
Journal of Hazardous Materials B136 (2006) 482–501

Review

Environmental-benign utilisation of fly ash as low-cost adsorbents

Shaobin Wang ∗, Hongwei Wu
Department of Chemical Engineering, Curtin University of Technology, GPO Box U1987, Perth, WA 6845, Australia

Received 8 November 2005; received in revised form 19 January 2006; accepted 19 January 2006
Available online 13 March 2006

Abstract

Fly ash is a waste substance from thermal power plants, steel mills, etc. that is found in abundance in the world. In recent years, utilisation of
fly ash has gained much attention in public and industry, which will help reduce the environmental burden and enhance economic benefit. In this
paper, the technical feasibility of utilisation of fly ash as a low-cost adsorbent for various adsorption processes for removal of pollutants in air and
water systems has been reviewed. Instead of using commercial activated carbon or zeolites, a lot of researches have been conducted using fly ash
for adsorption of NOx, SOx, organic compounds, and mercury in air, and cations, anions, dyes and other organic matters in waters. It is recognised
that fly ash is a promising adsorbent for removal of various pollutants. Chemical treatment of fly ash will make conversion of fly ash into a more
efficient adsorbent for gas and water cleaning. Investigations also revealed that unburned carbon component in fly ash plays an important role in

adsorption capacity. Directions for future research are also discussed.
© 2006 Elsevier B.V. All rights reserved.
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Fig. 1. Annual production

. Introduction

Since wide scale coal firing for power generation began in the
920s, many millions of tonnes of ash and related by-products
ave been created. It is estimated that 349 Mt was produced
orldwide in 2000 [1]. While most of produced fly ash is dis-
osal as landfill, which is under pressure for environmental
oncerns. As a matter of fact, the disposal of fly ash will soon be
oo costly if not forbidden. Throughout the world, much research
s being conducted on the use of waste materials in order to
ither avert an increasing toxic threat to the environment or to
treamline present waste disposal techniques by making them
ore affordable. It, therefore, follows logically that an econom-

cally viable solution to this problem should include utilisation
f waste materials in new products for other applications rather
han disposal in a landfill.

In Australia, annual production of fly ash (FA) has been
teadily increased (Fig. 1), of which about 10% was used, mostly
s pozzolan in the building and construction industry [2]. The
verage percentage of ash as a component of total cement sales
as steadily grown over the last 10 years, however, there is a limit
o how much fly ash the cement market can take, and develop-

ent of new market is required. Compared with other countries
n fly ash utilisation, Australia has one of the lowest ash utilisa-
ion rates and lowest valuable ash utilisation rates [3].

From a power generation perspective, fly ash is a waste, while
rom a coal utilisation perspective, fly ash is a resource yet to be
ully utilised and exploited. The producers of thermal electricity
re thus looking for ways to valorise fly ash. Fig. 2 presents
he possible uses of fly ash based on the properties of fly ash.
urrently, the cement industry might use them as a raw material

o produce concrete. The coal fly ash discharged from power
lants is also designated as a specified by-product and its use in

ecycling materials in the fields of agriculture and engineering
s widely attempted [4,5]. As one of the effective uses of coal fly
sh, its conversion into zeolite has also been widely attempted
6].

r
p
a
a

ale of fly ash in Australia.

Another interesting possibility might be to make it a low-
ost adsorbent for gas and water treatment provided production
ould match industrial needs. A lot of investigations have been
eported on using fly ash for adsorption of individual pollutants
n an aqueous solution or flue gas. The results obtained when
sing these particular fly ashes are encouraging for the removal
f heavy metals and organics from industrial wastewater. This
aper will review the various applications of fly ash as low-cost
dsorbents for flue gas cleaning and wastewater treatment for
emoval of toxic ions and organic matters.

. Structure of fly ash

The primary components of power station fly ash are silica
SiO2), alumina (Al2O3) and iron oxides (Fe2O3), with varying
mounts of carbon, calcium, magnesium and sulphur. An empir-
cal formula for fly ash based on the dominance of certain key
lements has been proposed as [4]:

i1.0Al0.45Ca0.51Na0.047Fe0.039Mg0.020K0.013Ti0.011.

Two general classes of fly ash are recognised for coal combus-
ion: Class F normally produced from anthracite, bituminous, or
ub-bituminous coals and containing less than 7 wt.% CaO; and
lass C normally produced from lignite coals and contains more

ime (5–30 wt.%). In general, fly ash has a hydrophilic surface
nd porous structure. Fig. 3 shows the typical SEM images of
y ash.

. Adsorbent for flue gas cleaning

.1. Sulphur compounds

Many industrialised countries are now making efforts to

educe SOx emissions by installing equipment for flue gas desul-
hurisation (FGD), and wet-type limestone scrubbing processes
re widely employed because of their high DeSOx efficiency
nd easy operation. However, these processes have drawbacks
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Fig. 2. Possible uses of fly ash considering

uch as a large consumption of water and the need for wastew-
ter treatment [5]. Dry-type FGD does not require wastewater
reatment but needs a great amount of absorbent compared with
et-type FGD because a high molar ratio of calcium to sulphur

s required for obtaining a high DeSOx efficiency. The reactions
re listed as follows:

O + 1/2O2 → NO2 (1)

O2 + NO2 → SO3 + NO (2)
a(OH)2 + SO3 → CaSO4 + H2O. (3)

Activated carbon has been shown to oxidise reduced sulphur
ompounds, but in many cases it is too costly for large-scale
nvironmental remediation applications. Coal fly ash can be used

a
c
u
a

Fig. 3. SEM photos of fly ash (a) Fly as
tural advantages of this industrial mineral.

s a cheap absorbent for dry-type FGD. A simplified plant view
s shown in Fig. 4.

Fly ash recycling in the flue gas desulphurisation process has
een shown promising results. Two types of fly ash from flu-
dised bed (FBC) and pulverised coal combustors (PCC) have
een tested as reactive SO2 sorbents under the treatment of
alcium hydroxide [7]. Results showed about 92–100% con-
ersion of CaO to CaSO4 within 1 h reaction could be achieved
ith the treated PCC and FBC fly ashes, respectively. Using
ixture of fly ash and calcium hydroxide for desulphurisa-

ion was also studied by Davini [8,9]. It was proved that using

spray of Ca(OH)2-fly ash mixtures was an attractive low-

ost SO2 control option. Davini [10] also tested a process
sing activated carbon derived from fly ash for SO2 and NOx

dsorption from industrial flue gas. Such a mixture showed

h (b) unburned carbon in fly ash.
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ig. 4. Schematic plant view of flue gas desulfurisation using coal ash [5].

imilar characteristics to a typical activated carbon for flue
ases.

Apart from direct use of fly ash for FGD, Srinivasan and
butzeck [11] explored the synthesis of zeolites from fly ash to

dsorption of sulphur dioxide. Breakthrough curves indicated
hat the zeolites in the samples were able to remove all of the
O2 in the simulated flue gas for varying periods of time, and

hat the actual amount of SO2 removed by the zeolite depended
n the type and degree of dryness of the zeolite or zeolite-like
aterial present. In addition, Kastner et al. [12] used coal fly

sh with high metal and carbon contents to reduce sulphur com-
ounds for odour removal. Initial results indicated that coal fly
sh could catalyse the oxidisation of H2S and ethanethiol, but
ot dimethyl sulphide (DMS) and dimethyl disulfide (DMDS)
t room temperature. In batch reactor systems and a contin-
ous flow packed bed reactor, removal efficiency for H2S or
thanethiol could achieve at 99% and 50%, respectively.

.2. NOx adsorption

Fly ash was also proposed to be used as an adsorbent for NOx

emoval from flue gases [13]. It was found that the unburned
arbon remaining in the fly ash particles contributes the main
urface area and the adsorption. The unburned carbon could
e activated to further improve the adsorption performance.
ecently, an adsorption of NOx using activated chars recovered

rom fly ash was reported by Rubel et al. [14]. They found that
arbon-rich fractions from a gasifier adsorbed one-third of the
Ox compared with a commercial carbon. The CC material was
poor performer for both Hg and NOx capture.

.3. Mercury removal

Currently, mercury emissions from coal-fired utility boilers
ave become a great concern due to the potential environmental
hreat to human health. Therefore, legislation is setting increas-
ngly strict flue gas emission limits. One promising approach for

emoving mercury from coal-fired utility flue gas involves the
irect injection of mercury sorbents.

A recent study of the Hg emissions from municipal solid
aste (MSW) incinerators indicated that, fly ash may promote

4

l
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g emission control, when fabric filters were used [15]. The
xperiments led to the determination of the breakthrough curves
or the fixed bed and of the adsorption isotherms at different
emperatures in the range of 150–250 ◦C. Bench-scale and mod-
lling results using fly ash also suggested that certain fly ashes
re capable of adsorbing mercury [16]. Malerius and Werther
17] investigated mercury capture in an existing sewage sludge
ncineration plant. The mercury removal with the fly ash as an
dsorbent is simulated and compared with other adsorbents. The
dsorption isotherms for the investigated fly ashes were of the
angmuir type whereas for the investigated activated coals and
eolites they were of the Freundlich type.

Serre and Silcox [18] determined whether the unburned car-
on that remains in coal fly ash could be used as an inexpensive
nd effective replacement for activated carbon. Bench-scale tests
ere conducted at conditions representative of those found in

he flue gas trains of coal-fired power plants and municipal waste
ncinerators. Adsorbed-phase concentrations were as high as
00 ppm. Mathematical models were also developed to simulate
he capture of Hg0 in flue gas ducts and in baghouses. The results
f the simulations indicate that a negligible amount of Hg0 can
e adsorbed by a dilute suspension of fly ash. The best option for
ontrolling Hg0 emissions using fly ash appears to be injection in
ulses prior to a baghouse. Meanwhile, the effect of porous struc-
ure and surface functionality on the mercury capacity of a fly ash
arbon and its activated sample has been investigated. The acti-
ated fly ash carbon sample has lower mercury capacity than its
recursor fly ash carbon (0.23 mg/g versus 1.85 mg/g), although
ts surface area is around 15 times larger, 863 m2/g versus
3 m2/g. It was found that oxygen functionality and the presence
f halogen species on the surface of fly ash carbons may promote
ercury adsorption, while the surface area does not seem to have
significant effect on their mercury adsorption capacity [19].

.4. Adsorption of gaseous organics

Apart from adsorption of NOx, SOx and mercury in flue gas,
y ash has also been used for organic gas adsorption. Peloso et
l. have investigated the adsorption of toluene vapours on fly ash
20]. Preliminary results showed the possibility of obtaining fly
sh products with a satisfactory adsorption performance. Fur-
her results showed that a fly ash product, obtained after particle
ggregation and thermal activation at a suitable temperature, pre-
ented satisfactory adsorption performance for toluene vapours
21]. Another research group determined adsorption kinetics for
representative aromatic hydrocarbon, m-xylene, on three types
f fly ash [22]. The results indicated that m-xylene adsorption by
y ash resembled kinetics reported for penetration of absorbates

nto porous adsorbents. No increase in adsorption rates was
bserved with increased temperature; rate constants decreased
ith increase in vapour pressure. This suggested that adsorption
as diffusion limited.
. Removal of toxic metal ions from wastewater

Heavy metals are nowadays among the most important pol-
utants in source and treated water, and are becoming a severe
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Table 1
Summary of adsorption of metals and metalloids on fly ash

Metals Adsorbent Adsorption
(mg/g)

Temperature
(◦C)

References

Cu2+ Fly ash 1.39 30 [28]
Fly ash + wollastonite 1.18 30 [28]
Fly ash 1.7–8.1 – [34]
Fly ash(I) 0.34–1.35 20 [38]
Fly ash(II) 0.09–1.25 20 [38]
Fly ash 207.3 25 [33]
Fly ash-washed 205.8 25 [33]
Fly ash-acid 198.5 25 [33]
Fly ash 0.63–0.81 25 [29]
Bagasse fly ash 2.26–2.36 30–50 [42]
Fly ash 0.76 32 [48]

Pb2+ Fly ash zeolite 70.6 20 [65]
Fly ash 444.7 25 [33]
Fly ash-washed 483.4 25 [33]
Fly ash-acid 437.0 25 [33]
Fly ash 753 32 [48]
Bagasse fly ash 285–566 30–50 [41]

Cd2+ Fly ash 1.6–8.0 – [34]
Fly ash zeolite 95.6 20 [65]
Fly ash 0.67–0.83 20 [37]
Fly ash(I) 0.08–0.29 20 [39]
Fly ash(II) 0.0077–0.22 20 [39]
Fly ash 198.2 25 [33]
Fly ash-washed 195.2 25 [33]
Fly ash-acid 180.4 25 [33]
Bagasse fly ash 1.24–2.0 30–50 [44]
Fly ash 0.05 25 [61]

Ni2+ Fly ash 9–14.0 30–60 [35]
Fe impregnated fly ash 9.8–14.93 30–60 [35]
Al impregnated fly ash 10–15.75 30–60 [35]
Fly ash(I) 0.40–0.98 20 [38]
Fly ash(II) 0.06–1.16 20 [38]
Bagasse fly ash 1.12–1.70 30–50 [44]

Zn2+ Fly ash 6.5–13.3 30–60 [35]
Fe impregnated fly ash 7.5–15.5 30–60 [35]
Al impregnated fly ash 7.0–15.4 30–60 [35]
Fly ash 0.25–2.8 20 [37]
Fly ash(I) 0.25–1.19 20 [38]
Fly ash(II) 0.07–1.30 20 [38]
Bagasse fly ash 2.34–2.54 30–50 [42]
Bagasse fly ash 13.21 30 [43]
Fly ash 4.64 23 [60]
Fly ash 0.27 25 [61]
Fly ash 0.068–0.75 0–55 [62]

Cr3+ Fly ash 52.6–106.4 20–40 [27]
Cr6+ Fly ash + wollastonite 2.92 [26]

Fly ash + China clay 0.31 [26]
Fly ash 1.38 30–60 [36]
Fe impregnated fly ash 1.82 30–60 [36]
Al impregnated fly ash 1.67 30–60 [36]
Fly ash(I) 0.55 20 [39]
Fly ash(II) 0.82 20 [39]
Bagasse fly ash 4.25–4.35 30–50 [45]

Hg2+ Fly ash 2.82 30 [30]
Fly ash 11.0 30–60 [36]
Fe impregnated fly ash 12.5 30–60 [36]
Al impregnated fly ash 13.4 30–60 [36]
Sulfo-calcic 5.0 30 [53]
Silico-aluminous ashes 3.2 30 [53]
Fly ash-C 0.63–0.73 5–21 [31]

As3+ Fly ash coal-char 3.7–89.2 25 [66]
5+
86 S. Wang, H. Wu / Journal of Haza

ublic health problem. Heavy metal and metalloid removal from
queous solutions has been commonly carried out by several pro-
esses; chemical precipitation, solvent extraction, ion-exchange,
everse osmosis or adsorption. Among these processes, the
dsorption with the selection of a suitable adsorbent can be a
imple but effective technique for the removal of heavy metals
rom wastewater.

.1. Adsorption test of various types of heavy metals and
etalloids on fly ash

Fly ash has been widely explored to be a low-cost adsorbent
or heavy metal uptake. Table 1 summarise the results of the
mportant metal ions investigated. Among these metal ions, Pb,
i, Cr, Cu, Cd, and Hg are the most investigated. The use of fly

sh for removal of heavy metals was done as early as in 1975.
angoli et al. [23] reported an investigation using fly ash for

emoving heavy metals from industrial wastewaters. Both pre-
ipitation and/or adsorption would be involved. Precipitation of
he heavy metals results from the presence of calcium hydrox-
de, while adsorption may be due to the presence of silica and
lumina available in the fly ash.

Removal of chromium ions including Cr6+ and Cr3+ using
y ash has been investigated by several groups. For Cr6+,
rover and Narayanaswamy [24] studied the effects of hexava-

ent chromium concentrations, fly ash dosage, contact time, and
H on Cr6+ removal and found that removal was most effective at
ower pH values and Cr6+ concentration. The data fit well in the
reundlich isotherm. Dasmahapatra et al. [25] also investigated

he adsorption of Cr6+ on fly ash. It was observed that the per-
ent removal of Cr6+ by fly ash is affected by its concentration
n aqueous solution, temperature, particle size, and pH. Better
eparation is obtained at acidic pH and at higher Cr concentra-
ion and temperature. Particle size has a non-significant effect on
eparation. A homogeneous mixture of fly ash and wollastonite
1:1) to remove Cr6+ from aqueous solutions by adsorption was
lso reported [26]. The extent of removal is dependent on con-
entration, pH and temperature of the solution. The amount of
dsorption increased with Cr concentration. Maximum removal
as observed at pH 2 and 30 ◦C. The adsorption is first governed
y diffusion followed by surface compound formation.

Recently, fly ash from the combustion of poultry litter was
ssessed as an adsorbent for Cr3+ removal from aqueous solu-
ion [27]. The adsorption process was studied as a function of
emperature and time. Adsorption was best described by the
angmuir model. The adsorption of Cr3+ on the fly ash was
ndothermic and kinetic studies suggested that the overall rate
f adsorption was pseudo-second order. At low initial concen-
rations film diffusion effects contributed to limiting the overall
ate of adsorption while at higher initial Cr3+ concentrations
ore diffusion became more important. An adsorption capacity
f 53 mg/g was reached at 20 ◦C.

Fly ash has also been applied for copper removal. Panday et

l. have found that the removal efficiency was dependent on con-
entration, pH and temperature [28]. The kinetics of adsorption
ndicated the process to be diffusion controlled and the adsorp-
ion was found to be endothermic. The maximum removal is

As Fly ash 7.7–27.8 20 [64]
Fly ash coal-char 0.02–34.5 25 [66]

Cs+ Fly ash zeolite 443.9 25 [67]
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bserved at pH 8. Fly ashes with different quantities of carbon
nd minerals were also used as adsorbents to investigate the
ontribution of precipitation and adsorption to the removal of
queous Cu2+ [29]. The carbon fraction in fly ash was impor-
ant in the removal of Cu2+. The specific adsorption capacities
f carbon ranged from 2.2 to 2.8 mg Cu/g carbon, while those
or mineral were only about 0.63–0.81 mg Cu/g mineral. Con-
equently, Cu2+ removal owing to precipitation increases with a
ecreasing carbon fraction and the contribution of copper pre-
ipitation was estimated to be approximately 23–82% of total
emoval, depending on the carbon fraction of fly ash.

For mercury adsorption in aqueous solution, fly ash was also
ound to be effective. Sen and De found coal fly ash presented a
omparable adsorption with activated powdered charcoal [30].
olution pH was the most important parameter affecting the
dsorption. The optimum pH range was 3.5–4.5. Kapoor and
iraraghavan reported a similar work [31]. The optimum pH
as found to be between 5.0 and 5.5. The adsorption isotherm
ata were described adequately by both the Langmuir and the
reundlich models. The adsorption process was found to be
ndothermic.

Papachristou et al. [32] determined the selective adsorption of
arious metal ions (Na, K, Mg, Ca, Cu, Cd, Mn, Hg, Cr, Pb, and
e) by two different fly ashes. Experiments indicated that one fly
sh sample showed a selectivity in adsorbing heavy metal ions
rom aquatic systems. Lead ions were found to be selectively
dsorbed at a mean value of 19 meq of Pb2+ per 100 g of fly ash.
his selective adsorption could be attributable to the crystalline
ttringite mineral formation after the hydration of the fly ash.

Metallurgical solid wastes, i.e. bauxite waste red muds and
oal fly ashes have been used for toxic heavy metals, i.e. Cu2+,
b2+ and Cd2+, removal from water [33]. The breakthrough
olumes of the heavy metal solutions have been measured by
ynamic column experiments so as to determine the saturation
apacities of the sorbents. The investigation showed that fly ash
xhibited higher adsorption capacity than red mud. The sorption
equence is Cu > Pb > Cd in accordance with the order of insol-
bility of the corresponding metal hydroxides. Similar results
n adsorption of Cd and Cu by fly ash were also reported from
yala et al. [34]. Adsorption capacity increases as metal initial
oncentration decreases. The removal phenomenon appears to
e that the fly ash neutralizes the metal solution due to its alka-
ine nature. The presence of high ionic strength, or appreciable
uantities of Ca and Cl ions does not have a significant effect on
he adsorption of these metals by fly ash.

Banerjee et al. studied adsorption of several toxic metal ions,
i2+ [35], Zn2+ [35], Cr6+ [36] and Hg2+ [36], on fly ash and
l- and Fe-impregnated fly ash. The impregnated fly ash showed
uch higher levels of adsorption capacity for all ions as com-

ared to untreated fly ash. The adsorption was found to be
xothermic for Ni2+ and endothermic in case of Zn2+ using
he values of enthalpy change. The adsorption capacity of FA,
l-FA, and Fe-FA for Cr6+ was found to be 1.379, 1.820, and

.667 mg/g and that of Hg2+ was 11.00, 12.50, and 13.40 mg/g.

Bayat investigated the removal of Zn2+, Cd2+ [37], Ni2+, Cu2+

38], and Cr6+ [39] using lignite-based fly ash and activated car-
on and found that the fly ash was effective as activated carbon.
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he parameters studied include contact time, pH, temperature,
nitial concentration of the adsorbate, and fly ash dosage. The
ercent adsorption of Zn2+ and Cd2+ increased with an increase
n concentration of Zn2+ and Cd2+, dosage of fly ash and temper-
ture and the maximum adsorption occurred in the pH range of
.0–7.5. Thermodynamic parameters suggested the endothermic
ature of the adsorption process. The effectiveness of fly ash as
n adsorbent improved with increasing calcium (CaO) content.
ly ashes were found to have a higher adsorption capacity for

he adsorption of Cd2+ as compared to Cr6+. Fig. 5 shows the
omparison of fly ash and activated carbon in metal adsorption
t various pH values.

Gupta research group conducted a series of investigations on
y ash adsorption for heavy metals. They measured the changes

n toxicity and heavy metals in a municipal wastewater treat-
ent plant effluent on treatment with fly ash [40]. The effluent

fter treatment with fly ash for 4 h showed a significant reduc-
ion in toxicity, Cu and Pb, PO4

3− and NO3
− contents. Fly ash

emoved Cu and Pb from the effluent (through adsorption), and
he removal of these toxic heavy metals resulted in the reduction
f toxicity.

They also use bagasse fly ash from sugar industries for the
emoval of lead [41], copper and zinc [42,43], cadmium and
ickel [44] and chromium [45] from aqueous solutions. Cop-
er and zinc are adsorbed by the developed adsorbent up to
0–95% in batch and column experiments. The adsorption was
ound to be endothermic in nature and follows both the Langmuir
nd Freundlich models. For Cd and Ni, the batch test showed
0% removal is possible in about 60 and 80 min, respectively.
aximum adsorption of cadmium and nickel occurred at a con-

entration of 14 and 12 mg/L and at a pH value of 6.0 and 6.5,
espectively. A dose of 10 g/L of adsorbent was sufficient for
he optimum removal of both the metal ions. The adsorption
ata also followed the Langmuir model. The adsorption of both
he metal ions increased with increasing temperature indicat-
ng endothermic nature of the adsorption process. The removal
f Zn is 100% at low concentrations, whereas it is 60–65% at
igher concentrations at an optimum pH of 4.0, using 10 g/L of
dsorbent in 6–8 h of equilibration time. The uptake decreases
ith a rise in temperature indicating the process to be exother-
ic in nature. The removal takes place through film diffusion
echanism at lower concentrations and by particle diffusion at

igher concentrations. Lead and chromium are also achieved by
he developed adsorbent up to 96–98%. The removal of these
wo metal ions up to 95–96% was achieved by column experi-

ents at a flow rate of 0.5 mL/min. The adsorption was found
o be exothermic in nature.

Pan et al. compared the adsorptive characteristics of the
ewage sludge ash (SSA) with fly ash and blast-furnace slag for
opper ions [46]. The adsorption test revealed that the adsorp-
ion isotherm of SSA for copper ions generally followed the
angmuir model. The removal efficiency was greater than 98%
nd the estimated maximum capacity of copper adsorbed by

SA was 3.2–4.1 mg/g and close to that of fly ash. The primary
echanisms of copper removal by SSA included electrostatic

ttraction, surface complex formation, and cation exchange.
he precipitation of copper hydroxide occurred only when the
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Fig. 5. Effectiveness of an activated carbon-compared to Afsin-Elbis

osage of SSA and the equilibrium pH of wastewater were at a
igh level (30–40 g/L and greater than 6.2, respectively).

Rao et al. used raw bagasse and fly ash generated in sugar
ills and boilers, respectively, as low-cost adsorbents for the

emoval of chromium [47], nickel [47], copper [48] and lead
48] from an aqueous solution. The kinetics of adsorption and
xtent of adsorption at equilibrium are dependent on the physi-
al and chemical characteristics of the adsorbent, adsorbate and
xperimental system. The efficiencies of adsorbent materials for
he removal of Cr6+ and Ni2+ were found to be between 56.2%
nd 96.2% and 83.6% and 100%, respectively. These results
ere obtained at the optimized conditions of pH, contact time,

orbent dose, sorbate concentration of 100 mg/L and with the
ariation of adsorbent particles size between 0.075 and 4.75 mm.
he efficiency of sorption of copper and lead is affected by aque-

us solution pH, contact time, adsorbent dose, type and size
f adsorbents and initial metal ion concentration. The adsorp-
ion capacity follows the sequence of fly-ash > bagasse > PAC for
u2+ removal, and PAC > bagasse > fly-ash for Pb2+ removal.

i
P
h
r

d Seyitomer fly ashes on the removal of various heavy metals [38].

Fly ash has been studied as a pre-filter material for the reten-
ion of lead [49]. The results obtained from the retention exper-
ments by the permeameter method indicate that fly ash retains
he lead ions through precipitation in the pores as well as onto
he surface when the ambient pH value is more than 5.5, and
hrough adsorption when the pH value is less than 5.5. It has
een observed that fly ash did not release the retained lead ions
hen the pH value is between 3.5 and 10.0. Hence, the retention
f lead ions by fly ash is likely to be permanent since the pH
f most of the municipal landfill leachates are within 3.7–8.8.
owever, for highly acidic or alkaline leachates, the retained

ons can get released.
Ricou et al. studied the removal of Cu, Ni, Zn, Cd and

b by fly ash and fly ash/lime mixing [50,51]. The experi-
ental results indicate that removal capacity increased with
ncreasing pH. The removal extent was achieved in the order of
b2+ > Cu2+ > Ni2+ > Zn2+ > Cd2+. Formation of calcium silicate
ydrates (CSH) was supposed to be responsible for increasing
emoval as also for decreasing desorption.
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ig. 6. Comparison of adsorption capacities obtained by Sodelif and Soprolif
y ashes with mono-metallic solutions and with multi-metallic solutions [52].

Two fluidized-bed sourced fly ashes with different chemi-
al composition, silico-aluminous fly ashes and sulfo-calcic fly
shes, were tested to remove Pb2+, Cu2+, Cr3+, Ni2+, Zn2+, Cr6+

52] and Hg2+ [53] from aqueous solutions. The results show
hat the percentage of adsorbed ions was greater when they were
n contact with silico-aluminous fly ashes than sulfo-calcic fly
shes, except in the case of the ion Ni2+. The removal of metal-
ic ions increases with increasing pH. However, sulfo-calcic fly
shes remove mercury more efficiently and more steady. Fur-
hermore, removal of mercury was increased with increasing
H. The results showed that mercury is bound to ash surface
ue to several chemical reactions between mercury and various
xides (silicon, aluminium and calcium silicate) of the surface
f the ashes.

Fig. 6 presents a comparison of adsorption capacities
btained from two sets of fly ash samples, Sodelif and Soprolif,
hen experiments were carried out on mono-metallic and multi-
etallic solutions with the same initial concentration of each

on. The values of adsorption capacities are practically identical
or these solutions, suggestion no competition exists between
he different species of ions adsorbed onto fly ashes, and each

etallic ion is adsorbed on specific sites of the surface.
A municipal solid waste (MSW) bottom ash was also used

or adsorption of heavy metals, Cu and Ni [54]. The adsorption
xperiment was conducted using synthetic wastewater and plat-
ng rinse water. The adsorption rate increased with decreasing
article size and with increasing liquid/solid ratio; however, the
emoval efficiency of Cu was higher than that of Ni. In the case
f plating rinse water, the adsorption rate decreased sharply at
igh liquid/solid ratio, and it showed over 80% of adsorption
ates for Cu and Ni at an initial pH of 3.

Van Jaarsveld et al. [55] used fly ash as a reactant in cre-
ting a geopolymeric matrix for the immobilisation of process
ater containing 25,000 ppm of Cu or Pb cations. The kinetics of

eaching of immobilised metals from the depolymerised fly ash
as qualitatively found to proceed along a combination of pore
iffusion and boundary layer diffusion control mechanisms. The
mmobilisation of metals in geopolymerised fly ash proceeds by

combination of physical encapsulation and chemical bonding
ith adsorption.
Yadava et al. [56] investigated the various rate parameters of

b2+ adsorption on fly ash. The kinetics of Pb2+ removal showed

a
m
c
a

Materials B136 (2006) 482–501 489

he pore diffusion is mainly rate controlling step. The isosteric
eat of adsorption has been determined at different surface cov-
rages of the adsorbent. The negative value of enthalpy change
uggests the exothermic nature of the adsorption process.

The removal of cadmium and chromium [57] and copper,
ickel and zinc [58] from wastewater by adsorption on fly ash
as investigated by Viraraghavan et al. to determine the effects
f contact time, pH, and temperature. The alkaline (pH 7–8)
queous medium favoured the removal of cadmium by fly ash,
hile chromium removal was maximum in the pH range of
.0–3.0. The data for the adsorption of cadmium by fly ash fitted
ell the Langmuir isotherm while the removal of chromium by
y ash followed generally the Freundlich isotherm. The maxi-
um removals of cadmium and chromium by fly ash were 93%

nd 44%, respectively. For adsorption of copper, nickel and zinc,
he effect of contact time, pH, initial concentration of the adsor-
ate, and temperature on the adsorption process was also studied.
aximum adsorption occurred in the pH range of 3.0–3.5. The

angmuir was found to be applicable to the data of copper, nickel
nd zinc. Thermodynamic parameters suggested the exothermic
ature of the adsorption process.

Vyazova et al. describe the results of a study of the adsorption
f a number of heavy metals on fly ash [59]. It is shown that
he higher adsorptive capacity is observed in ash samples with
high content of calcium oxide. Coals from different sources
ere also investigated. It has been found that solutions for coal

reatment will affect the adsorption capacity and the adsorption
n the coals considered in a sulphuric acid medium proceeds
etter than in a hydrochloric acid medium.

A process for the treatment of industrial wastewater contain-
ng heavy metals, using fly ash adsorption and cement fixation of
he metal-laden adsorbent, was investigated by Huang research
roup [60,61]. Results showed that the fly ash could be an
ffective metal adsorbent, at least for Zn2+ and Cd2+ in dilute
ndustrial wastewaters. Fly ash adsorption capacities for Zn2+

nd Cd2+ were 0.27 and 0.05 mg/g, respectively. A 10% metal-
aden fly ash was tested for leaching and it exhibited metal
oncentrations lower than the drinking water standards. They
urther [62] examined the adsorption characteristics of Zn2+

nto fly ash. In general, the amount of Zn adsorbed increased as
he solid concentration and pH increased, and sharply reached

99% removal at a specific pH value, then it remained con-
tant over a wide pH region. The fly ash adsorption capacities
f Zn ranged from 1.04 × 10−6 to 1.15 × 10−5 mol/g in the pH
ange of 6.0–7.5. Experimental results indicated that the adsorp-
ion was favourable at lower ionic strength, higher pH, and
igher temperature and that the adsorption is a physical process
nhanced by the electrostatic effect.

Apart from the heavy metals, other metal ions such as As
ill also cause toxicity to water systems. Several researches have
een conducted on their removal using fly ash. The adsorption of
s were investigated by some researchers. The effect of various
arameters affecting the adsorption of As3+ on coal fly ash such

s time of equilibration, pH, fly ash dose, etc., has been deter-
ined [63]. They found that the fly ash is as good as activated

harcoal. The presence of some diverse ions does not affect the
dsorption of arsenic adversely. Diamadopoulos et al. present
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Table 2
Adsorption capacities of various heavy metals on activated carbon (mg/g) [69]

AC type Cr6+ Cr3+ Pb2+ Zn2+ Cd2+ Ni2+ Cu2+ Hg2+ Li+

PC-Nuchar SA 40.12
0.45

GAC-HD400 30
GAC-C 18
GAC 6.84 9.90 38
GAC-F400 145 30 8

53.19
0.18

GAC-LB830 0.13
ACF 40 146 2 9
Oxidised ACF 10 30
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ork of lignite-based fly ash for removal of As5+ from water
64]. The results indicated that the degree of arsenic removal
epended markedly on the pH. Removal at pH 4, as demonstrated
y the adsorption isotherms, was significantly higher than that
t the higher pH values. For 80% removal of arsenic, the solid
hase concentration at pH 4 was up to four times greater than
hat at the other two pH levels. Desorption studies indicated that
dsorption of arsenic on fly ash is almost irreversible.

Pattanayak et al. [66] compared the As5+ and As3+ removal
fficiency of a char-carbon (CC), derived from fly ash with those
f a commercially available activated carbon (DC) and a carbon
roduced by arcing of graphite rods (AC). The results indicate
hat CC and AC adsorbents remove almost equal amounts of
s5+ at optimum conditions; however, on a percent basis CC

emoves more As3+ than does AC. In comparison, sample DC
as found ineffective for the removal of As3+ and As5+. The

nvestigation revealed that the adsorption of As5+ onto CC is
nfluenced by pH, initial metal concentration and temperature.
igher initial pH will reduce As5+ adsorption on CC. The maxi-
um metal uptake was observed in the acidic region around pH

.
It has been shown that coal fly ash is a good adsorbent for both

adionuclides of 137Cs and 90Sr [68]. Radiocesium adsorption
s maximal around the neutral region whereas radiostrontium
dsorption increases with pH, especially above pH 8. Cesium
etention sharply drops with ionic strength while strontium
dsorption increases sharply and steadily at low and moder-
te concentrations of the inert electrolyte, respectively. The
uggested mechanisms of radionuclide retention by fly ash is
pecific adsorption of Cs+ and irreversible ion-exchange uptake
f Sr2+.

In addition, fly ash has been converted to zeolites by
ydrothermal treatment and used as adsorbent for adsorption
f metal ions, radiocesium [67], lead and cadmium [65]. The
aximum uptake capacity was estimated to be 3.34 mmol Cs/g,
hich was 2–3 times higher than those of synthetic zeolite P and

atural mordenites. The adsorption capacity for lead and cad-
ium was estimated to be 70.58 mg lead/g-zeolite and 95.6 mg

admium/g-zeolite, respectively, when the initial concentration
or both ions was 100 mg/L.

c
b

l

3.75 65

Babel and Kurniawan [69] summarise the results of commer-
ial activated carbons, powder (PAC), granular, (GAC), fibrous,
ACF), and clothe (ACC), in heavy metal adsorption (Table 2).
ue to the different sources of raw materials, the extent of

hemical activation, and the physicochemical characteristics;
ctivated carbons exhibit various adsorption capacities. Com-
arison between Table 1 and Table 2, it is seen that activated
arbon usually exhibits higher adsorption capacity in Cr and Hg
ons. While in other cases, fly ash can be more effective than
ctivated carbon.

.2. Adsorption mechanism and kinetics

For a solid liquid sorption process, the solute transfer is usu-
lly characterised by either external mass transfer (boundary
ayer diffusion) or intraparticle diffusion or both. The sorption
ynamics can be described by the following three consecutive
teps which are as follows [70]:

transport of the solute from bulk solution through liquid film
to the adsorbent exterior surface;
solute diffusion into the pore of adsorbent except for a small
quantity of sorption on the external surface; parallel to this is
the intraparticle transport mechanism of the surface diffusion;
sorption of solute on the interior surfaces of the pores and
capillary spaces of the adsorbent.

The last step is considered to be an equilibrium reaction.
f the three steps, the third step is assumed to be rapid and

onsidered to be negligible. The overall rate of sorption will
e controlled by the slowest step, which would be either film
iffusion or pore diffusion.

Various kinetic models have been suggested for adsorption
ncluding the Lagergren pseudo-first-order kinetics, the pseudo-
econd-order kinetics, external diffusion model, and intraparti-

le diffusion model, which are expressed in Eqs (4)–(7) as listed
elow:

og(qe − qt) = log qe − k1

2.303
t (4)
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Fig. 7. Kinetic plots of Cu adsorption on fly ash [28].

t

qt

= 1

k2q2
e

+ 1

qe
t (5)

dCt

dt
= −ksS(Ct − Cs) (6)

t = ki(t
1/2) (7)

here k1, k2, ks and ki are the pseudo-first order, pseudo-second
rder rate constant, mass transfer coefficient, and rate parameter
f the intraparticle diffusion control stage, respectively, qe the
mount of solute sorbed (mol/g) at equilibrium and qt the amount
f solute on the surface of the sorbent (mol/g) at any time t, Cs and
t are surface and solution concentration, and S is the specific

urface area.
Adsorption kinetics of heavy metals on fly ash has been inves-

igated by several researchers. Most of investigations reported
hat the metal adsorption usually follows the first-order kinetics
28,35,36,47,71] and that the adsorption is pore diffusion con-
rolled [28,35,36,44,45]. Fig. 7 shows a comparison of kinetic
lots for Cu adsorption on a fly ash. A straight line plot of
og(qe − qt) versus t (Fig. 7(A)) suggests the applicability of
agergren equation, however, the plot of Ct/C0 versus t0.5

Fig. 7(B)), although linear for a wide range of contact period,
o not pass through the origin, indicating that the pore diffusion
s the rate controlling step [28].

Kelleher et al. [27] investigated Cr3+ adsorption on the fly
sh and the kinetic studies suggested that the overall rate of
dsorption was pseudo-second order. We have investigated the
inetics of Cu and Ni adsorption on fly ash derived zeolite and the
esults showed that the adsorption followed the pseudo-second-
rder kinetics.

. Inorganic anions removal from wastewater

Apart from heavy metal ions in wastewater, some other inor-
anic anions also exist in waters and could be dangerous for
uman health. Basically, two anions have been much envi-

onmental concerns, phosphorous and fluoride. For example,
hosphorous loading to surface and groundwater from concen-
rated agricultural activities including soil fertilisation, feed lots,
iaries, and pig and poultry farms is causing water quality prob-
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ems in rivers, lakes, and estuaries resulting in eutrophication,
ncreased fish mortality and outbreaks of microbes. Because fly
sh is enriched with the oxides of aluminium, iron, calcium, and
ilica, fly ash emerges as candidate material to treat phosphate-
aden effluents since aluminium, iron and calcium are known to
trongly adsorb or precipitate phosphates in many agricultural,
ndustrial and environmental applications.

.1. Phosphate removal

Kuziemska first reported an investigation using water extract
f brown coal fly ash as coagulant for phosphate precipitation in
980. It was shown that phosphate precipitation occurs imme-
iately after introduction of the coagulant and after a short and
ntensive mixing due to the very high total alkalinity of extract
72].

The interaction of inorganic orthophosphate at the water/solid
nterface of four different fly ash samples was investigated by
ordonis et al. [73]. It was found that the uptake of phosphate is
xtensive on fly ash surfaces and exceeds by far that correspond-
ng to a monolayer coverage. Laboratory phosphorus adsorption
xperiments were also conducted with regional gravels and
lternative adsorptive media including industrial slag and ash
y-products. Langmuir and Freundlich isotherms characterised
hosphorus adsorption and the maximum adsorption capacity
f regional gravels ranged from 25.8 to 47.5 �g P/g compared to
last-furnace slag 160–420 �g P/g and fly ash 260 �g P/g [74].

Ugurlu and Salman investigated the influence of tempera-
ure, phosphate concentration, and fly ash dosage on phosphate
emoval. Phosphate removal in excess of 99% was obtained
n these studies. Maximum removals were achieved at 40 ◦C.
he effective removal was due to the high concentration of
alcite present in the fly ash. The tests were also carried out
n a continuous basis in an adsorption column. The phosphate
emoval decreased to 80.4% at the end of 72 h. Recently, Grubb
t al. [75] carried out batch equilibration experiments using a
ow calcium, acidic fly ash for phosphate immobilisation on
he order of 100–75% for 50 and 100 mg P/L solutions, respec-
ively. A loosely compacted column of fly ash similarly removed
0 mg P/L for over 85 pore volumes. For the amorphous and
rystalline phases studied, the immobilisation of phosphate in
he fly ash is attributed to the formation of insoluble aluminium
nd iron phosphates at low to medium values of pH.

Agyei et al. reported a study on the removal of phosphate ion
rom aqueous solution by fly ash and slag and established that
lag removed the solute faster than fly ash. The Frumkin isotherm
as found to be the most appropriate equation for construct-

ng adsorption isotherms from the experimental adsorption data
76]. Then, they further compared phosphate ions removal by fly
sh, slag, ordinary Portland cement (OPC) and related cement
lends. The rate and efficiency of PO4

3− removal were found to
ncrease in the order: fly ash, slag, OPC, apparently mimicking
he order of increasing percent CaO in the adsorbents. Blending

PC with fly ash or slag evidently resulted in diminished PO4

3−
emoval efficiency. Better removal was obtained at higher solute
oncentration, acidic pH and higher temperature. A first-order
inetic model was used to obtain values for overall sorption rate
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Fig. 8. Breakthrough curves for PO4
3− adsorption [77].

onstants and intraparticle diffusion constants. For a fixed-bed
olumn (at pH 9.0 and 25 ◦C), and breakthrough curves (Fig. 8)
ere constructed to obtain estimated adsorption capacity values
f 32, 60, 75, 78 and 83 mg PO4

3− adsorbent for fly ash, slag,
PC + fly ash, OPC + slag and OPC, respectively [77].

.2. Fluoride adsorption

During the past few years, intensive interest in the problem
f excessive fluorides in drinking water is a matter of serious
oncern around the world, as it causes fluorosis, a disease that
ffects teeth and bones. Besides the natural geological enrich-
ent of fluoride in ground waters, there can also be formidable

ontributions from industries. High-fluoride wastewaters can be
enerated by coal power plants, semiconductor manufacturing,
lass and ceramic production, electroplating, rubber and fer-
ilizer manufacturing. Fluoride concentration in industrial efflu-
nts is generally higher than that found in natural waters, ranging
rom tens to thousands of mg/L.

Different technologies have been proposed, tested, and/or
pplied to remove fluoride from wastewaters. These methods
an be divided into two groups: (a) precipitation methods based
n the addition of chemicals to the water and (b) sorption meth-
ds in which the fluoride is removed by sorption or ion-exchange
eactions on some suitable substrate, capable of regeneration and
euse [78]. However, little work has been reported using fly ash
or fluoride removal from waters.

Chaturvedi et al. [79] have studied the ability of fly ash to
emove fluoride from water and wastewaters at different con-
entrations, times, temperatures and pH of the solution. The rate
onstants of adsorption, intraparticle transport, mass transfer
oefficients and thermodynamic parameters have been calcu-
ated at 30, 40, and 50 ◦C. The empirical model has been tested
t various concentrations for the present system. The removal
f fluoride is favourable at low concentration, high temperature
nd acidic pH. Nemade et al. [80] also carried out batch adsorp-
ion studies to determine the fluoride removal efficiency of fly
sh, brick powder, wood charcoal, animal charcoal, fish bone

harcoal, etc. Based on the efficiency, economy and usage of
arious low-cost adsorbents specified above, the fish bone char-
oal showed a comparatively higher fluoride removal than other
dsorbents used.
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.3. Boron adsorption

Boron occurs naturally throughout the environment, and it is
ommonly found in the oceans. In aqueous solution it is normally
resent as boric acid and borate ions. Boric acid and boron salts
ave extensive industrial use in the manufacture of glass and
orcelain; in wire drawing; the production of leather, carpets,
osmetics and photographic chemicals; for fireproofing fabrics;
nd weatherproofing wood. However, few investigations have
een reported on boron adsorption using fly ash. Hollis et al.
81] studied the effect of ash particle size, pH, and Ca(OH)2
resence on the dissolution and adsorption of B by fly ash in
queous media. A small amount of B was adsorbed by fly ash at
H 7; this was attributed to a ligand exchange mechanism. Sorp-
ion of B increased with increasing pH, up to 12, which could
ot be explained by the coprecipitation with CaCO3. Ozturk and
avak [82] investigated adsorption of boron from aqueous solu-

ions using fly ash in batch and column reactors. The effect of
arameters such as pH, agitation time, initial boron concentra-
ion, temperature, adsorbent dosage and foreign ion on boron
emoval were observed. Batch adsorbent capacity was calcu-
ated as 20.9 mg/g and the capacity value for column study was
btained as 46.2 mg/g.

. Dye adsorption and destruction from water

Dyes and pigments represent one of the problematic groups;
hey are emitted into wastewaters from various industrial
ranches, mainly from the dye manufacturing and textile finish-
ng. Dyes can cause allergic dermatitis, skin irritation, cancer,
nd mutations. Currently, many methods, such as activated car-
on adsorption, chemical oxidation, reverse osmosis, coagula-
ion and flocculation, and biological treatments, have been devel-
ped for treating dye-containing wastewater [83]. The adsorp-
ion process provides an attractive alternative for the treatment
f contaminated waters, especially if the sorbent is inexpensive
nd does not require an additional pre-treatment step before its
pplication. Table 3 gives the summary of available data on var-
ous dye adsorption capacity on fly ash.

The use of fly ash for the removal of dye from aqueous solu-
ion was first reported by Khare et al. [84]. They investigated the
ffect of different concentrations and pH on victoria blue adsorp-
ion and found that adsorption increased with dye concentration
nd that the maximum removal was achieved at pH 8. The pro-
ess follows the first-order adsorption rate expression and the
ptake of victoria blue by fly ash is diffusion controlled. The
quilibrium data fit well in the Langmuir model of adsorption.

Gupta et al. [85] investigated the ability of fly ash to remove
mega Chrome Red ME from aqueous solutions and found

hat low adsorbate concentration, small particle size of adsor-
ent, low temperature, and acidic pH of the medium favour the
emoval of chrome dye. The thermodynamics of chrome dye-fly
sh system indicates spontaneous and exothermic nature of the

rocess. The pronounced removal of chrome dye in the acidic
ange may be due to the association of dye anions with the posi-
ively charged surface of the adsorbent. They further investigated
he application of a homogeneous mixture of fly ash and coal
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Table 3
Comparison of dye adsorption on fly ash

Dye Fly ash type Adsorption capacity (mol/g) Temperature (◦C) Adsorption isotherm Kinetic model References

Methylene blue Coal FA 14.4 × 10−5 25 Langmuir [88]
Crystal violet Coal FA 9.76 × 10−5 25 Freundlich Lagergren first-order [90]
Rosaniline hydrochloride Coal FA 1.35 × 10−5 25 Freundlich Lagergren first-order [90]
Methylene blue FA-F 1.89 × 10−5 22 Langmuir [91]
Rhodamine B FA-F 1.15 × 10−5 22 Langmuir [91]
Egacid orange II FA-F 2.364 × 10−4 22 Langmuir [91]
Egacid Red G FA-F 1.405 × 10−4 22 Langmuir [91]
Egacid yellow G FA-F 5.2 × 10−5 22 Langmuir [91]
Midlon Black VL FA-F 3.3 × 10−5 22 Langmuir [91]
Acid Blue 29 FA 3.25 × 10−6 – Freundlich [87]
Acid Blue 9 FA 5.43 × 10−6 – Freundlich [87]
Acid Red 91 FA 2.34 × 10−6 – Freundlich [87]
Acid Red 1 FA 7.26 × 10−6 – Freundlich [87]
Congo red FA-C 4.47 × 10−5 20 Freundlich Pseudo-second-order [93]
Methylene blue FA-F 3.47 × 10−6 – Langmuir [94]
M 30
M 30
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follow first-order rate kinetics.

Brown coal fly ashes were tested by Janos et al. [91] as low-
cost sorbents for the removal of synthetic dyes from waters.
Fig. 9 presents the adsorption isotherms. It was shown that both
ethylene blue FA-F 1.4 × 10−5

ethylene blue FA-HNO3 2.2 × 10−5

or the removal of Omega Chrome Red ME. The equilibrium
ata fit well in the Langmuir model of adsorption, showing the
ormation of monolayer coverage of dye molecules at the outer
urface of the adsorbent [86].

Ramakrishna and Viraraghavan [87] reported an investigation
n four low-cost adsorbents, peat, steel plant slag, bentonite clay
nd fly ash, for dye removal. The results showed high removals
f acid dyes by fly ash and slag while peat and bentonite exhib-
ted high basic dye removals. For the acid and basic dyes, the
emovals were comparable with that of granular activated car-
on, while for the disperse dyes, the performance was much
etter than that of granular activated carbon.

Later, they further investigated the effect of fly ash compo-
ition and particle size on dye removal capacity. The removal
apacity of fly ash for the different dyes was compared with that
f granular activated carbon under identical conditions. Lime
ontent in fly ash seemed to influence dye adsorption to a signif-
cant degree—better adsorption was observed at lower particle
izes because of the increased external surface area available for
dsorption [88].

Gupta et al. [89] utilised bagasse fly ash for the removal
f two basic dyes, rhodamine B and methylene blue. Results
nclude the effect of pH, adsorbent dose, dye concentration, and
resence of surfactant on the removal of rhodamine B and methy-
ene blue. Rhodamine B is strongly adsorbed at pH 2, whereas
ethylene blue is strongly adsorbed at pH 8. The percentage

f dye removal was higher at high adsorbent concentrations.
he presence of anionic surfactant does not affect the uptake
f rhodamine B significantly, but will decrease methylene blue
dsorption. The adsorption data have been correlated with both
angmuir and Freundlich adsorption models. Thermodynamic
arameters obtained indicate the feasibility of the process, and
inetic studies provided the necessary mechanistic information

f the removal process.

The use of fly ash as low-cost adsorbent has also been inves-
igated by Mohan et al. [90] for the removal of dyes from
astewater. Adsorption studies were carried out for different

F
M

Redlich-Peterson [96]
Redlich-Peterson [96]

emperatures, particle sizes, pHs, and adsorbent doses. The
dsorption of each dye was found to increase with increasing
emperature, thereby indicating that the process is endothermic
n nature. The removal of each dye was found to be inversely
roportional to the size of the fly ash particles. The adsorption
f each of the cationic dyes increases with increasing pH and
dsorbent material. The Langmuir and Freundlich models were
mployed to fit the adsorption data and the results indicate that
he Freundlich adsorption isotherm fitted the data better than
he Langmuir adsorption isotherm. Thermodynamic parameters
ere also evaluated and the negative values of free energy indi-

ate the feasibility and spontaneous nature of the process, and
he positive heats of enthalpy suggest the endothermic nature of
he process. The adsorptions of crystal violet and basic fuschin
ig. 9. Adsorption isotherm of various dyes on fly ash [91]. �: Egacid Red, �:
idlon Black, �: Egacid Yellow, �: Egacid Orange.
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asic (cationic) as well as acid (anionic) dyes could be sorbed
nto the fly ash. The adsorption can be described by the multi-site
angmuir isotherm. The sorption capacities were in the range of
0−1 to 10−3 mmol/g and did not differ significantly for basic
nd acid dyes. The dye sorption decreased in the presence of
rganic solvents (methanol, acetone). The presence of oppo-
itely charged surfactants exhibited a pronounced effect on the
ye sorption—low concentrations of the surfactant enhanced
orption, whereas high concentrations solubilised the dyes and
ept them in solution. Inorganic salts exhibited only a minor
ffect on the dye sorption. The sorption of basic dyes increased
t high pH values, whereas the opposite was true for acid dyes.

Gupta et al. [92] recently used a bottom ash for the toxic tex-
ile dye, malachite green, removal. Preliminary information was
athered by batch adsorption studies, which include effect of pH,
dsorbent dose, contact time, adsorbate concentration and tem-
erature. It was observed that the maximum uptake of malachite
reen takes place at a pH of 5.0 and beyond that pH it attains the
ame maximum value. The results also showed that the adsorp-
ion increases with increasing dye concentration and adsorption
emperature. Plausible mechanism of the on-going adsorption
rocess and thermodynamic parameters involved were obtained
y carrying out kinetic measurements. The data obtained was
uccessfully used to equate Langmuir and Freundlich adsorp-
ion isotherm models. A fixed-bed column was designed and
ecessary parameters were calculated by applying mass transfer
inetic approach. Attempts were also made to recover dye and
egenerate the column.

The adsorption of Congo red from solution was carried
ut using calcium-rich fly ash with different contact times,
oncentrations, temperatures, and pHs [93]. The adsorption
as between 93% and 98% under the conditions studied.
inetic studies showed that the adsorption process obeyed the
seudo-second-order kinetic model. It was also determined
hat the adsorption isotherm followed Freundlich and Dubinin-
adushkevich models and that the adsorption was spontaneous
nd endothermic.

Woolard et al. investigate fly ash modified by hydrother-
al treatment with NaOH to hydroxysodalite zeolite. The

ation exchange capacity of the modified ash was significantly
ncreased over that of the raw fly ash. Adsorption experiments
howed that the modified fly ash adsorbed a cationic dye (methy-
ene blue) to a much greater extent than an anionic dye (alizarin
ulphonate). Saturation adsorption revealed that the capacity of
he ash for methylene blue had increased 10-fold during modifi-
ation when compared to the raw ash. Adsorption is thus ascribed
o be a surface effect rather than involving incorporation into the
hannels of the hydroxysodalite structure [94].

Six different fly ashes, in both an untreated and an acidified
orm, were studied with respect to their ability to remove colour
nd organic materials [95]. Colour, fluorescence, and chemical
xygen demand were used to monitor the removal. The apparent
redominant mechanism varies with the pH and the chemical

haracteristics of the ash. These mechanisms include carbon
orption, calcium precipitation of tannins and humics, sorption
n the fly ash surface by silica, alumina, and/or iron oxide and,
n the acidified situation, coagulation of coloured colloids in the

s
T
l
g

ig. 10. Relationship between adsorption capacity and carbon content in fly ash
97].

ffluent dissolved from the fly ash. Some additional deleterious
omponents are dissolved into the effluent during the treatment
rocess. Many of these materials can, however, be removed by
sing a two-stage fly ash sorption process. Particularly of interest
s the ability to remove over 90% of the boron from the effluent.

Fly ash and treated fly ash by physical and chemical meth-
ds have been employed as adsorbents for the removal of
typical basic dye, methylene blue, from aqueous solution

96]. It is found the raw fly ash showed adsorption capacity
t 1.4 × 10−5 mol/g and that heat treatment reduces the adsorp-
ion capacity but acid treatment by HNO3 results in an increase
n adsorption capacity of fly ash (2.4 × 10−5 mol/g). For fly
sh, adsorption of methylene blue is endothermic reaction. Our
esearch also found that adsorption capacity of fly ash is dom-
nantly contributed by the porous unburned carbon in fly ash,
ather than the fly ash itself [97]. Fig. 10 presents the relation-
hip between adsorption capacity of methylene blue and crystal
iolet on FA and the carbon content in FA. As seen that there is a
ignificant linear correlation between carbon content and adsorp-
ion capacity. Further investigation show that unburned carbon
xhibits much high adsorption capacity than mineral parts of fly
sh [98].

All above reports have demonstrated that fly ash could be
n effective adsorbent for dye removal, however, few investi-
ations have been conducted in comparison of adsorption per-
ormance of fly ash with commercial activated carbon under
imilar conditions. Ramakrishna and Viraraghavan found that
ctivated carbon exhibited better removal efficiency than fly ash
or basic and acid dyes while fly ash showed better performance
n removal of dispersed dye [87]. Table 4 lists some results in
ye adsorption using activated carbon. From Tables 3 and 4, it
s seen that activated carbon usually presents higher adsorption
apacity.

In addition, coal fly ash has been used as a heterogeneous
atalyst in peroxidative decolonization of aqueous solution of

everal reactive drimarene dyes using hydrogen peroxide [100].
he effects of various parameters (source of fly ash, fly ash

oading, temperature, pH, initial concentration of dye and hydro-
en peroxide, and deactivation of catalytic effect of fly ash)
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Table 4
Adsorption capacity of various activated carbon in dye adsorption [99]

Dye Adsorbent Capacity (mol/g)

Basic blue 9 AC from coconut shell 0.52 × 10−4

Basic blue 9 AC from bamboo 4.48 × 10−4

Basic blue 9 Natural zeolite 0.45 × 10−4

Basic violet 10 AC from pistachio shells (1.6–1.9) × 10−4

Basic violet 10 AC from fertiliser waste (1.7–1.9) × 10−4

Basic violet 10 AC from rice husk (0.7–1.0) × 10−4

Basic violet 3 AC from coconut husk 1.67 × 10−4

Acid blue 40 Activated carbon 2.82 × 10−4
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cid red 88 Activated carbon 2.72 × 10−4

ere studied. It was found that at 60 ◦C and pH 2.0, only 2%
weight/volume) fly ash loading could completely decolourise
00 mg/L dye solution within 180–1770 s for an initial H2O2
oncentration of 1500 mg/L, depending on the source of fly ash
nd dye used.

For the kinetics of dye adsorption on fly ash, few studies
ave been carried out. It has been found that the adsorption
f dye on fly ash can also be described using pseudo first-order
nd pseudo-second-order kinetics. Mohan et al. [90] investigated
he adsorption of two basic dyes on fly ash and the adsorption
ollowed the first-order rate kinetics. While, Acemioglu reported
hat the adsorption of Congo red on calcium-rich fly ash obeyed
he pseudo-second-order kinetic model [93]. Our recent work

howed that the pseudo-second-order kinetic model would be
etter in describing the kinetics of dye adsorption than the first-
rder kinetics [101].

c
w
F

able 5
omparison of organic pollutant adsorption on fly ash

rganic compounds Adsorbent Temperat

henol FA 20
Sugar fly ash 30–50
FA-C 21
Wood FA 25

-Chlorophenol Coal FA 10–30
FA-C 25

-Chlorophenol FA 20
-Chlorophenol FA-C 25
,4-Dichlorophenol FA 20

Coal FA 10–30
-Nitrophenol Wood FA 25

FA 30–50
-Nitrophenol FA 30–50
-Nitrophenol Sugar fly ash 30–50

Wood FA 25
FA 30–50

resol Coal FA 20–32
-Cresol Wood FA 25
-Cresol Wood FA 25
DD Sugar FA 30–50
DE Sugar FA 30–50
indane Bagasse FA 30–50
alathion Bagasse FA 30–50
arbofuran FA 25–50
CB FA 25
eCB FA 25
Materials B136 (2006) 482–501 495

. Removal of organic compounds from water

Phenolic compounds are among the most common organic
ollutants of wastewater and a lot of work has been done on
dsorption of phenolic compounds. Biological treatment, acti-
ated carbon adsorption and solvent extraction are the most
idely used methods for removing phenols and its derivatives

rom wastewaters. Recently, fly ash has been showing good
dsorption qualities for phenolic compounds. Table 5 presents a
ummary of adsorption capacity of various organics on fly ash.

Khanna and Malhotra [114] first reported an investigation
sing fly ash for phenol removal. Their work dealed with kinet-
cs and mechanism of phenol removal of fly ash and provided
ata useful in the design of phenol-fly ash adsorption systems.
dsorption of phenol and cresol and their mixtures from aque-
us solutions on activated carbon and fly ash compared [115].
he effects of contact time and initial solute concentration have
een studied and isotherm parameters were evaluated. The Fre-
ndlich isotherm has been found to be more suitable for all the
ystems investigated. Equilibrium experiments were also per-
ormed to evaluate the removal efficiency of phenol from water
n fly ash. The adsorption experiments were undertaken using
y ash treated at three different pH levels and with three different

emperatures. The results indicated that although phenol can be
emoved from water, this depends markedly on the temperature
nd pH value of the treatment solution employed [116].
hlorophenol, and 2,4-dichlorophenol from water onto fly ash
ere determined [102]. These isotherms were modelled by the
reundlich isotherm. The fly ash adsorbed 67, 20, and 22 mg/g

ure (◦C) Capacity (mg/g) References

67 [102]
0.47–0.66 [103]
0.26 [104]
5.4 [105]
0.8–1.0 [106]
98.7 [107]
20 [102]
118.6 [107]
22 [102]
1.5–1.7 [106]
143.8 [105]
5.80–6.44 [108]
6.52–8.06 [108]
0.76–1.15 [103]
134.9 [105]
7.80–9.68 [108]
85.4–96.4 [109]
34.5 [105]
52.5 [105]
(7.5–7.7) × 10−3 [110]
(6.5–6.7) × 10−3 [110]
(2.4–2.5) × 10−3 [111]
(2.0–2.1) × 10−3 [111]
1.54–1.65 [112]
0.35 [113]
0.15 [113]
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or phenol, chlorophenol, and 2,4-dichlorophenol, respectively,
or the highest water phase concentrations used. The isotherms
or contaminants studied were unfavourable, indicating that
dsorption becomes progressively easier as more solutes are
aken up. Phenol displayed a much higher affinity for fly ash
han 3-chlorophenol and 2,4-dichlorophenol.

The potential of using dried activated sludge and fly ash as
substitute for activated carbon was examined by Aksu and
ener [117]. The pollutant binding rate and capacity of each
iosorbent/adsorbent for the removal of phenol was shown as
function of initial pH and initial phenol concentration. The
aximum phenol loading capacity of each sorbent was found

o be 91.0 mg/g for dried activated sludge, 27.9 mg/g for fly ash
nd 108.0 mg/g for granular activated carbon at 100 mg/L initial
henol concentration. The phenol sorption data when applied to
he Freundlich, Langmuir and Redlich-Peterson isotherm equa-
ions, showed better correlation to the Freundlich model for all
he sorbents over the entire concentration range. They further
nvestigated removing of o-chlorophenol and p-chlorophenol
107]. The working sorption pH value was determined as 1.0 and
he equilibrium uptake increased with increasing initial mono-
hlorinated phenol concentration up to 500 mg/dm for all the
ono-chlorinated phenol-sorbent systems. The results showed

hat the equilibrium data for all the mono-chlorinated phenol-
orbent systems fitted the Redlich-Peterson model best within
he concentration range studied.

The adsorption of phenolic compounds on a mixture of
ottom and fly ashes has been investigated [105]. Thus, the
ffect of molecular weight and molecular configuration on the
dsorption of phenol (Ph), m-cresol (m-Cr), p-cresol (p-Cr),
-nitrophenol (2-NP) and 4-nitrophenol (4-NP) from aqueous
olution have been determined. The thermodynamic parameters
or the adsorption of 2-NP and 4-NP have been calculated on the
asis of Everett’s isotherm equation. Batch experiments were
onducted to produce isotherms for single-component, two-
omponent and four-component systems. For this purpose, high-
erformance liquid chromatography was used. It was found that
he ultimate capacity of the adsorbent is considerably less than
hat predicted from summing the single-component data; this has
een attributed to increased competition for adsorption sites.

Bagasse fly ash, a waste generated in local sugar industries,
as been converted into a low-cost adsorbent. The product so
btained has been characterised and used for the removal of phe-
ol and p-nitrophenol [103]. Investigations included the effect of
H, sorbent dosage, phenol concentration and the effect of sur-
actants on the uptake of phenol and p-nitrophenol. The uptake
ncreases when larger quantities of adsorbent are used. Both phe-
ol and p-nitrophenol are strongly adsorbed at low pH values.
here is no change in the uptake of phenol and p-nitrophenol
p to pH 8 and 6, respectively, beyond which a sharp decline
n adsorption is observed. The presence of an anionic detergent

anoxol-IB reduces the uptake of phenol and p-nitrophenol.
he adsorption data follow both Langmuir and Freundlich mod-

ls. Isotherms have also been used to obtain the thermodynamic
arameters of the process. Some experiments have also been per-
ormed with a view to recover phenols and have in situ chemical
egeneration of the spent carbon column.

p

d
(
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Adsorbent prepared from fly ash obtained from a thermal
ower plant was successfully used to remove cresol from an
queous solution in a batch reactor [109]. The adsorbent was
haracterised, and significant removal of cresol was achieved.
he adsorption isotherms were evaluated and the effects of
ystem parameters, e.g., stirrer speed and temperature on the
dsorption, were studied. A theoretical model was proposed, and
t was solved by using a quasi-steady-state approach. The intra-
article diffusivity was evaluated from one set of experimental
ata and was subsequently used to predict the change in bulk
oncentration with time for other experimental conditions. The
redicted and the experimental results are in close agreement.
he performance of the adsorbent prepared was favourably com-
ared with that of commercially available activated carbon.

Fly ash from coal-fired thermal power plants can be used for
he removal of 2-chlorophenol (2-CP) and 2,4-dichlorophenol
2,4-DCP) with enthalpy changes of about −3 kcal/mol [106].
he amounts of 2-CP and 2,4-DCP removed are affected by the
H value of the solution. The efficiency of removal improves
hen the pH value is less than the pKa values of 2-CP and 2,4-
CP, respectively. The adsorbed amount of chlorophenol by fly

sh is also affected by particle diameter, carbon content, and the
pecific surface area of the ash used in this study. As expected,
ore adsorption takes place with fly ash of higher carbon content

nd larger specific surface area. Moreover, the adsorbed amount
f chlorophenol is not influenced by the matrix in the wastew-
ter, as shown by studying the removal of 2-CP and 2,4-DCP
n wastewater from a synthetic fibre plant. Chlorophenols in the
astewater were also removed efficiently through a fly ash col-
mn, with breakthrough times being inversely proportional to
ow rates.

Viraraghavan and de Maria Alfaro [104] examined the effec-
iveness of less expensive adsorbents such as peat, fly ash and
entonite in removing phenol from wastewater by adsorption.
atch studies indicated that the optimum pH for the adsorption
f phenol on peat, fly ash and bentonite was between 4.0 to 5.0 at
1 ± 1 ◦C. The adsorption of phenol on peat and bentonite was
escribed well by the Freundlich isotherm whereas the Lang-
uir isotherm described the adsorption of phenol on fly ash.
eat, fly ash and bentonite were found to adsorb 46.1%, 41.6%,
nd 42.5% phenol, respectively, from an initial concentration of
pproximately 1 mg/L.

Sarkar et al. [118] investigated the kinetic aspects of
dsorption of some priority organic pollutants, viz., phenol
hydroxybenzene), o-hydroxyphenol (1,2-dihydroxybenzene),
-hydroxyphenol (1,3-dihydroxybenzene), and 4-nitrophenol

1-hydroxy-4-nitrobenzene), on fly ash have been studied. The
rocess is found to be of complex nature consisting of both sur-
ace adsorption and pore diffusion, the extent being estimated
rom the diffusion coefficient value. Activation parameter data
or the ultimate adsorption as well as the pore diffusion are also
valuated. The data indicate that in the studied solute concentra-
ion range, external transport mainly governs the rate-limiting

rocess.

Singh et al. [119,120] investigated the adsorption of 2,4-
ichlorophenol and tetrachlorocatechol by bagasse fly ash
BFA), rice husk fly ash (RHFA) and activated carbon (AC).
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he practical applicability of these adsorbents in batch oper-
tions and various parameters such as effect of contact time,
dsorbent dose, pH of the solutions has been investigated. The
emoval kinetics of 2,4-dichlorophenol shows first-order rate
xpression and equilibrium adsorption data suited well for both
angmuir and Freundlich isotherms. Economic evaluation of the
dsorbents BFA and RHFA with the AC shows that use of BFA
nd RHFA will be viable.

They [108] further investigated the potential of fly ash,
or removing nitro-substituted phenols, i.e. o-nitrophenol, m-
itrophenol and p-nitrophenol. The effect of various factors such
s adsorbent particle size, pH, phenol concentration and temper-
ture on the sorption capacity was investigated. The removal of
itro-substituted phenols increased with decreasing adsorbent
article size, pH and increasing concentration and temperature.
angmuir adsorption isotherm constants were calculated and it
as shown that the adsorption data for phenols onto fly ash fit-

ed the Langmuir model well. The adsorption of the nitrophenols
tudied followed the first-order rate kinetics.

Relatively limited information is available regarding the
inetics of sorption of organic compounds from solution onto
y ash. For this reason, Banerjee et al. conducted a detailed
tudy of the kinetics of sorption of o-xylene on fly ash [121].
he effects of solute concentration, particle size of the adsor-
ent, and temperature on the adsorption rate were investigated.
t is found that the uptake rate of o-xylene increases signifi-
antly with the increasing initial concentration, and gradually
pproaches a plateau. The results of this research demonstrate
hat the adsorption reaction can be approximated to the first-
rder reversible kinetics. A significant correlation was observed
etween the rate of adsorption and the inverse of the square of the
article diameter. An examination of thermodynamic parameters
hows that the adsorption of o-xylene by fly ash is an exother-
ic process and is spontaneous at the temperature investigated.
ctivation energies for the sorption process ranged between 3.1

nd 4.3 kcal/mol. The rate at which o-xylene is adsorbed onto
y ash was found to be controlled by the diffusion process.

Among various organic and inorganic water pollutants, pes-
icides are very dangerous and harmful because of their toxic
nd carcinogenic nature. Bagasse fly ash, a waste from the
ugar industry, was converted into an effective adsorbent and
as used for the removal of DDD [2,2-Bis(4-chlorophenyl)-
,1-dichloroethane] and DDE [2,2-Bis(4-chlorophenyl)-1,1-
ichloroethene] pesticides from wastewater [110]. The DDD and
DE are removed by the developed adsorbent up to 93% at pH
.0, with the adsorbent dose of 5 g/L of particle size 200–250 �m
t 30 ◦C. The removal of these two pesticides was achieved up to
7–98% in column experiments at a flow rate of 0.5 mL/min. The
dsorption was found to be exothermic in nature. The bagasse fly
sh system has been used for the removal of DDD and DDE from
he wastewater. The developed system is very useful, economic,
nd reproducible.

They also use the bagasse fly ash for the removal of lindane

nd malathion from wastewater [111]. The optimum contact
eeded to reach equilibrium was found to be 60 min. Maximum
emoval takes place at pH 6.0. The removal of the pesticides
ncreases with an increase in adsorbent dose and decreases with

8

o
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dsorbent particle size. The optimum adsorbent dose is 5 g/L
f particle size 200–250 �m. Removal of the two pesticides was
chieved up to 97–98% under optimum conditions. The material
xhibits good adsorption capacity and follows both Langmuir
nd Freundlich models. Thermodynamic parameters also indi-
ate the feasibility of the process. The adsorption was found to
e exothermic in nature. At lower concentrations, adsorption is
ontrolled by film diffusion, while at higher concentrations, it is
ontrolled by particle diffusion mechanisms. The adsorbent is
very useful and economic product for the removal of lindane

nd malathion.
Hung [122] conducted the batch shaking adsorption study

o determine the potential of fly and volcanic ashes in remov-
ng organic pollutants from oxidation pond effluents. Factors
ffecting organic pollutant removals, such as concentrations and
izes of fly and volcanic ashes, initial pond effluent organic
oncentrations, washed and unwashed conditions of fly and vol-
anic ashes, were investigated. The TOC (total organic carbon)
emoval efficiency varied from 30 to 58 percent. The organic
emoval efficiency increased with increasing ash concentrations,
ith decreasing initial pond effluent organic concentrations and
ith decreasing sizes of ashes.
Adsorption of carbofuran on fly ash was studied by Kumari

nd Saxena [112] at 25 and 50 ◦C. The data were analysed in
erms of isotherm, Freundlich equation and various thermody-
amic parameters. The degree of adsorption of carbofuran was
etermined and found to be in accordance with the partial molar
ree energies and Kd values.

Batch studies were carried out to investigate the removal of
rganic acids by adsorption on fly ash impregnated with hydrox-
des of Al, Cd, Cu, Fe and Ni [123]. The percentage removals
f cinnamic acid, indole-3-acetic acid, beta-naphthaleneacetic
cid, beta-naphthoxyacetic acid, oxalic acid and trichloroacetic
cid from water were 75%, 63.63%, 100%, 95.25%, 85.71% and
8.26%, respectively. The adsorption data recorded follow the
reundlich adsorption isotherm.

A study on sorption kinetics of PCBs on fly ash was conducted
n controlled batch systems [113]. TCB and HeCB are removed
t 25 ◦C by adsorption on fly ash up to 97% at pH 7, with an
dsorbent dose of 5 g/L. An examination of the thermodynamic
arameters shows that the adsorption of TCB and HeCB by fly
sh is a process occurring spontaneously at ambient conditions.
ctivation energies for the sorption process ranged between 5.6

nd 49.1 kJ/mol. It was observed that the rate at which TCB and
eCB are adsorbed onto fly ash showed a diffusion limitation.
he uptake rate of TCB and HeCB increases with increasing

nitial concentration and gradually tends to a constant value.
decrease in the adsorption of TCB and HeCB was observed

hen interfering ions and other PCB congeners were present.
hanging the pH in the aqueous solution from 2 to 10 had no
ffect on the adsorption process. Overall, fly ash can be used for
n efficient removal of PCBs from several aqueous solutions.
. Leaching problem of fly ash in water system

Utilisation of fly ash in water involves potential leaching
f some elements into water and thus causes a problem of
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econdary environmental pollution. It has been found that the
urface layer of fly ash particles probably only microns in thick-
ess, contains a significant amount of readily leachable material
hich is deposited during cooling after combustion. Elements
ere divided into two groups on the basis of their concentration
ependence upon particle size. Results of the analysis by parti-
le size indicates that the elements Mn, Ba, V, Co, Cr, Ni, Ln,
a, Nd, As, Sb, Sn, Br, Zn, Se, Pb, Hg and S are usually volatile

o a significant extent in the combustion process. Elements Mg,
a, K, Mo, Ce, Rb, Cs and Nb appear to have a smaller fraction
olatilised during coal combustion [124].

Many important aspects of the leaching behaviour of fly ash
ave been covered by a number of researchers and addressed
n some reviews [124–127]. Experiments results indicate that
eachability of heavy metals from coal fly ashes is relatively
ow and leaching extent is dependent on the conditions of water
ystem. Trace metal concentration in the leachate depends on
y ash weight/solution, pH, concentration of the elements, tem-
erature, pressure and time. In water, rapid leaching of most
f the trace metals (except Cu) takes place from the surface of
sh particles in lower pH range; all the trace elements lie within
cceptable limits [127].

Therefore, it is suggested that some following measures
hould be taken before fly ash is use as adsorbent for water
reatment:

1) leaching behaviour test for the investigated water system;
2) forced extraction of mobile substances from fly ash;
3) immobilisation of mobile metals and other elements;
4) destruction of persistent organic pollutants.

. Future research and perspectives

It is evident that fly ash as coal combustion residue has a great
otential in environmental applications. Fly ash is an interesting
lternative to replace activated carbon or zeolites for adsorption
ither in air or water pollution treatment. However, adsorption
erformance of fly ash strongly depends on fly ash origin and
hemical treatment. Up to date, no industrial scale application
as been realised. Economic barriers have to be overcome in
erms of high value and high volume utilisation. Raw fly ash
sually has low adsorption capacity. Modification by physical
nd chemical treatment would enhance the adsorption capacity
96], thus enhancing the value for application.

Fly ash contains aluminosilicates and is a potential source for
eolite synthesis. Zeolite has a variety of applications as adsor-
ents and ion exchangers and exhibits much higher capacity than
aw fly ash. Therefore, conversion of fly ash into zeolite would
ake it a high value and high volume utilisation and should be
good direction for fly ash application. In the past years, some

nvestigations have been reported in hydrothermal conversion
f fly ash to different types of zeolites using extracted superan-
uant solution. Few researches have been success in conversion

f bulk fly ash into pure zeolite [6]. Therefore, more research
hould be directed in this area.

Unburned carbon is an important component of fly ash, whose
omposition in fly ash varies with combustion efficiency. In fly
Materials B136 (2006) 482–501

sh, unburned carbon contents generally range between 1% and
0%. However, higher content of unburned carbon in fly ash will
ead to efficiency loss and poor marketability of the fly ash for
ement production. On the other hand, unburned carbon is simi-
ar to the precursors for production of premium carbon materials,
uch as activated carbon. Activated carbon made from unburned
arbon has a significant potential cost advantage over other acti-
ated carbon. Therefore, separation of unburned carbon from
y ash will be beneficial to fly ash application, either for carbon
ecycling or mineral fly ash application in cement production
nd zeolite synthesis. However, few investigations have been
urrently conducted in utilisation of unburned carbon for pro-
uction of activated carbon. More efforts should be attempted
n this work.

0. Conclusion

Fly ash is produced as a by-product of the burning of fos-
il fuels for power generation. Landfill of fly ash is current the
ominant management strategy, however, it has serious environ-
ental problem. Fly ash can be regarded as a low-cost resource

r industrial minerals. It is mainly composed of aluminosilicate
nd unburned carbon. Investigations have demonstrated that fly
sh possesses adsorption capacity for removal of gaseous pol-
utants in air, inorganic ions and organic compounds in water.
omparison with other adsorbents, fly ash could be effective
dsorbent depending on the compositions and treatment. To
mprove removal efficiencies and adsorption capacities, chem-
cal modifications of fly ash needs to be conducted for its con-
ersion to zeolites. The unburned carbon in fly ash also plays
n important role for adsorption. The unburned carbon can be
onverted to activated carbon, which will enhance the adsorp-
ion capacity. Separation of unburned carbon from the minerals
an bring benefits for applications of unburned carbon and util-
sation of mineral section for cements production and zeolite
ynthesis.
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