.59
-4.72
-4.19
-5.26
-4.94
-0.83
-6.77

-7.21
-1.35
-4.71
0.57

-11.14
-5.57
3.34
-1.69
3.37
-2.34
-6.18
-4.52
-5.6

-5.87
-0.87
-7.)5
-1.25
-3.29

-2.9
-3.2Y

-2.28
-3.14
-3.49
0.15
11.31
8.54
-0.03

-12.53
2.14
1.04

-1.45
3.73
-3.59
9.87
1.99
9.6

6.13
6.05

-3.49
-0.56
8.82
6.97
0.01

-13.38
1.04
0.)5
-1.41
2.85
-1.94

0.22
10.06
3.51
5.13
1.35

-2.69-1.94
4.88
0.6)
-3.58
-0.95
0.17
-0.33
-4.09
-3.89
-6.72
-0.09

-1
0.06

-0.17
-1.35
-1.08
-0.72
4.11
-4.1

-4.81
-7.09
-1.09
-2.01
-0.95
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Table E3: Summary of saturation indices (SI) for the mineral phases controlling the

concentrations of species in the leachates of Secunda fly ash for up-flow percolation

test

Phase I Liquid-solid ratio 200.1 0.2 0.5 10

AI(OH)3(al11)

A1203

Anhydrite (C3S04)

Ba(OH)2:8H20

Ba3(V04)2:4H20

BaCr04

Ba3(As04)2

Barite (B3S04)

BaSe03

BaSe04

Birnessite (Mn02)

Bixbyite (Mn203)

Boehmite (AlOOH)

Brucite (Mg(OH)2)

Bunsenite (NiO)

Ca2V207

Ca2V207:2H20

CaMo04

Ca3(As04)2:4H20

CaSe04:2H20

Celestite (5rS04)

Chalcedony (Si02)

Chrysotile (Mg3Si205(OH)4(

Co(OH)2

Co(OH)3

Cristobelite (Si02)

Cu(OH)2

Cupricferrite (CuFe204)

Cd(OH)2

Cuprousferrite (CuFe02)

Diaspore (AIOOH)

Fe(OH)2

Fe(OH)2.7CI.3

Ferrihydrite (Fe(OH)3)

Gibbsite [AI(OH)3]

Goethite (FeOOH)

Gypsum (CaS04:2H20)

Hausmannite (Mn304)

Hematite (Fe203)

Hg(OH)2

Maghemite (Fe203)

Magnesioferrile (Fe2Mg04)

Magnetite (Fe304)

Manganite (MnOOH)

Massicot (PbO)

Mg(OH)2(active)

Ni(OH)2

Nsutite (Mn02)

-10.64

·4.08

-3.8

11.57

-3.33

1.15

-1.97

-5.71

-9.84

3.07

-7.19

-1.64

-13.71

1.7

0.34

-3.06

3.04

-2.42

14.29

8.48

-4.92

0.61

8.22

3.55

5.23

-5.08

-0.85

-2.32

4.52

-0.34

-5.56

-9.15

-2.67

-6.81

0.01

-5.9

-5.17

-8.36

-2.78

-2.8

-1.74

-0.07

20.48

1.5

-11.1

-4.15

5.4

14.61

-2.94

1.99

-1.86

-5.05

-9.26

-0.98

-6.77

-7.25

-0.66

-3.41

10.3

-2.9

-3.24

-3.61

0.6

11.06

-5.34

-8.68

-2.86

-2.84

-2.34

-0.31

19.66

1.35

-11.38

4.41

4.82

13.55

-3.11

1.53

-2.07

-5.47

-9.7

-1.05

-7.42

-7.45

-0.93

-3.44

8.82

-3.15

-3.51

-3.64

-0.52

9.1

6.6

-1.42

-13.88

1.45

0.27

-2.84

2.96

-2.62

16.6

8.32

-5.08

0.37

8.46

3.27

5.89

-5.47

-0.55

-2.42

5.41

1.15

-13.84

-7.05

10.08

-5.39

-8.79

-2.76

-3.17

-3.14

-0.64

-5.28

-8.58

-2.76

-3.49

4.26

-0.81

20.38

0.93

-11.25

4.51

5.04

14.21

-3.05

0.73

-1.53

-5.71

-9.94

-1.03

-5.15

-7.02

-1.84

-3.24

6.81

-2.45

-2.92

-3.44

-0.16

10.44

-2.01

7.56

-1.36

-13.28

1.91

0.76

-2.79

3.45

-2.52

17.71

9.31

-5.98

1.36

8.64

4.86

6.23

4.79

-1.35

-1.88

5.63

4.11

-5.97

-1.44

19.13

-11

-5.07

4.4

12.9

-2.7

0.12

-1.72

-6.09

-10.18

-1.14

-5.07

-7.16

-3.2

5.16

-2.4

-3

-3.4

-0.2

9.8

-1.79

7.34

-0.99

-13.31

0.47

-2.41

3.16

16.76

8.73

-5.99

0.89

7.42

4.18

6.02

-4.88

-1.86

-2.07

4.99

-4.92

-7.88

-10.46

4.29

4.53

13.25

-2.44

0.43

-1.65

-5.4

-9.55

-1.69

-3.97

-6.06

16.93

8.87

-6.72

0.99

7.89

4.37

6.01

-5.23

-1.59

-2

5.11

-4.66

-7.36

-5.04

-8.11

-2.56

-5.21

-9.92

-2.2

13.86

-0.23

-12.68

-6.61

3.39

11.09

-2.81

0.13

-2.73

-7

-11.15

-1.81

-7.53

-7.76

-2.55

-3.77

4.02

-3

-3.64

-3.97

-1.16

7.22

-2.92

5.61

-1.12

-14.14

0.75

-0.35

-2.54

2.35

-2.32

13.73

7.1

-5.65

-0.78

5.81

1.75

4.93

-5.31

-1.89

-3.08

3.98

4.45

-6.32

-1.78

19.29

-1.96

-2.55

-0.74

9.42

-1.57

6.88

-0.74

-13.3

0.54

-2.16

3.23

-0.54

-3.75

7.14

-3.39

-3.75

-3.95

-0.04
9.71

7.14

8.11

-1.25

-13.47

1.9

0.7

-2.68

3.38

-2.54

18.28

9.18

-5.13

1.24

9.77

4.53

6.48

-4.02

-0.07

-2.21

5.98

189

-3.16

-1.83

-5.36

-9.58

-1.02

-9.78

-1.52

-3.71

-3.4

-3.83

7.44

-1.47

-13.6

1.67

0.47

-2.9

3.16

-2.52

8.73

-5.39

0.79

3.95

4.72

-2.18
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Table E3: Continued

Pb(OH)2 -8.38 0.72 -0.74 0.01 -0.06 -0.14 -0.49 -0.57

PbMo04 -3.57 -7.41 -8.96 -8.15 -8.13 -8.09 -8.99 -9.06

Perielase (MgO) -8.5 -2.71 -3.17 -3.97 4.61 -4.29 4.59

Plannerite (Pb02) 0.13 -7.35 -8.86 -8.25 -8.4 -8.77 -9.1 -9.28

Portlandite [Ca(OH)21 -1.17 0.18 0.21 0.18 0.07 -0.17 -0.17 -0.3

Pyrochroite [Mn(OH)2] 5.91 0.15 -0.39 0.06 -0.19 -0.13 -1.17

Pyrolusite (Mn02) -1.7 7.28 6.68 6.91 6.42 6.48 5.35

Sepiolite (Mg2Si307.50H:3H20) 4.77 -0.05 -1.06 -2.1 -3.8

Si02(am) -8.34 4.24 4.27 4.55 4.08 4.04 4.6

Spinel (MgAI204) -5.94 -6.7 -7.49 -8.18 -8.11 -7.27 -8.32

SrSe04 -2.06 -6.01 -6.39 -9.42 -6.98 -7.51 -6.68 -8.63

Zineire -2.97 -1.61 -2.19 -2.12 -2.03 -2.35 -2.16 -1.97

ZnO(a) -1.46 -2.05 -1.98 -1.88 -2.2 -2.01 -1.82
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Table E4: Summary of saturation indices (SI) for the mineral phases controlling the

concentrations of species in the leachates of Tutuka fly ash for up-flow percolation

test
Phase I Liquid-solid ratio 200.1 0.2 0.5 10

-5.28

-8.6
-2.72
4.5

-6.05

-1.21
18.13
0.3

-10.54
4.7
4.7

13.86
-3.06
1.21
-1.9

-5.23

-9.37
-0.83
-5.34
-6.55
-2.05
-3.59
7.63
-2.58

-3.32
-3.79
-0.83
10.3
-2.43

7.42
-1.36

-12.65

AI(OH)3(al11)

AI203
Anhydrite (CaS04)

Ba(OH)2:8H20
Ba3(V04)2:4H20

BaCr04
Ba3(As04)2
Barite (B.S04)

BaSe03
BaSe04
Birnessite (Mn02)
Bixbyite (Mn203)
Boehmite (AIOOH)
Brucite (Mg(OH)2)
Bunsenite (NiO)
Ca2V207

Ca2V207:2H20
CaMo04
Ca3(As04)2:4H20
CaSe04:2H20
Celestite (SrS04)
Chalcedony (Si02)
Chrysotile [Mg3Si205(OH)4)
Co(OH)2

Co(OH)3
Cristobalite (Si02)
Cu(OH)2
Cupricferrite (CuFe204)
Cd(OH)2
Cuprousferrite (CuFe02)
Diaspore (AIOOH)
Fe(OH)2

Fe(OH)2.7CI.3
Ferrihydrite [Fe(OH)3]
Gibbsite [AI(OH)3]
Goeth ite (FeOOH)
Gypsum (CaS04:2H20)
Hausmannite (Mn304)
Hematite (Fe203)
Hg(OH)2

Magheruite (Fe203)
Magnesioferrite (Fe2Mg04)
Magnetite (Fe304)
Mangauite (MnOOH)
Massicot (PbO)
Mg(OH)2(active)
Ni(OH)2

Nsutite (Mn02)

1.03
-2.78
3.73
-2.48

18.05
9.86
-5.96

1.98
9.65
5.99
6.35
-5.57
-0.8

-2.25

5.28

-4.75

-7.51
-2.59
-3.53
-3.28

-0.71
19.97
1.35

-11.08
4.47

3.97
12.14
-2.52
1.04
-1.79
-5.17

-9.4
-0.88
-6.28

-7.23
-0.84
-3.62

-2.33

-2.85
-3.82
0.75
10.6

8.14
-0.83
-13.6

l.71

0.39
-2.26
3.07
-2.35

14.71
8.55
-5.22

0.61
8.2

3.78
5.22
4.41
-1.03
-2.15

4.56

8.1
-0.8

-13.61

1.55

0.36
-2.22
3.05
-2.54
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4.72
-7.44
-2.78
-3.55
-3.47

-0.84

4.73
-7.46
-2.77
-3.71
-3.97

-0.72
20.96
1.04

-11.56
-5.06

4.86
14.08
-2.5
1.04
-1.25
-5.41

-9.64
-0.91
4.91
-7.69
-1.64
-3.69

6.86

1.13

-2.49

-1.84
-5.29

-9.52
-0.95

-1.1
-3.58

-2.76

-3.3
-3.78
0.71
10.5

-3.89
1.04

12.42
-1.65
9.27
-0.81

-12.77

2.29
1.15
-2.24
3.84
-2.53
17.63
10.098.5

-5.4

0.56 2.14
9.73
6.15
6.16
-3.55
-1.04

-1.6
5.44

3.73

4.39

-2.19

4.62
-7.26

-2.8
4.04
-5.15
-1.02

20.05
0.78

-11.17
4.75

4.42
13.29
-2.39

0.33
-1.45
-5.8

-10.03
-0.98
-5.11
-7.14
-2.17

-3.08
5.94
-1.91
-2.55
-3.28

0.47
10.78
-1.43
8.2

-0.71
-13.26

1.81
0.62
-2.13

3.3
-2.56

16.48
9.01
-5.93

1.07
7.95

4.58
5.76
4.46
-1.75

-1.8
5.01

-11.46

-5.64
3.73
11.72
-2.19
0.35
-1.84
-5.93

-10.03
-1.07
-5.1

-7.35

-3.1
6.05
-2.59

-3.26
-3.3

-0.08

9.45
-2.07

7.3
-0.49

-13.49

4.42
-6.87

4.77
-7.25

-1.96
17.94

-11.27
-5.41

4.23
12.96
-2.06

0.47
-1.5

4.98
-9.12
-1.16
-3.63
-6.4

-3.92
4.75
-1.95
-2.69

4.12
-0.05
10.32
-1.63
7.82·

-0.36
-13.04

0.23
-1.91
2.92

15
8.25
-5.92

0.41
7.18
3.53
5.39
4.96
-1.63
-2.19
4.31

4.29
-6.6

-3.72

-5.53
-2.47
-7.7

-8.64
-1.86

15.65
-0.24

-9.45
-6.41

1.03
7.69
-1.5

0.12
-2.17
-3.31

-7.17
-1.96
-5.31
-7.47

-2.19
-1.85

8.02
-2.94

4.53

-5.66
-8.66
-2.51

17.29

0.64
-1.79

3.34

9.14
-2.26
7.71
0.22

-12.15

1.72
0.42
-1.19
3.13
-2.21

11.39
8.66
-5.13

16.64
9.08
-6.53

1.2
8.14

4.83
5.87
4.55
-1.54

-1.85

4.82

7.3

5.16
4.14
4.49
-1.7

-2.52

1.61

https://etd.uwc.ac.za/



Appendices

Table E4: Continued

Pb(OH)2 -0.83 0.33 0.35 1.19 0.27 -0.22 0.19 0.26

PbMo04 -8.35 -7.31 -7.38 -6.43 -7.32 -7.84 -7.34 -5.92

Perielase (MgO) -3.51 -3.66 -3.66 -4.37 -4.38 -4.24 -4.67

Plattneritc (Pb02) -9.74 -8.11 -8.14 -7.4 -8.4 -9 -8.72 -10.43

Portlandite (Ca(OH)2( -0.29 -0.21 -0.2 -0.26 -0.36 -0.43 -0.6 -2.78

Pyrocbroite [Mn(OH)2( 0.34 -0.91 0.11 -0.25 -0.73 -0.13 -1.35

Pyrolusite (Mn02) 6.66 5.85 6.72 6.28 5.73 6.19 3.3

Sepiolite (Mg2Si307.50H:3H20) -1.1 -1.55 -1.76 -1.37 -1.34 -3.58 2.03

Si02(al11) -4.43 -4.45 -4.42 -4.52 -3.91 -3.94 -4.76 -2.7

Spinel (MgAl204) -7.73 -6.81 -6.76 -7.26 -6.87 -6.47 -5.78

SrSe04 -6.75 -6.35 -7.43 -7.4 -7.98 -7.22 -8.06

Zincile -2.46 -0.97 -1.07 -0.77 -1.33 -1.62 -1.74 -0.62

ZnO(a) -2.32 -0.82 -0.92 -0.63 -1.19 -1.47 -1.59 -0.48
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