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Abstract: - Fly ash from a South African power station ash dam was used. The fly ash approximated Class F fly
ash but had a loss on ignition greater than 6%. The leaching parameters investigated were leaching time, KOH
concentration, agitation speed, fly ash particle size, leaching temperature and liquid solid ratio (L/S). It was
found that the optimum leaching conditions were leaching time of 6 h, 3M KOH, 500 rpm agitation speed, 25
L/S ratio, leaching temperature of 100˚C. Silica leaching followed a modified Jander equation kinetics with an
N value of 1.48 and an activation energy of 5.9 kJ/mol.
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1 Introduction
The increase in the human population and
industrialization has led to the need to generate
more electrical energy. Coal, being a relatively
cheap resource, has led to the increase in its use for
power generation, inevitably leading to huge
amounts of fly ash (FA) being produced. FA is a
micro spherical particulate waste gathered from flue
gases during coal combustion for electricity
generation. South Africa has the largest dependence
on coal for electricity production in the world [1]
South Africa’s electricity generation utility,
ESKOM, consumes 70% of the domestic coal
supply accounting for 93 % of South Africa’s power
generation through coal fired thermal plants [2]. In
2010 Eskom generated 36 million tons of fly ash of
which about 95% was disposed of in ash dams and
dumps [3]. There are a number of problems
associated with FA handling and disposal. These
include that FA is a very difficult material to handle
in a dry state because it is very fine and readily air
borne even in mild wind. Long exposure to FA
through inhalation causes fibrosis of lungs, silicosis
and pneumonitis bronchitis [4, 5]. The heavy metals
in FA can cause cancer and nervous system impacts
such as cognitive deficits, developmental delays and
behavioral problems [6]. People who live near
unlined wet FA ponds and who get their drinking
water from wells, have as high as 1 in 50 chance of
getting cancer from drinking arsenic-contaminated
water [7]. The dumping of FA in ash dams is a very
costly exercise, leading to loss of arable land,
impacting negatively on the environment, causing
air and water pollution [8]. Though a pollutant, FA
can be considered as the world’s fifth largest raw

material resource [9]. Most research FA has focused
on the use of FA as a construction material, alumina
extraction, as an adsorbent for heavy metals, soil
ameliorant and as a catalyst [9-15]. Silica extraction
research has mainly focused on behavior of different
fly ashes to leaching conditions using NaOH
[16,17], but none of this research has come up with
the thermodynamic and kinetic parameters of silica
leaching from FA. Most of the research has
focussed on classified FA which satisfy the ASTM
C 618 [18] standard. This paper therefore seeks to
establish the kinetic and thermodynamic parameters
of silica leaching from FA and the mechanism of
leaching. This paper also uses the FA which is being
dumped in FA dams which is not being used in the
construction industry (the 95%). The idea is to use
for material which currently is being dumped and
contributing to pollution of the environment. The
research deliberately uses KOH as a leachant due to
several possible favourable uses of potassium
silicates. Potassium silicates produce a violet flame
colour making them ideal for high-temperature
welding with carbon arc electrodes, coatings of
potassium silicates do not effloresce on exposure to
the atmosphere, making them a preferred choice for
decorative coatings, paints, and ceramic binders.

2 Materials and Methods
The FA was collected from Camden power station
ash dam. KOH was supplied by Rochelle
Chemicals. A 1000 ppm Si standard was supplied
by Sigma Aldrich.

2.1 Equipment

Silica analysis was done using an Atomic
Absorption Spectrometer (AAS) (Thermo scientific
ICE 3000 Series). A Rigaku ZSX Primus II XRF
was used for FA chemical content determination.
Mineralogical content analysis was done using a
Rigaku Ultima IV difractometer. An Eriez
Magnetics rotatory riffler was used for sample
splitting.

2.2 Procedure
Silica extraction was achieved using a reflux reactor
at various temperatures using a silicon oil bath
coupled to a magnetic stirrer. The effects of
leaching time, liquid solid loading (L/S),
concentration of KOH, fly ash particle size,
agitation speed and leaching temperature on the
leaching of silica from Camden power station FA
was investigated separately. The silica yield was
obtained by analysis of leachate solution using an
AAS with the incorporation of volume change as
given in equation 1[19]
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2.3 Characterisation of Camden power
station FA
Various techniques were used to characterise FA.

2.3.1 XRF
10 g of Camden power station FA dried at 100°C for
one hour was mixed with 3 g of Sasol wax. The two
were then thoroughly mixed using a mortar and
pestle. The mixture was then quantitatively
transferred into a pellet container and pelletised at
795 MPa pressure. The pellet made was then ready
for XRF analysis.

2.3.1 XRD
Finely ground Camden power station FA was put
into an XRD sample container and run on an XRD
machine.

2.3.1 Loss on Ignition(LOI)
1.0 g of Camden power station FA was measured
into a crucible. The FA was then ignited at 750°C

for 1 h. The loss in weight as a percentage was taken
LOI.

2.4 Leaching Procedure
Various parameters were investigated to determine
the optimum leaching conditions.

2.4.1 Effect of leaching time
A dry composite sample of FA was used to
determine the silica leaching characteristics. The
leaching was carried out for 6 h using the following
conditions: L/S ratio of 20, 2 M KOH, agitation
speed of 500 rpm, FA particle size as received.
Sampling was done at 1 h intervals. The leachate
was subsequently filtered and analysed on the AAS.

2.4.2 Effect of Liquid solid (L/S) ratio
Silica leaching was carried out under the following
conditions: time 6 h, 2M KOH, agitation speed of
500 rpm, FA particle size as received. L/S ratio was
varied from 15 to 30. Sampling was done at 1 h
intervals for each L/S ratio. The leachate was
subsequently filtered and analysed on the AAS.

2.4.3 Effect of KOH concentration
Silica leaching was carried out under the following
conditions: time 6 h, L/S of 25, agitation speed of
500 rpm, FA particle size as received. KOH
concentration was varied from 1 to 4 M. Sampling
was done at 1 h intervals for each KOH
concentration. The leachate was subsequently
filtered and analysed on the AAS.

2.4.4 Effect of FA particle size
Silica leaching was carried out under the following
conditions: time 6 h, L/S of 25, agitation speed of
500 rpm, KOH concentration of 3M. FA particle
size was varied as follows -75, +75-106, +106-300
µm and as received. Sampling was done at 1 h
intervals for each particle size. The leachate was
subsequently filtered and analysed on the AAS.

2.4.5 Effect of agitation speed
Silica leaching was carried out under the following
conditions: time 6 h, L/S of 25, agitation speed of
500 rpm, KOH concentration of 3M and FA particle
size as received. Agitation speed was varied as
follows 250, 500 and 750 rpm. Sampling was done

at 1 h intervals for ach agitation speed. The leachate
was subsequently filtered and analysed on the AAS.

2.4.6 Effect of leaching temperature
Silica leaching was carried out under the following
conditions: time 6 h, L/S of 25, agitation speed of
500 rpm, KOH concentration of 3M and FA particle
size as received. Temperature was varied as follows
80, 90, 100 and 110ºC. Sampling was done at 1 h
intervals. The leachate was subsequently filtered
and analysed on the AAS.

2.5 Statistical Analysis
All experiments were carried out in duplicate with
the average results of two outcomes within 5% of
each other reported. ANOVA was employed to
check the significance of variation of results.

3 Results and Discussion
3.1 Composition of Camden FA
Table 1 shows the oxide content (% w/w) of
major elements and LOI for the Camden power
station FA.
Table 1: Composition of Camden FA
SiO2
47.8

Al2O3
28

Fe2O3
5.1

Fig. 1: Variation in silica yield with time (L/S
ratio of 20, 2 M KOH, agitation speed of 500
rpm, FA particle size as received, Temperature
90ºC)

The leaching of silica proceeds via a very fast
reaction during the first hour and then stabilizes
from then onwards. The difference in yield
between 5 and 6 h was not statistically different
so 6 h was taken as the leaching time.

3.2 Effect of L/S ratio
Fig. 2 the variation silica yield with solid loading

LOI
7.3

Silica was the major component followed by
alumina. The loss on ignition was high showing the
% unburnt carbon.

3.1 Effect of leaching time
Fig. 1 shows the effect of leaching time.

Figure 2: Variation of silica yield with L/S ratio
(time 6 h, 2M KOH, agitation speed of 500 rpm,
FA particle size as received, Temperature 90ºC
Fig. 2 shows that a reduction of L/S ratio from 20 to
15 resulted in the decrease in silica yield to about
48.97 g SiO2/kg of FA. This is due to increased
solid loading which results in the reduction of
efficient mass transfer [20]. Low L/S ratios are also
associated with geo-polymerisation as opposed to
dissolution. Geo-polymerisation results in the
consumption of dissolved silica thereby reducing the
amount of silica extracted. The maximum yield of
140.32 g SiO2/kg of FA was achieved at an L/S of

25. An L/S of 30 resulted in a 25% decrease in silica
yield relative to the one at an L/S of 25. This can be
attributed to a decrease in the amount of solid per
amount of reagent in the reaction mixture. Therefore
an L/S of 25 was used for subsequent experiments.

3.3 Effect of KOH concentration
Fig. 3 shows the variation in silica yield with
concentration of KOH

Fig. 4: Variation of silica yield with PSD (time 6
h, agitation speed of 500 rpm, L/S 25, KOH 3M,
Temperature 90ºC)
There was no significant difference in silica yield
with variation in PSD as the difference in yield. This
can be due to that over 85% of Camden power
station fly ash was below 400 um with over 50%
being less than 75 µm.

Fig. 3: Variation of silica yield with
concentration of KOH (time 6 h, agitation speed
of 500 rpm, L/S 25, ash particle size as received,
Temperature 90ºC)

3.5 Effect of agitation speed
Fig. 5 shows the variation in silica yield with
agitation speed.

There was an increase in silica yield with increase in
KOH concentration. This is due to an increase in the
available OH- anion for leaching. An increase of
KOH concentration from 3M to 4M resulted in a
slight decrease on the yield of silica. This is due to
the fact that a high concentration of KOH results in
the co dissolution of alumina which then reacts with
silica to precipitate as sodalite or cancrinite [21]

3.4 Effect of PSD
Fig. 4 shows the variation in silica yield with PSD.

Fig. 5: Variation of silica yield with agitation
speed (time 6 h, PSD as received, L/S 25, KOH
3M, FA particle size as received).
Increase in agitation from 250 to 500 rpm resulted
in an increase in silica as this resulted in an
increased contact between KOH and Camden ash.
An interesting and odd result was found at 750 rpm
where there was a 24% decrease in silica yield as
compared to the yield at 500 rpm. The reason was
that, for the leaching vessel used, agitation at 750
rpm resulted in spattering of Camden power station
fly ash on the vessel walls due to high speeds
resulting in a decrease in contact time between KOH
and spattered ash leading to decrease in silica yield.

Table 2: The correlation coefficient of silica
yield with various kinetic models
3.6 Effect of Temperature
Fig. 6 shows the variation of silica yield with
temperature.

Fig. 6: Variation of silica yield with temperature
(time 6 h, FA particle size as received, L/S 25,
KOH 3M, agitation speed 500 rpm)
There was in increase in silica yield with an increase
in temperature up to 100ºC (Figure 9). An increase
in temperature from 100ºC to 110ºC resulted in a
decrease in silica yield from 283.7 g SiO2/kg FA to
243.2 g SiO2/kg FA. This is because higher
temperatures promote co-dissolution of alumina
which leads to high zeolite formation.

3.7 Kinetic modelling
Silica extraction was then done using the
following condition: time 6 h, FA PSD as
received, L/S 25, KOH 3M, Temperature 100ºC
and agitation speed at 500 rpm. The yield
results were then fitted 21 kinetic models with
the correlation coefficient being the determining
factor for a best fit. The fitting of leaching
results are shown in Table 2.

Type

R2

Ginstling-Brounshtein

0.856

Zhuravlev, Lesokhin and
Templeman

0.678

Anti-Jander (threedimensional)

0.910

Kroger and Ziegler

0.7023

Jander (cylindrical diffusion)

0.8501

Anti-Jander (cylindrical
diffusion

0.902

Avrami-Erofeev

0.919

Avrami-Erofeev

0.922

Avrami-Erofeev

0.921

Avrami-Erofeev

0.916

Avrami-Erofeev

0.919

Zero order

0.9018

First order

0.848

Second order

0.849

Interface (contracting area)

0.918

Interface (contracting volume

0.914

Interface

0.922

Prout-Tompkins

0.9168

SCM diffusion through
inert/ash layer controls

0.853

SCM surface chemical
reaction

0.924

Modified Jander Equation

0.982

From Table 2 only the modified Jander equation
gave the best fit to the leaching data as it had a
correlation coefficient of 0.982. The linerarised
version of the modified Jander is given in equation 2

ln(1 − (1 − X ))

1/ 3

= 1 ln K N + 1 ln t
N
N

(2)

Where t is the leaching time, X is the fraction of
silica leached, KN has the dimensions of a diffusion
coefficient. The value of N is explained as follows
[22] N≤1: The process is controlled by a chemical
reaction at the surface or by dissolution of reactants
or precipitation of reaction products, 1<N≤ 2, the
process is controlled by diffusion of reactants
through a porous layer of reaction products and
N>2, the process is controlled by diffusion of
reactants through a dense layer of reaction products.
Fig. 7 shows the plot of the modified Jander
equation.

Fig. 8: the plot of the modified Jander equation
at 80ºC and 90ºC (time 6 h, FA particle size as
received, L/S 25, KOH 3M, agitation speed 500
rpm)

Fig 7: the plot of the modified Jander equation
(Temperature 100ºC, time 6 h, FA particle size as
received, L/S 25, KOH 3M, agitation speed 500
rpm)
From Fig. 7 14 the value of N was calculated to
1.48. This therefore implies that the leaching of
silica from ash within the first 6 h is controlled by
diffusion of reactants through a porous layer of
reaction products. To test the validity of the above,
the plots were done at 80ºC and 90ºC. Figure 15
shows the plots at 80ºC and 90ºC.

From Fig. 8 it can be seen the modified Jander
equation fit the leaching data well, better than
most kinetic models in Table 3. This therefore
validated the diffusion model for the leaching of
silica from FA. Leaching of silica at 80˚C had
the highest value of the correlation coefficient
(0.9931). Lower leaching temperatures result in
delayed formation of zeolites [23]. The delayed
formation of zeolites mean that the impediment
to silica diffusion is then reduced hence a
higher correlation vale. A plot of the natural
logarithm of the apparent constant against the
inverse of temperature was then performed to
calculate the activation energy of silica
leaching.

3.8 Thermodynamics
Fig. 9 shows the Arrhenius plot for silica
leaching.
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Fig 9: The Arrhenius plot for silica leaching from
Camden power station FA

The correlation coefficient of 0.98 was seen as a
good fit. The calculated activation energy was
5.9 kJ/mol. The low activation energy is
agreement with diffusion controlled leaching
and is very close with the activation energy
obtained by Pietersen [24], (1993) for the
dissolution of fly ash (6.5 – 9.2 kJ·mol-1). This
therefore validates that the modified Jander
equation can be used as a kinetic model for the
leaching of silica from Camden power station
FA under alkaline conditions.

4 Conclusion
Camden power station FA can be used a source
of silica. The best leaching parameters were 3M
KOH, leaching temperature of 100˚C, L/S ratio
of 25, particle size as received from the power
station, agitation speed of 500 rpm and a
leaching time of 6 h. The leaching of silica is
controlled by diffusion of reactants through a
porous layer of reaction products as the
leaching had an N value of 1.48 of the modified
Jander equation kinetics. The yield was 283.7 g
of silica per kg of FA. It is therefore
recommended method to increase the yield by
calcination of FA. It is also recommended to
find use for the desilicated FA so as to achieve
a zero waste discharge.
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