
Introduction

Meeting energy requirements from coal and lignite via
combustion in thermal power plants (TPPs) will indu-
bitably continue to predominate the world energy sce-
nario until alternative sources of energy are fully
developed and commercially exploited. Though the
emission of fly ash from TPPs to the atmosphere can be
controlled appreciably by new techniques, ash disposal
in slurry form in ash ponds is not free from environ-
mental concerns. At present about 110 million tons of
fly ash per annum is being generated from 85 TPPs in
India. With present utilization of about 38.4%, mainly
in civil construction, building materials and some in
agro-forestry, the presence of trace metals in ash has
become a subject of much concern (contamination of
soil, surface and ground water bodies), inhibiting more
complete utilization on a sustainable basis. In the case of

Indian fly ashes it may be more worrying, as they are
derived from high ash (mineral matter), and low calorific
value coals. Moreover, enrichment associated with
combustion may concentrate elements by factors of four
to ten times (Fernandez-Turiel et al. 1994).

Ash may contain As, B, Be, Ca, Cd, Cr, Fe, Hg, Mg,
Mo, Na, Ni, Pb, Ra, Se, Th, U, V, Zn, etc. either on the
surfaces of ash particles or in the aluminosilicate matrix
phase or in both, as a consequence of volatilization and
condensation during combustion (Henry and Knapp
1980; Hansen et al. 1984; Smith 1987). Elements having
their surface association may release more rapidly
than those contained in glass and crystalline fraction
(Ramesh and Kozinski 2001). Generally, glass phase and
magnetic fractions in combustion residues contain most
of the potentially toxic elements (EA-3236 1993;
Zevenbergen et al. 1994; Kukier et al. 2003). Elements
like Pb, Cd, Cr, As and Hg may cause detrimental effects

Lal C. Ram

Nishant K. Srivastava

Ramesh C. Tripathi

Sanjay K. Thakur

Awadhesh K. Sinha

Sangeet K. Jha

Reginald E. Masto

Swapan Mitra

Leaching behavior of lignite fly ash with shake
and column tests

Received: 17 April 2006
Accepted: 12 June 2006
Published online: 8 July 2006
� Springer-Verlag 2006

Abstract The maximum concentra-
tion of the majority of the trace
metals in the leachates from shake
and column test of lignite fly ash
(LFA) was within the prescribed
limits; however, total dissolved sol-
ids, total hardness, cations and an-
ions (except K+), being above the
prescribed limits, may lead to the
increase in the hardness and salinity
in the soil on the disposal of LFA.
Present generation of huge amount
of fly ash from thermal power plants
(TPPs) is a big challenge concerning
contamination of soil, crop produce
and surface and ground water bodies
due to the presence of some of the
toxic trace metals in it. The leaching

behavior of alkaline LFA (pH,
10.94), from TPP of Neyveli Lignite
Corporation (NLC), India, was
investigated by shake and column
tests using water and sodium acetate
buffer. The leaching of trace metals
from LFA was governed by their
concentrations, association with the
ash particles, leaching duration and
pH of the leachate (most influencing
parameter). The leaching of metals
followed the order: buffer col-
umn > aqueous column > aque-
ous shake > buffer shake test.
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on human health and aquatic life (Pande and Hasan
1983). Fly ash in contact with water may experience
solid phase dissolution, with changes in pH and release
of toxic trace metals (Fulekar 1993). The principal
processes affecting the leaching process are dissolution
of primary solids, precipitation of secondary solids, as
well as sorption and hydrolysis reactions etc. (Jankowski
et al. 2006). Free lime in the fly ash may have higher
reactivity, leading to several problems, including leach-
ing of trace metals to the ground water (Sloss 1996) and
cations and anions in ash may increase the hardness,
salinity, alkalinity and proportion of dissolved solids in
soils (Fulekar and Dave 1989).

The US EPA has already expressed concern about
some waste disposal/landfills (EPA 1984). In fact, many
countries are carrying out leaching tests for assessing the
nature and magnitude of pollutants in the leachate from
coal ash piles, and also to develop appropriate envi-
ronmental control technologies. Despite the advances in
testing procedures, uncertainties in simulation of inter-
actions in real environmental conditions make reliable
long-term prognosis of environmental behavior of waste
deposits difficult (Van der Sloot et al. 1993). In truth,
there is no globally accepted standard leaching test
(Drakonaki et al. 1998). A number of leaching tests such
as the US EPA-TCLP, German DIN 38414 S4, and
other batch and column leaching tests or field studies
have been attempted over the years, where liquid to solid
(L/S) ratio, pH (Henery and Knapp 1980; Van der Sloot
1995; Karuppiah and Gupta 1997; Ram et al. 1999,
2000), type of leachant, stirring conditions, duration of
leaching, temperature (Henery and Knapp 1980; Ka-
ruppiah and Gupta 1997; Khanra 1998; Claudia et al.
1999) and particle size distribution (Biermann, and
Ondow 1980) are inferred as significant variables in
influencing the results. Based on these variables, a range
of long-term environmental assessments can be devised
(Lee and Kahn 1997).

The traditional tests including USEPA-TCLP are
being questioned in the context of coal ash management
and making it difficult to choose the best (Hassett et al.
2005). It is not easy to simulate field conditions; how-
ever, useful information can be obtained through labo-
ratory experiments (Swaine 1994). Column testing is
meant to simulate percolation of the leaching agent
through an ash dump. It provides information on the
initial rather than the total concentration in the perco-
late from a deposit, and likely to simulate field leaching
on a time scale of several years (Smith 1990) as it is
approximately more close to the conditions, particle size
distribution and pore structure, leachant flow and solute
transport found in the field (Zacharia and Streile 1990).
The test is normally terminated when a liquid/solid (L/S)
ratio of approximately 10 is reached, the reason being
the unduly long time required to reach a higher L/S
ratio. An L/S ratio of 3, 5, or 10 is considered equivalent

to the leaching that may take place within 15, 25, or
50 years, respectively (Van der Sloot et al. 1984). Nor-
mally, a dilution factor of 10:1 is allowed for leachates as
being more representative of the true environmental
risk. This has been generally adopted factor in consid-
ering the likely level of attenuation able to be achieved in
situ ground water flow effects (Lindon 2001). Shake
tests, on the other hand, give information on the total
quantity of an element leachable from an ash residue.
Long-term leaching tests are preferable to short-term
tests as the findings with the latter may mislead the
decision implementation; however, short-term test is
also suggested to be considered in a regulatory testing
scheme (Hassett et al. 2005). The geochemical reactions
between coal combustion solid waste and infiltration
water may be useful for assessing the leaching behavior
of inorganic wastes from fly ash (Murarka et al. 1992).
For alkaline/acidic wastes, a sodium acetate buffer
solution (pH, 5) is used as the buffering can provide a
more stable pH condition even with the presence of
alkaline and/or acidic materials (Chong et al. 1990). As
such, a combination of both column and shake tests in
the laboratory with aqueous and buffer extracts for
long- and short term may possibly enable the user to
assess the potential toxicities associated with LFA.

Around 0.7 million tons lignite fly ash (LFA) per
annum is being generated from two TPPs (I & II) of
Neyveli Lignite Corporation (NLC), India. Less than
15% of this is being utilized, and the remaining is dis-
posed of in an ash pond. In view of the different char-
acteristics relative to coal fly ash (http://www.tfhrc.gov/
hnr20/recycle/waste/), and the limited information
available on leaching characteristics of Indian fly ash
(Mukherjee and Zevenhoven 2006; Ram et al. 2000;
Praharaj et al. 2002; Saikia et al. 2006), the present study
was undertaken in simulating aggressive conditions to
assess the toxicity that may take place in field conditions
using both column and shake tests with water and so-
dium acetate buffer. The aggressive conditions include
application of these test methods for longer duration,
sodium acetate buffer (pH, 4.9), and shaking (in case of
shake test) (USEPA 1987; Egemen and Yurteri 1996).
The obtained results were evaluated in the light of na-
tional and international standards prescribed for
drinking water, industrial effluents, leachates and land
fill drainage.

Materials and methods

Collection and characterization of LFA

A 10 kg sample of LFA was collected from the hopper
of TPP-II, NLC. Chemical analysis of the LFA was
carried out following (IS 1969) standard procedures.
The particle size distribution was determined using a
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laser-based particle size analyzer (Fritsch Gmbh, Ger-
many). An X-ray diffractogram of the original LFA,
lignite feed and water–air treated LFA was obtained
using a D8 ADVANCE XRD system (Bruker AXS,
Germany) with parallel beam geometry with Cu-Ka
radiation at 40 KV/40 mA.

Experimental set-up

The shake tests were performed using a rotary shaker at
100 rpm, with a L/S ratio of 10:1, using 30 g of air-dried
LFA in 300 ml of either water or buffer solution, over
varying periods of leaching (1 day, and at weekly
intervals up to 4 weeks). Each medium was tested in five
separate sets in triplicate, using conical flasks of 500 ml
capacity. After shaking for the pre-determined period,
the suspension was filtered and analyzed.

The column set-up consisted of a vertical glass tube of
73 cm length with internal diameter 12 cm, the top of
which was open (loosely covered with plastic sheet) and
the bottom closed. A small amount of glass wool was
packed at the bottom of the column to prevent fine
particles loss during leaching. The distance of the inlet
and outlet from the each of the corresponding ends of
the column was 6 cm. A stopcock was placed at a dis-
tance of 6 cm from the bottom of the column to facili-
tate withdrawal of air and liquid samples when required.
The bottom-to-top flow of water/buffer was chosen to
prevent channelization and to ensure complete satura-
tion. The water was of high purity (milli-Q quality) with
pH 7 and conductivity 0.1 lS/cm. The buffer was so-
dium acetate (pH 4.9). A flow rate of 0.1 ml/min was
maintained, equivalent to L/S ratios of 0.35, 2.5, 5.0, 10
at the end of 1 day, and at week intervals of 1, 2, 3, and
4, respectively. The effluent was collected from the outlet
on the top of the column. Because of its high calcium
content, the LFA was observed to undergo an exother-
mic reaction resulting in hard lump formation exother-
mally during the very first column test with water. To
avoid this, the LFA was moistened uniformly and air-
dried. This process of water–air drying was repeated two
to three times, and finally the ash was powdered by
simple hand mixing/crushing. This water–air drying
treatment transforms the highly reactive lime to port-
landite, calcite and some gypsum (Vassilev et al. 2005).
Four hundreds of processed LFA samples were tested in
two separate columns. Water and buffer from the res-
ervoir were allowed to pass through the bottom inlet of
the column in separate experiments, and the leachate
was collected after 1 day and at 1, 2, 3, 4-week intervals
which corresponds to a cumulative L/S ratio of 0.35:1,
2.5:1, 5:1, 7.5:1 and 10:1, respectively.

The leachate samples from each leaching experiment
were separately preserved in accordance with prescribed
methods (Trivedi and Raj 1992), where leachates were

filtered in 0.45 lm cellulose membrane. pH, conductiv-
ity, total dissolved solids (TDS), total hardness (TH),
cations and anions were determined in the filtered
solution immediately and for the analysis of trace metals
the filtrate was acidified (pH < 2) with HNO3 and
preserved at 4�C to prevent any additional reaction.

Characterization of leachates

The leachates were analyzed for pH, conductivity, TDS,
TH (as CaCO3), cations and anions, following standard
methods (IS 1964). The trace metal contents were
determined using a liquid ion chromatography system
(HPLC, Waters). The determination of Cu, Zn, Mn, Fe,
Pb, Ni, Cd and Co was made using a C18 column; so-
dium with octane sulphonate, tartaric acid, and aceto-
nitrile as eluent; PAR (post-column reagent) and UV
detector (520 nm). An IC Pak-A HR column, borate/
gluconate eluent and UV detector (365 nm) were used
for determination of Cr (as CrO4

2)). Wherever necessary
the elements were also analyzed by AAS (Shimadzu,
Japan, Model AAS-680) using graphite furnace. The
standard sample of the trace elements used in the study
was ICP multi-element standard solution IV (Cat.
No.1.11355.0100), procured from Merck. The determi-
nation of Se and Mo in the LFA and leachate samples
was performed using energy dispersive X-ray Fluores-
cence; As and Hg were determined by Unicom SP-2900
atomic absorption spectrometer using the hydride cold
vapor generation method. The detection limits for the
various elements are included in Table 1.

Statistical analysis

A correlation matrix study was performed using the
SPSS computer program (SPSS, Inc, Chicago, IL, USA)
to assess the relation between the various leaching
characteristics of the LFA (df = 4, p < 0.05). Principal
component analysis (PCA) of the whole data was per-
formed using SPSS package. Principal components
(PCs) that receive high eigen values were assumed to best
represent the variation in the system. Therefore, only the
PCs with eigen value ‡ 1 were examined.

Results and discussion

Characteristics of LFA

From Table 2, it is evident that the LFA consists of
34.24% sand (20–200 lm), 61.81% silt (2–20 lm) and
3.95% clay (< 2 lm) size particles. This distribution of
particle size shows the predominance (65.76%) of finer
particle (size < 20 lm) in LFA, which may contain
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relatively higher concentration of some of the elements
(Davidson et al. 1974; Swaine 1977) than coarser parti-
cles on their volatilization followed by condensation on
fly ash particles during combustion (Smith et al. 1979).
The bulk density (BD), porosity, and conductivity are
0.90 Mg/m3, 63.34% and 4.25 dS/m, respectively.

The properties of coal fly ash depend on the physi-
cochemical properties of coal, coal burning process and
other factors. Among the major mineral species, SiO2

(40.77%), CaO (17.62%), Fe2O3 (14.26%), Al2O3

(11.04%), SO3-retained sulphur (10.82%) and MgO
(4.14%) are most abundant and P2O5 (0.10%) and TiO2

(0.06%) are in minor proportions. The pH (10.94) of the
LFA suspension at L/S of 1:2.5, depending on the bal-

ance between the concentrations of Ca, Mg, K on one
hand and the proportion of potentially acid-generating
SO3 on the other (Van der Sloot 1995), Killingley et al.
(2000), indicates an alkaline nature (CaCO3 equivalent
total alkalinity 4,500 mg/kg). X-ray diffraction analysis
of lignite feed, LFA and LFA undergone water–air
drying treatment (Fig. 1) shows the presence (in
decreasing order) of quartz, gypsum and siderite in lig-
nite; quartz, anhydrite and hematite in LFA; quartz,
anhydrite, hematite, mullite and calcite in water–air
dried LFA. Besides, the LFA may contain large amount
of amorphous aluminosilicates (glass) and some poorly
crystalline phases which do not interact with X-rays The
presence of hematite in the LFA indicates its formation
at lower temperature (400–700�C) from iron-bearing
minerals i.e., siderite present in the feed lignite (as
evinced from XRD, Fig. 1) for the combustion (Mitchell
and Gluscoter 1976; Ram et al. 1996). The absence of
magnetite (Fe3O4) in the LFA is also an indicator of
lower combustion temperatures, as the formation of
magnetite takes place at a temperature of �1,390�C
(Shuey 1975; Ram et al. 1995). The loss on ignition (LOI)
value (4.2%) observed is probably not the true measure
of unburnt carbon, where the liberation of some com-
ponents like CO2, H2O and OH groups during ignition in
sufficient air (800�C) is also possible (Vassilev et al.
2005). Though over estimation of unburnt carbon in fly
ash derived from coal having carbonates (siderite in our
case) has been inferred (Dunn-Rankin and Kerstein
1987; Robert and Jeff 1995), yet fly ash sample with
higher hematite than magnetite is likely to contain higher
unburnt carbon (Chaddha and Seera 1983; Sandelin and
Backman 2001). As such, the absence of magnetite in
LFA is the indirect indicator of the formation of hema-
tite along with unburnt carbon in appreciable amount
during shorter burning span at low temperature.

The presence of some other unidentified mineral
species in LFA in very minor proportions is also possi-
ble. Quartz may for example react with other minerals to
form various aluminosilicate phases, which along with
calcium carbonate (or portlandite) and carbonates of
Mg and Fe may possibly be among the unidentified
mineral species (Khanra and Mallick 1998; Mitchel and
Gluscoter 1976). Coal/lignite power plants usually
operate with a slight excess of air (about 20%) over the
required quantity for complete combustion. Flue gas,
generally comprising H2O, O2, CO2, SO2, SO3 after
leaving the combustion zone (Sandelin and Backman
2001) may have reacted with some of the oxides of Ca,
Mg and Fe (in the ash) at lower temperatures
(�1,000�C) to form their sulphates and carbonates,
which condense on fly ash particles (Querol et al. 1995;
Weintraub 1961). The formation of sulphates in the coal
ash containing higher amount of Ca and Mg on reaction
with SO3 in flue gas when temperature drops are also
reported (Grand and Weymouth 1962). The chemical

Table 1 Detection limits for various trace metals

Elements Detection limit (mg/l)

AAS LIC EDXRF

Cu < 0.001 < 0.005 –
Ni < 0.001 < 0.015 –
Co < 0.001 < 0.005 –
Pb < 0.001 < 0.015 –
Mn < 0.001 < 0.005 –
Zn < 0.001 < 0.005 –
Cd < 0.001 < 0.015 –
Cr < 0.001 < 0.015 –
Se – – 1.00
As < 0.001 – –
Mo – – 2.00
Hg < 0.001 – –

AAS Atomic absorption spectrophotometer, LIC liquid ion chro-
matograph, EDXRF energy dispersive X-ray fluorescence

Table 2 Characterization of dry LFA from NLC

Parameter Parameter

Sieve analysis (%)
Sand (20–200 lm) 34.24 ± 2.32 SiO2 (%) 40.77 ± 3.63
Silt (2–20 lm) 61.81 ± 5.33 Al2O3 (%) 11.04 ± 0.61
Clay (< 2 lm) 3.95 ± 0.16 Fe2O3 (%) 14.26 ± 0.68
Bulk density
(Mg/m3)

0.90 ± 0.03 TiO2 (%) 0.06 ± 0.002

Porosity (%) 63.34 ± 6.21 P2O5 (%) 0.10 ± 0.003
Conductivity
(dS/m)

4.25 ± 0.28 SO3-retained
S (%)

10.82 ± 0.63

PH 10.94 CaO (%) 17.62 ± 1.03
LOI (%) 4.2 ± 0.19 MgO (%) 4.14 ± 0.22

– Alkalis, by
diff. (%)

1.19 ± 0.04

Trace/toxic metals (mg/kg)
Cu 59.36 ± 4.43 Cd 12.31 ± 0.81
Ni 117.52 ± 9.69 Cr 57.24 ± 4.95
Co 18.61 ± 1.41 Se 2.36 ± 0.14
Pb 15.80 ± 1.08 As 3.22 ± 0.16
Mn 135.17 ± 11.75 Mo 2.95 ± 0.13
Zn 156.73 ± 11.98 Hg BDL

Experimental error maximum up to ± 9.0%
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analysis (Table 2) showing the substantial amounts of
calcium oxide (17.62%), magnesium oxide (4.14%), iron
oxide (Fe2O3, 14.26%) and sulphur-retained (SO3,
10.82%) is the indirect indicator of the proposed
hypothesis. The formation of gypsum, calcite, ferrous
carbonate and other amorphous materials during com-
bustion of coal has been observed by other researchers
(Swaine 1994; Vassilev et al. 2005; Baurer and Natush
1981; Saferinoglu et al. 2003). Furthermore, the forma-
tion of tertiary carbonates in the LFA undergone water–
air drying treatments prior to leaching test is possible by
the reaction between the oxides of Ca–Mg–Fe and CO2,
released from air and H2O during water–air drying
treatment, (Fig. 1) (Vassilev et al. 2005).

In view of the foregoing discussions, the principal
component of LFA comprising quartz, anhydrite and
hematite along with minor phases of carbonates and
aluminosilicates in weathering environment may form
clay minerals (Bradely et al. 1999) and elements may
possibly be released into solution and contaminate
ground water (Spears et al. 1994).

Trace metals (Table 2) such as Fe, Cu, Ni, Co, Pb,
Mn, Zn, Cd, Cr, Se, As, Hg and Mo are present in the
LFA in the range 12–156 mg/kg depending on the vol-
atilization–condensation mechanism (Smith et al. 1979;
Pires and Tiexeria 1992; Tiexeira et al. 1992) and
decomposition of carbonates during combustion (Fur-
uya et al. 1987; Sanchez et al. 1994). The other trace
metals such as Se, As and Mo are in very low concen-
trations (< 3.22 mg/kg), and Hg is below detection limit
(BDL). Even so, the presence of many potentially toxic
metals especially As, Cd, Pb, Cr, Hg and Se, in the LFA,
considered as potential contaminants in ash disposal
(Bernhard et al. 1986; Turner 1981), indicate a need to
examine the ash leachability.

Leaching of LFA by shake tests

The results on leaching tests performed are included in
Table 3.

Aqueous leaching

From Fig. 2, it is observed that when the ash is shaken
with water having an initial pH of 7, the pH of the
leachate increases to 11.55 after 1 day of leaching, fol-
lowed by progressive decrease to 8.04 after the fourth
week. The pH value especially at the initial stages of
leaching is beyond the prescribed limits for drinking
water and industrial effluents/leachates, Table 4 (IS
1983; DWT 2001). The conductivity of the leachates also
decreased, from an initial value of 4.17 dS/m after 1 day
to 2.81 dS/m after the fourth week of leaching. The
conductivity values are directly related to the release of
products present in LFA (Brown and Bland 1997) par-
ticularly free lime (leachable calcium), and leachable
sulphate (Moreno et al. 2005). TDS decreased progres-
sively from 3,330 to 2,620 mg/l during the same period
of leaching, and again is much higher than the pre-
scribed limit (500 mg/l) for drinking water (IS 1983).
TDS in water extract of fly ash may vary widely from
hundred to ten thousands milligrams per liter (Iyer
2002). Similarly TH also decreased from 1,400 to
670 mg/l. The decrease in conductivity, TDS and TH of
the leachates is probably due to the formation of insol-
uble precipitates from some of the dissolved salts, and
their adsorption on to the surface of LFA particles. The
concentration of Ca in solution decreased from 385 to
166 mg/l, but other elements, such as Mg and K, show
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an increasing trend, from 0.23 to 2.0 mg/l and 27.8–
48.2 mg/l, respectively. Cl- in solution increased from
14.2 to 20.9 mg/l, and SO4

2) decreased from 2,455 to
1,700 mg/l with increased leaching time (Fig. 2). This
observation of higher concentration of Ca2+ and SO4

2)

is in agreement with the findings of Lindon (2001) who
assumed that calcium and sulphate constituted the
majority of water-soluble components, where sodium
(not measured by us), potassium and magnesium may be
present in small amount. Lowering of pH of the leachate
with increasing leaching duration is possibly attributable
to relatively higher decrease in concentration of Ca than
increase in concentration of Mg and K. (Querol et al.
2000, 2001). The substantial release of sulphate at initial
stage of leaching at higher pH reveals that chemical form
of sulphur leached is not acidic sulphate but probably
neutral sulphate (Iwashita et al. 2005). This observation
strengthens Ca as principal component in controlling the
pH among the cations by releasing OH ions on hydro-
lysis (Elseewi et al. 1980; Mattigod et al. 1990). The pH
and the, concentrations of TDS, Ca2+, Cl), SO4

2) are
well above the limits prescribed for both drinking water
and industrial effluent (IS 1974, 1983).

From the foregoing discussions, it is observed that
there is no regular trend in the characteristics of the
aqueous leachate from the shake test. The conductivity,
TH and concentration of TDS, Ca2+, SO42) all de-
crease, and the concentration of Mg2+, K+, Cl) in-
crease with the decrease in pH over time. The change in
pH value of the leachate is a result of the balance be-
tween the availability of Ca, Mg, K ions in solution with
the progress of time, leaching and their fixation on the
surfaces of the ash particles or in the aluminosilicate
matrix of the coal ash (Pande and Hasan 1983; Hansen
et al. 1984). Apart from this, precipitation/adsorption
and dissolution/desorption may also play an important
role.

Of the various trace metals present in the LFA
(Table 2), only Pb, Cd, Zn, Cr has shown their presence
in the aqueous leachate (Fig. 2). The concentration of
these elements varies from 0.002 to 0.018 mg/l over one
day to four weeks of leaching; Zn varies from 0.035 to
0.076 mg/l. The elements like Pb, Cd, Zn, etc in coal fly
ash have been observed to have minimum solubility at
higher pH (Shim et al. 2005). Other elements, such as Fe,
Ni, Cu, and Mn, were observed in the leachates only in
the third and fourth week. This is probably attributable
to the fact that at higher pH, any leached Fe, Ni, Cu,
and Mn from fly ash are precipitated as their insoluble
hydroxides and their appearance in later stages is due to
lowering of pH to 8.39 and 8.04 in the third and fourth
weeks of leaching, respectively. The concentrations of
these elements in the leachates after the third and fourth
weeks are 0.35 and 0.38 mg/l for Fe; 0.045 and
0.055 mg/l for Ni; 0.006 and 0.008 mg/l for Cu; 0.082
and 0.085 mg/l for Mn. In another possibility, at highT
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pH, dominant constituents like SiO2, Al2O3, CaO and
SO4

2) present in LFA may form various secondary
minerals like calcium silicate hydrate gel, calcium alu-
mino silicate hydrate and ettringite (3CaO.Al2O3.
3CaSO4.32H2O), which may decrease the leaching of the
elements either by decreasing the porosity between the
fly ash particles or by incorporating these elements in
their structures (Stumm 1992; Ecke et al. 2002). The
maximum values for most of these trace metals are not
only much less than the corresponding content in LFA,
but also well within the permissible limits for drinking
water and industrial effluent/leachates/land fill drainage
(IS 1983, 1974; DWT 2001; CEC 1991). It is worth
mentioning that many of the potentially toxic trace
elements, such as As, Pb, Cd, Cr, Zn, are commonly
associated with the nonmagnetic fraction of fly ash in
glass phase, and are distributed on the surface of the ash
particles with their higher dissolution characteristics
(Smith et al. 1979; Meserole et al. 1979; Natusch et al.
1974). Cu, Mn, Co, Ni, etc. are distributed in the mag-
netic fraction, with poor dissolution characteristics, and
Fe occurs in both phases of fly ash (Murarka et al. 1992;
Ram et al. 1996; Smith et al. 1979). Probably for this
reason, Pb, Cd, Cr, Zn undergo dissolution (Fig. 2) in

the initial stages of leaching. The leaching of the ions
and trace metals present in the LFA therefore depends
on their distribution pattern (either on the surface or in
the matrix of ash particles or abiding by both), where the
pH of the leachate and leaching duration play an
important role. The dependence of leaching of Cd, Cr,
Cu, Pb, Ni, Zn from fly ash on pH is in agreement with
the findings of other workers (Iyer 2002; Theis and
Wirrth 1977). The concentrations of Se, As, Hg and Mo
are BDL in the leachates, probably because of their very
minor contents (< 3.22 mg/l) in the LFA.

Buffer leaching

The leachates from the shake test with the buffer solu-
tion show gradual decrease in pH from 10.79 to 10.46
over the period from 1 day to 4 weeks (Fig. 3). The
initial pH (10.79) of the leachate after 1 day of leaching
is less than that of the aqueous leachate (11.55) after the
same period, which decreased to 10.46 with the progress
of leaching up to fourth week. This reflects the use of the
sodium acetate buffer (pH, 4.9). The conductivity is very
high, i.e., 12.50 dS/m after first week of leaching, as
compared to 4.17 dS/m from aqueous leaching, which is
again attributable to the buffer used. Conductivity pro-
gressively decreases to 10.64 dS/m after the fourth week
of leaching. The leachates obtained at the initial stage of
leaching (i.e., first week) show higher concentrations of
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Ca2+, Mg2+, Cl) (1,011, 1.57, 39.8 mg/l, respectively)
and lower values for SO4

2) (2,281 mg/l) (Fig. 3) as
compared to the aqueous shake test (Fig. 2). A decrease
in the concentration of Ca2+, Mg2+, Cl), SO4

2) also
takes place with the progress of leaching, the minimum
(i.e., 358, 0.95, 18.5, 2,087 mg/l, respectively) occurring
after fourth week of leaching. As with the aqueous shake
test, K+ increases in almost the same range with the
progress of time up to the fourth week of leaching. As
such, the observed values of pH, Ca2+ and SO4

2) in the
leachates are far above, and Mg2+ is well below the
limits prescribed for drinking water and industrial
effluents/leachates (IS 1983, 1974; DWT 2001). No reg-
ular trend was seen in the concentrations of cations and
anions during either shake test (aqueous or buffer); all
the ions except K+ decrease in concentration in the
buffer leachates, but in the aqueous leachates only the
concentrations of Ca2+ and SO4

2) decrease and those of
Mg2+, K +, Cl- increase with the progress of time.

Among the trace metals originally present in the LFA
(Table 2), only Pb, Cd, Zn, Cr occur, at very minor
concentrations, in the leachates obtained over the dif-
ferent intervals, having their range 0.002–0.006 mg/l
(Fig. 4). However, Zn is in the range 0.044–0.058 mg/l.
The other elements, such as Fe, Ni, Cu and Mn, which
were detectable only in the leachates after third and
fourth week of the aqueous shake test (discussed above),
are here BDL in all the leachates. This is ascribable to
high pH of the leachate in the range from 10.79 to 10.46
(Rajasekhar 1996) where any leached element is

probably precipitated as insoluble hydroxides or due to
the formation of secondary complexes leading to less
porosity and incorporation of these metals in their
structures (Stumm 1992; Ecke et al. 2002). The concen-
tration of Se, As, Hg and Mo is BDL. The difference in
the behavior of Fe, Ni and Mn between aqueous and
buffer shake tests indicates that though the association
of the elements with fly ash particles is an important
factor in the leachability, it is the pH which plays the
crucial role. The concentrations of these trace metals in
the leachates are well within the limits prescribed for
drinking water and industrial effluents/leachates/land fill
drainage (IS 1974, 1983; DWT 2001; CEC 1991).

Leaching of LFA by column tests

Aqueous leaching

Figure 4 shows that the pH of the leachate increases from
neutral to 8.63 after 1 day of leaching, followed by a
progressive decrease up to 7.61 after the fourth week.
These values of pH in the leachates are close to the pre-
scribed limits for drinking water and industrial effluents
(IS 1974, 1983; DWT 2001). The conductivity of the
aqueous leachate decreases from an initial value of
8.17 dS/m after 1 day of leaching to 0.47 dS/m after the
fourth week. Such a drastic reduction indicates that,
during the aqueous column test, the dissolved salts were
higher in the initial stages than in the corresponding
leachates from the aqueous shake test, and vice versa
after the fourth week of leaching (Figs. 4, 2). This is
substantiated by the TDS, which were 9,400 mg/l in the
leachate after 1 day and 432 mg/l after the fourth week
(Fig. 4). The TH decreased from 1,220 to 280 mg/l
(Fig. 4) as against 1,400 to 670 mg/l in the aqueous shake
test (Fig. 2). The observed decrease in conductivity, TDS
and TH of the leachates with time is again probably due
to the precipitation of some of the dissolved salts and
their adsorption on the surface of the LFA particles.
Apart from this, exhaustion of soluble fraction through
leaching is another likely mechanism that contributes to
decline in such values. The values for TDS especially at
the initial stages of leaching in the leachates are again too
high to be considered within 500 mg/l, the limit pre-
scribed for drinking water (IS 1983).

The concentration of Ca2+ in the column test leahate
decreases from 266.7 to 75 mg/l, and Mg2+ and K+

from 3.7 to 0.4 mg/l and 12.8 to 1.3 mg/l, respectively
(Fig. 4). The observed decrease in the pH of the leach-
ates from aqueous column test (8.63–7.61) also indicates
less availability of these ions as compared to the aqueous
shake test (pH, 11.55–8.04) and buffer shake test (pH,
10.79–10.46). The concentrations of Cl) and SO42) over
the complete span of leaching decreased from 46.9 to
11.4 mg/l and 6,027 to 207 mg/l, respectively (Fig. 4).

Table 4 Maximum permissible limit of various parameters in
drinking water and industrial effluent

Parameter
(mg/l)

Drinking
water
(IS: 10,500)a

Industrial
effluents
(IS: 2,490)a

Leachatesb Land
fill
drainagec

pH 6.5–8.5 5.5–9.0 5.5–9.5 –
TSS – 100.0 – –
TDS 500.0 2,100 – –
EC lS/cm – – 1,000 –
Ca2+ 75.0 75.0 – –
Mg2+ 30.0 30.0 – –
Cl) 250 1,000 200 1,200–6,000
SO4

2) 150.0 1,000.0 150 200–1,000
Pb 0.100 0.1 0.05 0.4–2.0
Cr 0.05 0.1 0.05 0.1–0.5
Cd 0.01 2.0 0.001 0.1–0.500
Fe 0.30 1.0 0.100 –
Ni – 3.0 0.05 0.4–2.0
Cu 0.05 3.0 0.02 2–10
Zn 5.0 5.0 0.50 2–10
As 0.05 0.2 0.01 0.2–1.0
Hg 0.001 0.01 0.001 0.02–0.10

All the standards are meant for field conditions
aIS 1983, 1974
bDWT 2001
cCEC 1991
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Here the initial values of these anions are relatively
higher than that of aqueous shake and buffer shake test
but with less values after fourth week of leaching. Most
of these parameters, except the concentration of Mg2+,
are either above or close to the regulatory levels for both
drinking water and industrial effluents (IS 1974, 1983).

In contrast to the disappearance of Fe, Ni, Cu, Mn in
the leachates from aqueous shake test particularly up to
the second week of leaching (Fig. 2) and in all the
leachates from buffer shake test (Fig. 3), all the elements
present in the LFA occur in measurable concentrations
in the leachate from the column test (Fig. 4). The con-
centrations of Pb and Cd vary in the range 0.003–
0.009 mg/l, Zn from 0.009 to 0.15 mg/l, Cr from 0.029 to
0.045 mg/l, but Fe, Ni, Cu and Mn, which were BDL in
the aqueous and buffer shake test (discussed above),
were detected in the aqueous column leachate from the
very first day. This is followed by progressive increase
with the gradual decrease in pH (8.63–7.61) as the
leaching duration extended up to the fourth week. In
particular, Fe varies from 0.15 to 0.24 mg/l; Ni from
0.035 to 0.064 mg/l; Cu from 0.008 to 0.055 mg/l; Zn
from 0.009 to 0.015 mg/l; Mn from 0.003 to 0.008 mg/l.
It is pertinent to mention here that the leaching of trace

metals depends on their availability in the leachate and
their sorption capacity, where the former increases and
the latter decreases with decrease in pH of the super-
natant liquid (Henry and Knapp 1980). The alkaline
nature of the supernatant liquid from the LFA controls
the solubility of these metals. The concentrations of Se,
As, Hg and Mo in the leachate are BDL. The concen-
tration of these detected trace elements are below the
tolerance limits [IS 1974, 1983; DWT 2001; CEC 1991).

Buffer leaching

Figure 5 shows that the leachates after the buffer column
test undergo an appreciable decrease in pH from 8.05 to
5.43 from 1 day to 4 weeks. The observed pH range is
less than the ranges of the other three tests. The con-
ductivity is higher (12.18 dS/m) after the first week of
leaching, as compared to corresponding aqueous shake
and column tests (4.17 and 8.17 dS/m), but less than that
in the buffer shake test (conductivity l2.50 dS/m). Con-
ductivity also decreases with the leaching duration.

The leachates have relative higher contents of Ca2+,
Mg2+ and K+ contents (Fig. 5) than those after corre-
sponding times in the aqueous column test (Fig. 4). Also
the concentration range of Ca2+is relatively lower than
aqueous shake and buffer shake test, but the range in the
case of Mg2+ and K+ is higher. As with the aqueous
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column, these concentrations also decrease with leaching
duration. This trend of decrease is also applicable to Cl-

and SO4
2) (Fig. 5), although they have relatively lower

concentrations particularly at initial stage of leaching
and higher values at later stages than the equivalent
values in aqueous column leaching. The concentrations
of these cations and anions are above the prescribed
limits for drinking water and industrial effluents/leach-
ates (IS 1974, 1983; DWT 2001). Unlike the shake test,
there is a regular trend in the conductivity and the
concentrations of cations and anions in the leachates
from the column test; these parameters decrease with
decrease in pH and leaching duration. The effect is also
much more pronounced with the buffer column than
with the aqueous column test.

As with aqueous column leaching (Fig. 4), all the
elements were detected in the leachates from the buffer
column test (Fig. 5). The concentrations of Pb and Cd
vary in the range 0.004–0.251 mg/l, but Fe, Ni, Cu, Zn,
Mn and Cr show gradual increase with decrease in pH
from 8.05 to 5.43 and progress of leaching duration. In
particular, the variation is from 0.18 to 0.86 mg/l for
Fe, 0.049–0.24 mg/l for Ni, 0.021–0.12 mg/l for Cu,
0.011–0.12 mg/l for Zn, 0.006–0.078 mg/l for Mn,

0.032–0.13 mg/l for Cr. As such, the leaching of trace
metals from buffer column test is the maximum among
all the tests performed. This is obviously due to the
lower pH of the leachate. The more acidic environment
increases the leaching behavior of most trace elements
in comparison with more alkaline media (Vassilev et al.
2005). A significant increase in the extractability of
trace elements from coal combustion ash at pH < 6
has also been reported (Rajasekhar 1996). The con-
centration of Se, As, Hg and Mo is BDL. The maxi-
mum concentration of most of these trace metals is also
well within the regulatory levels as per standards for
industrial effluents/land fill drainage (IS 1974, 1983;
CEC 1991).

Over all, the concentration of leached trace metals is
relatively less in shake test than column test. The pro-
gressive and relatively higher increase in the concentra-
tion of trace metals during column test (open system)
with decrease in pH and increase in leaching duration
than shake test (closed system), even at higher L/S ratio
(10:1) in the case of shake test than column test
(cumulative L/S ratio of 0.35:1–10:1), is probably
ascribable to the more precipitation/adsorption taking
place in closed system than open system (Querol et al.
2001). As such the L/S ratio in the case of column test is
in a linear relationship with the concentration of trace
metals, whereas in the case of shake test it is not appli-
cable because of fixed L/S ratio.
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Correlation analysis

The correlation analysis showed a significant negative
correlation of pH with most of the trace metals
(r = )0.92 to )0.99), thereby evincing that pH could be
a controlling factor on the leaching characteristics of the
LFA. Statistically pH is the most influential parameter,
which is in agreement with the findings of other workers
(Kim and Lee 1997). The relationships between cations/
anions and trace metals appear complex and difficult to
explain individually. More understanding could be en-
abled by PCA. PCA was applied to the whole set of data.
The component plots are presented in Fig. 6. The three
principal components (PC1 = 51.74%; PC2 = 35.55%;
PC3 = 6.62%) explained 93.92% of the total variation.
The loadings were larger for pH, EC, Ca, Mg, SO4, Cl,
TDS and Ni in first component; for K, Pb, Zn, Fe and
Mn in second component; for Cr in third component.
The component plots presented in Fig. 6 revealed that
the data set can be classified into few groups viz. pH
contributors: pH, Ca, Mg and TH; conductivity con-
tributors: conductivity, SO4, Cl, TDS; Elements Group
(Group I: K, Fe, Mn, Zn, Cd, Pb; Group II: Cu; Group
III: Ni; Group IV: Cr). This group formation reveals that
the members of pH and conductivity contributors as well
as Group I elements behaved similarly with different

leaching procedures. From Fig. 6 it is clear that the
leaching procedures greatly affected the leaching behav-
ior of Cu, Cr and Ni. The data on Table 3 shows the
distinctly different behavior of Cu, Ni and Cr, where Cu
and Ni are towards BDL (up to 0.006 mg/l for Cu) with
respect to shake test and were much pronounced in col-
umn test (Cu: 0.008–0.12 mg/l (mean 0.0561 mg/l); Ni:
0.035–0.24 (0.1009) mg/l). Traces of Cu and Ni appeared
only at the third and fourth week of aqueous shake test
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reveal the higher tenacity of these metals with the solid
phase and in fact these elements are of the magnetic phase
of fly ash. In case of Cr also the leaching intensity of
column test is about 10 times higher than shake test
(Table 3). Thus, in general, the shake and column tests
differ in terms of the leachability of the magnetic phase
elements, where the column test shows more effectiveness
than the shake test. The leaching of elements of non-
magnetic phase, having their association on the surface of
the fly ash particle is almost similar in all the tests.

Conclusions

In general, pH is correlated with the availability of
cations and anions, among which Ca2+ plays its
important role due to its higher concentration. In the
shake test, no regular trend was observed in the char-
acteristics of the leachates (conductivity, TH, TDS,
Ca2+, Mg2+, K+, SO4

2) and Cl-), whereas such a trend
is pronounced in the column test, where the parameters
decrease with leaching duration and with the decrease
in pH. The leaching of trace metals is controlled by
their concentrations in the LFA, their association with
the ash particles, the pH of the leachate and the
leaching duration. It is inversely proportional to
the pH of the leachate and directly proportional to the

leaching duration. Statistically pH is the most influen-
tial parameter. Generally, the shake and column test
differs in terms of the leachability of the trace metals
present in magnetic phase, where the later test is more
effective, and in case of non-magnetic phase, it is more
or less the same as per PCA. The leaching of these
metals is at a maximum in the buffer column test, and
follows the order: buffer column > aqueous col-
umn > aqueous shake > buffer shake test. Overall,
the concentrations of TDS, TH, anions and cations are
well above the permissible limits for drinking water/
industrial effluents/leachates, but the concentrations of
most of the trace metals are within the prescribed limit.
The higher concentration of TDS, cations and anions
may lead to the increase in the hardness, salinity and
proportion of dissolved solids in the soil on disposal.
Though the release of trace metals is within the per-
missible limit and not alarming, these elements despite
their lower concentration in the leachates can cause
ground water pollution in the course of longer period
due to their accumulation.
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