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Coal serves as the primary energy source in most parts of the world. It is a fact that coal combustion
yields enormous quantities of fly ash some of which are either hydraulically placed or dry dumped.
The current study attempts to provide a comprehensive characterisation of a disused alkaline fine coal
ash dam (FCAD) towards assessing environmental impact, rehabilitation and utilisation potential. Fine
coal ash refers to a combination of approximately 83% power station fly ash and 17% gasification and bot-
tom ash fines (particles <250 lm) at SASOL Synfuels. The hydration products found in Weathered Fine
Coal Ash (WFCA) using X-ray Diffraction (XRD) and Differential Scanning Calorimetry (DSC) are analcime,
calcite, C–S–H gel, ettringite, hydrated gehlenite (Strätlingite), magnetite, periclase, pyrrhotite and silli-
manite. High resolution Scanning Electron Microscope (SEM) results provide additional proof that hydra-
tion products are present in WFCA. No indication of appreciable leaching was given by X-ray Fluorescence
(XRF) results except calcium and silicon. Thus evidence exists that pollutants from saline brines are
immobilised in WFCA and an insight of reaction kinetics was obtained. High content of amorphous phase
and lack of alteration in some geotechnical properties suggest that WFCA can be reutilised with lime
addition to increase alkalinity and activate pozzolanic reactions.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

South Africa and many other countries rely on coal as a primary
source of energy. The coal combustion process yields vast quanti-
ties of fly ash, the majority of which is disposed of either in dry
or slurry form. Environmentalists and the public have a concern
about coal ash despite its utilisation applications which include
addition in cement and concrete manufacturing, agriculture, and
waste stabilisation [1–11]. Furthermore, ash utilisation only con-
sumes a small fraction of total fly ash production leaving the
majority for internal disposal or landfilling. The latter is increas-
ingly becoming more costly [11] while the former necessitates
rehabilitation before site closure which is also expensive.

Several researchers have investigated the effect of chemical
weathering on dumped ashes mainly from a geochemical point
of view and most concluded that coal ash leaches heavy metals
[12–15]. However, no literature covering comprehensive charac-
terisation of dumped ash was found while researchers such as
Lee et al. [16], Koch [17] and Sarkar et al. [18] only studied certain
aspects.
ll rights reserved.
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A study was conducted at the University of Pretoria to investi-
gate the weathering of hydraulically disposed fine ash at SASOL
Synfuels, which consumes over 45 million tons of coal and yield
over 4 million tons of fine ash per annum. Fine coal ash refers to
a combination of approximately 83% power station fly ash and
17% made up of both gasification ash and bottom ash fines (parti-
cles <250 lm). It was impractical to obtain fresh fine ash in dry
form because it results from the thickening of hydraulically re-
moved ashes. The gasification and power generation processes of
SASOL Synfuels use the same coal feedstock, which suggests simi-
lar chemical compositions [19]. The mineralogy of gasification ash
[20] is comparable to that of fly ash under different burning condi-
tions. It was therefore justified to use fresh fly ash as a control in
this investigation.

The purpose of this manuscript is to present geotechnical,
chemical and mineralogical results of a fine coal ash dam in com-
parison to fresh fly ash. It is believed that such an understanding is
beneficial towards identifying suitable rehabilitation methods,
environmental assessment and utilisation opportunities.

2. Site and materials

Core samples were collected from a 16-year old fine ash dam of
SASOL Synfuels in Secunda, South Africa. A hydraulic ash disposal
alogical characterisation of hydraulically disposed fine coal ash from SASOL

http://dx.doi.org/10.1016/j.fuel.2011.03.022
mailto:sam.mahlaba@sasol.com
http://dx.doi.org/10.1016/j.fuel.2011.03.022
http://www.sciencedirect.com/science/journal/00162361
http://www.elsevier.com/locate/fuel
http://dx.doi.org/10.1016/j.fuel.2011.03.022


A5
BH1

E4

A5

F4D4

C4

50 m

BH2

penstock

1000 m

600 m
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system is employed where fine ash interacts with saline brines
(with a typical salinity of 8,000 mg/L) in the form of slurry with a
specific gravity of 1.3. Several discharge points of slurry across
the fine coal ash dam (FCAD) are interchangeably used during
the construction of a FCAD shown in Fig. 1. Five boreholes were
drilled in areas designated as BH1, BH2, A5, E4 and F4 in Fig. 2; a
black spot represents the penstock.

The samples were collected vertically from the aforementioned
boreholes using an Auger drill. The material collected over 1.5 m
lengths was blended to make up a set of samples for the whole
50 m depth. The sampling method was best suited for the intended
investigation and safety of the dam. It must be noted that there are
five FCADs in the complex two of which were superficially investi-
gated by Koch [17]. The present investigation attempts to provide
comprehensive characterisation of a FCAD which was never inves-
tigated before due to access restrictions.
3. Methods

The physical characterisation which was conducted included
the determination of natural Moisture Content (MC), Particle Size
Distribution (PSD) and Specific Gravity (Gs). The MC determina-
tion was based on mass loss during drying at 110 ± 5 �C to a con-
stant mass in accordance with ASTM D2216-98 [21]. A Malvern
Mastersizer was used to determine PSD while Gs was determined
using a Le Chatelier flask. Pore water was extracted by thor-
oughly mixing dried sample with deionised water and leaving
it to stand for 60 min before pH and electrical conductivity
(EC) were recorded. It was performed according to ASTM
D4972-01 [22] except that the solid-to-liquid ratio was adjusted
to 1:2 (w/w) to suite material properties. Chemical composition
and mineralogy were determined using X-ray Fluorescence
(XRF), X-ray Diffraction (XRD), Differential Scanning Calorimetry
(DSC), and Field Emission Gun Scanning Electron Microscopy
(FEG-SEM). The samples were pressed as briquettes and intro-
duced to the ARL 9400XP + XRF and analysis was based on Uni-
Quant software. XRF results were normalised with a respective
loss-on-ignition (LOI) value, which was 4% in fly ash. XRD data
were collected using a PANalytical X’Pert Pro powder diffractom-
eter with X0 Celerator detector and variable divergence and
Fig. 1. The side vie
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receiving slits with Fe filtered Co Ka radiator. The phases were
identified using X0 Pert Highscone plus software. 20% Si (Aldrich
99% pure) was added to samples which were then milled in a
McCrone micronising mill for the determination of amorphous
content. The relative phase amounts were estimated using the
Rietveld method (Autoquan Program). Thermal analysis was per-
formed on a Mettler Toledo DSC 822e Stare System with an FRS5
sensor. The heating rate was 10 �C/min from 25 �C to 150 �C,
cooling from 150 to 25 �C at 20 �C/min. The second heating from
25 to 500 �C was again at 10 �C/min and final cooling was at
20 �C/min. A Zeiss ULTRA plus 55 FEG-SEM with InLens detector
was operated at 1 keV to analyse surface properties on the car-
bon-coated samples.

4. Results and discussion

4.1. Particle size distribution

The PSD of ash was classified into clay-, silt- and sand-sized par-
ticles according to ASTM D422-63 [23] where:

Clay-sized particles = particles greater than 1 lm and smaller
than 5 lm
w of a FCAD.
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Table 1
Summary of PSD data.

Particle size WFCAa Median Fly ash

Clay-sized (%) 5–77 16 14
Silt-sized (%) 23–83 60 59
Sand-sized (%) 0–64 30 27
D50 (lm)b 3–120 23 27.5

a WFCA = weathered fine ash.
b D50 is defined as the diameter of sieve through which 50% of particles pass.
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Silt-sized particles = particles greater than 5 lm but smaller
than 75 lm
Sand-sized particles = particles greater than 75 lm but smaller
than 425 lm

The summary of PSD data presented in Table 1 demonstrates
that the PSD of Weathered Fine Ash (WFCA) is very similar to that
of fly ash but varies over a wider range. However, there is huge var-
iation in the overall data, which is attributed to plant disruptions
such as boiler efficiency [2,24] but no proper records exist for ver-
ification. The nature of variation of PSD in the FCAD and its resem-
blance to fly ash is illustrated in Fig. A1 (in Appendix A).

It is therefore concluded that WFCA is silty-clayey and has a
characteristic PSD profile, which negates hydraulic sorting princi-
ple as observed in the gold tailings where locations near discharge
points are coarser [25,26]. The possible explanation of this distinc-
tion is that fine coal ash has a predominantly spherical morphology
which promotes flowability [2].
4.2. Specific gravity

Specific gravity (Gs) was determined and results indicate no
substantial difference between WFCA and fly ash as shown in
Fig. 3. The values of Gs vary from 2.0 to 2.2 in WFCA while that
of fly ash was found to be 2.2. The implications are that settling
and workability of WFCA and fly ash should remain similar in as
far as particle velocity due to gravity is concerned.
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4.3. Moisture content

The MC presented in Fig. 4 demonstrates that the degree of wet-
ness increases with depth for most boreholes. MC predominantly
lies between 27% and 37% which indicates a high water holding
capacity, likely to sustain hydration reactions.
4.4. Pore water quality

The pH of pore water has an average value of 9.5, which is three
units lower than pH 12.5 of fresh fly ash (Fig. 5). M-alkalinity was
dramatically reduced from 1 800 in fly ash to approx. 50 mg/L as
CaCO3 in WFCA. A review by Donahoe [27] reports that this major
drop in pH is caused by carbonation, hydrolysis and precipitation
(called chemical weathering) after the depletion of portlandite
(Ca(OH)2).
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Table 2
Chemical composition of WFCA and fly ash.

Component Range in WFCA
(%)

Median of WFCA
(%)

Fresh
FCAa

Fresh fly
ash

SiO2 43.10–43.11 43.10 43.31 52.29
Al2O3 26.01–30.89 28.68 31.09 27.51
Fe2O3 1.91–16.62 3.87 2.14 2.77
CaO 8.46–11.05 9.06 8.22 10.64
MgO 1.50–2.33 1.97 1.15 2.24
SO3 1.45–7.44 2.90 4.43 0.40
Na2O 0.98–3.51 1.98 4.48 0.71
K2O 0.71–1.10 0.97 0.79 0.99
TiO2 1.05–1.55 1.46 1.38 1.59
SrO 0.32–0.55 0.45 0.39 N/Ab

BaO 0.19–0.35 0.28 0.25 N/A
P2O5 0.66–1.02 0.89 0.85 0.70
Cl 0.19–1.45 0.49 1.20 N/A
MnO 0.05–0.13 0.07 0.05 0.056

a Fresh FCA refers to fine ash which was sampled from an operational FCAD and
dried.

b N/A means the element was not reported.

Table 3
Chemical composition of ash carrier medium (after Mahlaba [29]).

Component Units Ash transport water

pH – 12.1
M-Alkal mg/L as CaCO3 1382
Cl- mg/L 929
F- mg/L 27

SO2�
4

mg/L 2500

Ca2+ mg/L 450
Fe2+ mg/L <1
K+ mg/L 132
Mg2+ mg/L 3
Na+ mg/L 1150
Sr2+ mg/L 27
Si4+ mg/L 5
TDS mg/L 6500
EC mS/cm 10

TDS = total dissolved solids.
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The observed pH reduction in this alkaline FCAD is further sub-
stantiated by the work of Zevenbergen et al. [13], which was per-
formed on a fresh and eight year old alkaline fly ash dump in India.

The EC data of extracted pore water is erratic at the top and bot-
tom layers of the FCAD and such inhomogeneity is common as also
Please cite this article in press as: Mahlaba JS et al. Physical, chemical and miner
Synfuels. Fuel (2011), doi:10.1016/j.fuel.2011.03.022
found by other researchers [12,17,28]. The results shown in Fig. 6
have the average EC of 2.2 mS/cm for WFCA whereas fly ash gave
8 mS/cm. The fact that WFCA has three times lower EC than fly
ash can be attributed to the formation of hydration products in
the case of WFCA [12,27].
alogical characterisation of hydraulically disposed fine coal ash from SASOL
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This observation individually suggests that hydraulic ash dis-
posal with brines provides a potentially better management than
a dry ash dump. However, examination of all data will enable the
authors to make an encompassing conclusion on the matter.
4.5. Chemical composition

The XRF results summarised in Table 2 present the range of
chemical composition as oxides of WFCA, fresh FA and fresh fly
ash. Comparability of the results validates the use of fly ash as a
reference for WFCA besides the brine influence.

The high variation in Fe is caused by the disposal of Fe-based
spent catalyst which occurs at irregular intervals whereas addi-
tional S and Na originate from the brines which transport fine
ash [17,29,30]. The chemical composition of the brine used as car-
rier medium in the hydraulic ash disposal is shown in Table 3;
where sulphate, sodium, calcium, and chloride are the dominant
components. As a result the quantities of Na and S present in WFCA
was more than 200% of those originally found in fresh fly ash.
4.5.1. Classification of elements
True elemental forms were used for the classification of ele-

ments into major (>1%) and minor (0.1–1%) elements [31]. Silicon,
aluminium, calcium, iron, magnesium, and sodium are classified as
major elements in WFCA. Minor elements include chlorine, potas-
sium, sulphur, titanium, barium, strontium, and phosphorus. How-
ever, the elements of interest are Si, Al, Ca, Fe, Mg, Na, Cl, and S due
to their pertinence to hydration and weathering.

The concentration of most elements remained unchanged be-
tween fly ash and WFCA, typical examples being Al and Mg while
Fe was erratic owing to the disposal of spent Fe-based catalyst as
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illustrated in Figs. 7 and 8. Only Mg and Fe were used to illustrate
the mentioned behaviour.

Fly ash showed a slightly higher concentration (8%) of calcium
than WFCA (6%), which could indicate that calcium leached from
the FCAD. The behaviour shown in Fig. 9 was unexpected because
Ca partakes in hydration [27]. Si also shows the same behaviour as
Ca, as illustrated in the appended Fig. A2.

Additionally, elements which are predominant in brines, for in-
stance Cl and S increased their abundance in WFCA as illustrated in
Figs. 10 and 11, respectively. The concentration of Cl increased
from undetectable levels in fly ash to 0.4% in WFCA. S concentra-
tion in fly ash was 0.15% while that of WFCA showed a gentle de-
crease from 1.4% (top) to 0.6% (bottom) with depth. This decrease
suggests that sulphur either leaches at the bottom of the FCAD or
results from the deterioration of ash transport water due to desa-
lination in terms of SO2�

4 .

4.6. Mineralogy

Better insight of the weathering process cannot be adequately
developed until mineralogy is presented because it controls
thermodynamic stability and solubility. XRD analysis was the
source of mineralogical data summarised in Table 4. It is obser-
ved that significant mineralogical transformation occurred during
weathering.

The classification of hydration products was made according to
the abundance into major (>10%), minor (1–10%) and trace (<1%)
minerals and phases [31,32]. The major phases are amorphous
phase, mullite and quartz. Minor mineral phases are magnetite,
ettringite, calcite and sillimanite. Trace mineral phases are peri-
clase, analcime, pyrrhotite and hematite. The co-existence of Fe-
bearing minerals is ascribed to additional Fe resulting from catalyst
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f Mg behaviour.
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disposal [17] and higher Fe content showed by XRF (Fig. 8). Peri-
clase was only identified in WFCA and no detectable conversion
to brucite (Mg(OH)2) occurred despite being expected under nor-
mal conditions of hydraulic ash disposal. Other researchers have
also made the same observation i.e. existence of periclase in
weathered fly ash–water pastes [33]. The identification of analcime
(zeolitic Na-bearing mineral) provides the first evidence from min-
eralogical perspective supporting previous observations that Na is
immobilised in fly ash. The presence of other secondary minerals
such as ettringite, calcite, magnetite and pyrrhotite confirms that
Ca, Fe and S are also immobilised in the ash dam [17,27]. Mooketsi
et al. [30] and Mahlaba [29] present the typical brine composition
Please cite this article in press as: Mahlaba JS et al. Physical, chemical and miner
Synfuels. Fuel (2011), doi:10.1016/j.fuel.2011.03.022
which has contacted fly ash while Fe in the FCAD originates from
the disposal of spent catalyst. A typical XRD pattern of WFCA and
fly ash is appended in Fig. A3; where the above-mentioned miner-
alogical differences are demonstrated.

The use of DSC on a characteristic borehole resulted in addi-
tional identification of secondary phases, namely, calcium silicate
hydrate (C–S–H) gel [34,35] and hydrated gehlenite commonly
known as Strätlingite (Ca2Al2SiO2(OH)10�8H2O) [36]. The impor-
tance of C–S–H lies in its contribution to strength and provision
of adsorption site for pollutants such as chloride [37,38], which
can explain Cl immobilisation in WFCA without identification of
Friedel’s salt. Nakamura et al. [39] discovered that only 15% of Cl
alogical characterisation of hydraulically disposed fine coal ash from SASOL
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Table 4
Summarised XRD results of WFCA and fly ash.

Component Chemical formula Abundance
(%)

Median
(%)

Fly ash
(%)

Mullite Al6Si2O13 10.2–21.6 18 20.53
Quartz SiO2 9.3–13.6 10 10.24
Lime CaO N/A N/A 2.22
Calcite CaCO3 2.2–6.3 3 N/A
Periclase MgO 0.3–1.3 0.75 N/A
Magnetite FeFe2O4 0.1–14.1 2 N/A
Hematite Fe2O3 0.75–2.0 0.5 0.68
Ettringite Ca6Al2(SO4)3(OH)12.26H2O 0.8–4.5 3 N/A
Sillimanite Al2SiO5 0.8–2.0 1.5 N/A
Pyrrhotite Fe9S10 0.3–0.8 0.3 N/A
Analcime NaAlSi2O6�H2O 0.5–1.6 0.75 N/A
Amorphous

content
N/A 56.5–62.5 60 66.3
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adsorbed to C–S–H leached out while 65% leached from Friedel’s
salt, implying that a FCAD underwent a better Cl-binding mecha-
nism. Moreover, Tishmack and Burns [33] report that Strätlingite
can incorporate S as an interlayer ion while Saikai et al. [40] state
that Ca can be replaced by alkali metals. The presence of residual
amorphous content of approximately 60% indicates that WFCA
can still be utilised as a pozzolan [41,42].
4.7. Morphology

SEM analysis shows that fly ash is predominantly made up of
spherical particles [33,43] as shown in Fig. 12. In literature
researchers elaborate on different types of spherical particles such
as cenospheres, plerospheres and spheroids [44,45].
Fig. 12. SEM microg

Fig. 13. FEG-SEM micrographs s
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Some FEG-SEM micrographs of WFCA have cenospheres (hol-
lowed spherical particles) as depicted in Fig. 13. This observation
agrees with high amorphous content of WFCA from XRD analysis.
It further substantiates the postulate made by the present author
that WFCA can still be utilised as a pozzolan.

Fig. 14 interestingly shows the micrographs of a complex phase
while Fig. 15 shows the presence of crystalline phases some of
which are needle-like, hexagonal and platy particles. The presence
of the new particle morphologies serves as additional proof that
mineralogical transformation occurred in a FCAD [42,46,47], which
agrees with XRD and DSC results. Gitari et al. [12] also made a sim-
ilar observation when comparing SEM micrographs of fly ash and
weathered fly ash of ESKOM’s Tutuka power station.

A study performed by Campbell [46] on South African fly ashes
also confirmed the presence of secondary phases in weathered fly
ashes from ESKOM’s Matla and Kriel power stations whereas SA-
SOL’s weathered fine ash remained indifferent. The SASOL dump
investigated by Campbell [46] differs in many aspects from the
one being presented in this manuscript; comparison of SASOL
operations is beyond the scope of this publication. The particle
morphology and particle size of a material play a vital role in deter-
mining its engineering behaviour [9,25,26,48].
5. Conclusions

The results obtained in this investigation refuted the occurrence
of hydraulic sorting in the alkaline FCAD despite being common in
gold tailings dams, which can be attributed to physical differences
such as particle morphology and density. It was discovered that
PSD and specific gravity of WFCA resemble those of fly ash while
moisture content increases with depth in the FCAD. FEG-SEM (high
resolution) analysis indicates that WFCA has some spherical
raphs of fly ash.

howing sphericity in WFCA.

alogical characterisation of hydraulically disposed fine coal ash from SASOL
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Fig. 14. FEG-SEM micrographs showing the presence of a complex phase in WFCA.

Fig. 15. FEG-SEM micrographs showing new crystalline minerals in WFCA.
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particles as found in fly ash in addition to secondary crystalline
phases. The presence of cenospheres and similar specific gravity
and PSD suggest the utilisation of WFCA. Nevertheless, FEG-SEM
analyses agree with XRD and DSC that secondary phases are pres-
ent in WFCA. This was attributed to chemical weathering according
to a pH reduction of pore water from 12.5 to 9.5 and reduction of
M-alkalinity from 1 800 to 50 mg/L as CaCO3. Of particular impor-
tance was the identification of analcime, periclase, C–S–H gel and
Strätlingite in addition to ettringite, calcite, magnetite, pyrrhotite
and sillimanite in WFCA. The environmental significance of C–S–
H gel lies in its potential to adsorb impurities such as chloride,
which is highly possible in this scenario because Cl immobilisation
was observed without detection of Friedel’s salt. It is reported in
literature that C–S–H provides a better Cl-binding mechanism than
Friedel’s salt in terms of leachability. The pore water quality and
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XRF indicate that co-disposal of brines with fly ash could be envi-
ronmentally friendlier than dry ash disposal in terms of overall
leaching potential after significant chemical weathering. It is
concluded that an alkaline fine ash dam possesses a characteristic
profile resembling fly ash except mineralogy and some particle
morphology, and hence WFCA stands a good opportunity of
utilisation as a pozzolan provided leaching of immobilised salts
is combated in the application.

5.1. Future Work

� Investigate the leaching potential of weathered fine ash
� Evaluate rehabilitation methods and utilisation opportunities
� Characterise the amorphous content with advanced analytical

techniques
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