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Abstract
Rapid urbanization and industrialization of our world has led to accumulation of enormous number of
contaminants in our environment. Heavy metal ions hold a superlative position in that list and are responsible
for contaminating soil, air and water in many parts of the world. Adsorption technology is emerging as a
sustainable effective solution. The possibility of using Coal fly ash as an alternative adsorbent for divalent metal
ions (Zn2+, Cu2+) removal from simulated solutions was studied. The coal fly ash was characterised by Brunauer
Emmet Teller (BET), X-ray diffraction (XRD), X-ray Fluorescence Spectroscopy (XRF) and Fourier transform
infrared (FT-IR). Optimum adsorption conditions were determined as a function of pH, adsorbent dosage and
contact time for Zn2+ and Cu2+ removal. The adsorption of metal ions was found to be pH dependant.
Equilibrium data fitted well to the Freundlich model with R2 values as 0.9932, 0.9971 for Cu2+, Zn2+,
respectively. The study showed that disposed coal fly ash could be used as an efficient adsorbent material for the
removal of metal ions from aqueous solution.
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1. Introduction
In recent years, extensive attention has been paid on the management of environment pollution caused by
hazardous material, such as heavy metal ions. Presence of heavy metal ions even in trace levels is toxic and
detrimental to both flora and fauna. Aqueous industrial effluents containing large amounts of heavy metal ions
are being discharged into the environment, by either indirectly or directly, from operations such as mining
operations, municipal solid waste, waste oil, metal plating facilities and tanneries[1- 4]. As a result, various
studies have been conducted for the removal of heavy metal ions before being discharged to receiving sink.
The treatment of this type of wastewater involves recuperative techniques such as solvent extraction, adsorption,
filtration, precipitation, ion exchange, biological treatment and destructive techniques such as ozonation and
oxidation [5- 9]. Adsorption technology using activated carbon is currently being used extensively for the removal
of hazardous pollutants from gaseous and liquid phases. The main disadvantages associated with this adsorbent
are the high regeneration cost, intraparticle resistance in adsorption process and poor mechanical strength [10].
Recently, adsorption has attracted considerable interest especially from low-cost materials such as moss [11]
modified corn cobs [12], rice husk [13], crabs shell particles [14] and maize tassel [15].
Coal fly ash, is obtained from the combustion of powdered coal as waste product. In this regard coal fly ash is a
very attractive alternative because it is cheap, widely available and has been reported to have good mechanical
stability [16]. South African coal fly ash [4, 17] and Turkish fly ash [18] have been used for the removal of
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phosphates from wastewater, for treatment of acid mine drainage and removal of heavy metal ions. This material
requires little processing to increase its sorption capacity. Potgieter et al [16] reported that the nature of fly ash is
influenced by amongst others, the origin of the coal and burning condition under which it is was formed.
In this study, we report the investigation on the feasibility of Zimbabwean coal fly ash to remove heavy metal
ions (Zn2+, Cu2+) from water, modelling the adsorption process of heavy metal ions and investigation of the
interactive effects of process parameters such as adsorbent dose, contact time, solution pH, and initial
concentration on the adsorption capacity of coal fly ash towards the metal ions. In addition, the effectiveness of
this fly ash is compared with results obtained with commercial activated carbon and coal fly ash from other
countries.

2.0 MATERIALS AND METHODS:
2.1 Preparation of adsorbent
The coal fly ash was collected from dumping sites of a local coal power company. The fly ash samples were
dried at 105 oC for 2 h before tests. The fly ash samples were ground and sieved to a particle size of between 50150 µm and used without any pre-treatment.
2.2 Characterisation of adsorbent
The pH value of coal fly ash was determined according to a reported procedure [3]. The loss on ignition (LOI)
was determined by heating a pre-weighed sample (left at 105oC in an oven and then cooled in desiccators) for
600oC over a period of 2 hours [18]. The specific surface area of the coal fly ash was determined by the Brunauer
Emmet Teller (BET) method. The surface charge was determined by electrophoretic measurements using a zetameter (ZM-77 manufactured by Zeta-Meter, USA). X-ray diffraction (XRD) studies were carried out using an
X-ray diffractometer (D8 Bruker) with Cu Kα radiation at 40 kV and 40 mA. The X-ray pattern was recorded
from 10o-70o. Major element concentration within the coal fly ash was determined by X-ray Fluorescence
Spectroscopy (XRF). Fourier transform infrared (FT-IR) spectrum to determine the type of functional groups on
the coal fly ash before and after absorption was recorded on a PerkinElmer GX2000 FT-IR spectrometer (JEOL,
Tokyo, Japan). Samples for FT-IR were prepared by diluting the adsorbent to 5% in KBr and cast in disks for
analysis.
2.3 Sorption experiments:
(i) Effect of pH:
The effect of pH on the amount of heavy metal ions removal was analysed over the pH range from 2 to 8. In this
study, 100 ml of heavy metal ion solutions with concentration 100 mg L-1 were transferred into stopper conical
flasks and agitated for 2 hrs at 250 rpm with 0.4 g of coal fly ash using an incubator with a shaking platform at
room temperature (27 ± 20C). The samples were centrifuged and the left out concentration in the supernatant
solution after filtration were analysed using a Varian 140 Atomic Absorption Spectrometer (Varian Techtron Pty
Ltd., Springvale, Australia).
(ii) Effect of adsorbent dosage:
The effect of coal fly ash mass on the amount of heavy metal ions removed in solution was obtained by
contacting 100 ml of heavy metal ions in solution of initial concentration of 100 mg L-1 with different masses of
coal fly ash ranging from 0.2 g to 2.5 g. Each sample was then agitated for 2 hours at 250 rpm. The samples
were then centrifuged and the concentrations were then analysed as before.
(iii) Effect of contact time:
For optimisation of contact time required for the sorptive separation of heavy metals ions on the coal fly ash
surface from aqueous solutions, 0.5 g of the adsorbent was equilibrated with 100 ml test solutions containing
metal ions at the concentration of 100 mg L-1 for contact time in the range from 0-200 minutes.
(iv) Adsorption Equilibrium:
Equilibrium studies were carried out by contacting 0.5 g of coal fly ash powder with 100 ml of heavy metal ions
solution of different initial concentrations in the range of 10 to 160 mg L-1 in 250 ml stopper conical flasks. The
samples were then shaken at 250 rpm for 5 hours. The sorption capacity of the coal fly ash was determined from
the concentration difference of the solution, at the beginning and at equilibrium:
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(1)
where Co and Ce are the initial and the equilibrium solution concentrations (mg dm-3), V is the volume of
solution (cm3), and W is the mass of coal fly ash used (g).
Percent removal was also evaluated using the formula:

(2)
3.0 RESULTS AND DISCUSSION:
3.1 Characterization of the biosorbent:

(i) Physicochemical properties:
Physicochemical characterisation of the coal fly ash was done (Table 1). The N2 adsorption gave the specific
surface area (SBET) of 1.24 m2/g. The value obtained for the Zimbabwean coal fly ash was lower than the South
African fly ash values, 2.5-19.0 m2/g [20], 1.73 m2/g [4] and was higher than the Turkish fly ashes values of 0.342
and 0.115 m2/g [18]. The carbon concentration determination by loss on ignition was found to be less than 5% for
the fly ash.
Table 1 Physical characteristics of coal fly ash
Property
pH
LOI (%)
pHzpc
Specific surface area (m2/g)
Bulk density(g/cm3)
Specific gravity(g/cm3)
zpc: zero point charge

Values
8.20
4.50
6.0
1.24
1.75
2.10

(ii) Chemical composition:
The chemical composition of the Zimbabwean coal fly ash was determined using an X-ray fluorescence
spectrometer. Table 2 shows the results of the chemical analysis of the test sample. More than half of the coal fly
ash’s composition is made up of Al2O3, SiO2, and Fe2O3.
Table 2 Chemical analysis of the sample (XRF)
Compound
Al2O3
BaO
CaO
Cr2O3
Fe2O3
K2O
MgO
Na2O
B2O5
SiO2
TiO2

Composition, wt %
24.67
0.14
1.19
0.03
4.84
0.74
0.22
0.11
0.05
37.81
1.80

The identification of the mineralogical constituents and phase properties of coal fly ash was conducted by XRay diffractometer (XRD) and is illustrated in Figure 1 below. It can be observed from Figure 1 that the fly ash
consists mostly of mullite (Al6Si2O13), quartz (SiO2), a small amount of haematite (Fe2O3) and calcium oxide
(CaO) with large characteristic peaks of quartz. The coal fly is therefore alkaline and can neutralise wastewater
and adsorb heavy metals.
(iii) FT-IR analysis:
The FT-IR technique is an important tool to identify the characteristic functional groups on the adsorbent
surface. The FT-IR spectra of the coal fly ash before and after adsorption of the heavy metal ions from simulated
solutions are shown in Figures 2 to 4. The FT-IR spectrum of coal fly ash before adsorption show small
absorption peaks at 3400 and3580 cm-1 and indicates the presence of the hydroxyl groups on the fly ash [20]. A
small sharp medium peak at 1610 cm-1 could be associated with C=O or –CH3. A broad peak at 1100 cm-1
corresponds to X-O (X= Si, Al). A small peak at 875cm-1 could be associated to the presence of Al atoms in the
tetrahedral forms of silica framework [21]. The peaks at 780-790 cm-1 are indicative of quartz and bands at 694
and 515 cm-1 could be assigned to quartz as crystal phase in the coal fly ash. The small absorption peaks at 3400
and 3580 cm-1 disappeared forming one broad band for both metals with a lower intensity (Figures 3 and 4).
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Mohan and Gandhimathi [3] attributed this to solubility calcium content and (SiO2 and Al2O3 +Fe2O3) content of
fly ash and hence the percentage transmittance of the possible hydroxyl groups was decreased. The
disappearance of some peaks at 3400 cm-1,3580 cm-1, 1600cm-1and 11390cm-1 indicates that functional groups
were involved in adsorption process.

Fig. 1 XRD spectrum of unused coal fly ash

Fig 2 FT-IR spectrum of unused coal fly ash.

Fig. 3. FT-IR spectrum of coal fly ash after biosorption of copper.

Fig. 4. FT-IR spectrum of coal fly ash after biosorption of zinc.

3.2 Sorption studies:
(i) Effect of pH:
The biosorption capacity is influenced most by the pH of the solution. The pH of the solution affects the surface
charge of the adsorbent, degree of ionisation and speciation of the adsorbate species, which may lead to change
in kinetics and equilibrium characteristics of the adsorption process [4]. Figure 5 shows the effect of pH on the
adsorption of coal fly ash within the range 2-8 and the maximum pH of 8 was chosen to avoid precipitation of
metal ions [18].
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Fig.5. Effect of pH on Cu2+ and Zn2+.

Generally, below pH 2 a positive counter ion layer on the surface of coal fly ash develops and the complexes
[Zn (OH)4]2- and [Cu(OH) 4]2-, are formed which will be adsorbed on the surface[22]. Hydroxyl-metal complexes
have higher affinity for adsorption than hydrated metal ions because the formation of the hydroxyl group of the
metal ion reduces the free energy required for adsorption. The amount of Cu2+and Zn2+ ions absorbed increased
as pH is increased from pH 2. The total number of negative groups available for binding of metal ions increased
and therefore competition between proton and metal ion becomes less pronounced [23]. Coal fly ash possessed
optimum sorption capacity for both copper and zinc ions at pH 6 and 8 respectively. The functional oxidised
groups as revealed by XRF on surface of coal fly ash exists as SiO2, Al2O3 and Fe2O3 and thus the synergistic
effect of these oxidised groups may affect the adsorption of copper and zinc ions. Mohan and Gandhimathi [3]
reported that the oxygen atoms on the surface of silica are free to react with water which will eventually lead to
the formation of surface silanol (SiOH) groups. As a result the surface of silica is positively charged at low pH
and negatively at high pH.
(ii) Effect of adsorbent dosage:
This parameter determines the capacity of adsorbent for a given heavy metal ion concentration and adsorbateadsorbent equilibrium of the system. As shown in Figure 6, the percentage removal of both metals increases
when the adsorbent dose is increased from 0.2 to 2.5 g. The critical value of dosage of coal fly ash obtained
from the graph was 0.4 g and 0.6 g for zinc and copper respectively. Increasing the amount of coal fly ash
increases the availability of active sites of the adsorbent, hence adsorption percentage and efficiency also
increased.

Fig.6. Effect of adsorbent dosage on Cu2+ and Zn2+.

Fig. 7. Effect of contact time on Cu2+ and Zn2+.

(iii) Effect of contact time:
The effect of agitation time is one of the important factors when considering batch sorption systems. This is
important since it gives insight into a sorption process, provides information on the minimum time required for
considerable adsorption to take place and the possible diffusion control mechanism between the metal ion as it
moves from the bulk solution towards the adsorbent surface [24]. As shown in Figure 7 above, the optimum
contact time was for copper and zinc removal were determined at 60 minutes and 55 minutes respectively.
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(iv) Adsorption isotherms:
There are several models that have been reported in literature to show equilibrium relationships between sorbent
and sorbate. The Langmuir and Freundlich models are the most frequently employed models. The linear form of
the Langmuir isotherm model can be represented by the relation:
(3)
-1

where, qe is the amount adsorbed at equilibrium (mg g ), Q (mg g-1) and b (L mg-1) are the Langmuir constants
related to the maximum adsorption and energy of adsorption respectively. The linear form of the Freundlich
isotherm is given by the relation:
(4)
-1

where, qe is the amount adsorbed at equilibrium (mg g ), Ce is the equilibrium concentration of the adsorbate
(mg l-1), k and 1/n are the Freundlich constants related to adsorption capacity and adsorption intensity
respectively of the adsorbent.
The equilibrium studies carried out in the metal ion concentration range of 10mg to 160mg/L (Figure 8) for both
metal ions (Zn2+, Cu2+) were tested to fit Langmuir and Freundlich isotherms. The obtained experimental data
could not fit the Langmuir isotherm well (data not shown). Freundlich isotherm constants (Zn2+, Cu2+) were
determined from the plot of log qe versus log Ce (Figure 9).and are summarized in Table 3. Figure 9 shows
Freundlich isotherm fit well for Zn2+and Cu2+. The n values of both metals were observed to be very close to the
value of 1, thus indicating that the adsorption is favourable.

Fig. 8. Effect of initial concentration of Cu2+ and Zn2+

Fig 9 Freundlich isotherm for copper and zinc

Table 3 Isotherm Equilibrium Summarization
Metal
Cu2+
Zn2+

Freundlich constants
n
k
0.9407
0.3581
0.8195
0.3146

R2
0.9932
0.9971

(v) Application of coal fly ash to industrial wastewater treatment:
The application of coal fly ash as an adsorbent was assessed by its application in treatment of mining waste
water. The mining waste water was collected from mine dumps and results (not shown here) revealed that the
removal efficiency of metal ions in mining waste water was not significantly different from results of simulated
solutions. Thus the present study shows that Zimbabwean coal fly ash can be used in the removal of Cu2+ and
Zn2+ions from mining waste water.
4. CONCLUSION:
Batch studies show that coal fly ash can be a promising low cost biosorbent in removal of Cu2+ and Zn2+ions
from aqueous solutions. Characterisation of the coal fly ash was done by BET, XRF, XRD and FTIR. The
adsorption of Cu2+and Zn2+ ions by coal fly ash is a function of contact time, adsorbent dosage and pH. The
adsorption isotherm studies showed that the Freundlich isotherm model fits well with R2 values as 0.9932,
0.9971 for Cu2+, Zn2+, respectively. The study recommends that Zimbabwean coal fly ash can be exploited as an
alternative adsorbent for chosen metal ions from waste water.
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