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The properties of coal fly ash are strongly de-
pendent on the geological origin and the combustion
process of the coal in the power plant. It is important
to characterize regional fly ash in detail to ascertain
its potential uses as raw material in the production of

high value products [1,2].

Over 40 million tons of fly ash is produced an-
nually in Europe [3]. European Union regulations are
focused on the recycling of coal combustion fly ash
into added-value products [4]. One method of addres-
sing this is the synthesis of economically low-cost and
environmentally safe materials that offer mechanical
properties close to those of classic building materials
(cement [5], concrete [6], brick [7] and lime [8]).

According to the statistic data belonging to the
“Javno preduzece Elektro-privreda Srbije” (JP EPS),
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LEACHING OF THE POTENTIALLY TOXIC
POLLUTANTS FROM COMPQOSITES
BASED ON WASTE RAW MATERIAL

The disposal of fly ash generated in coal based power-plants may pose a
significant risk to the environment due to the possible leaching of hazardous
pollutants, such as toxic metals. Also, there is a risk of leaching even when fly
ash is built in the construction composites. Fly ashes from various landfills
were applied in several composite samples (mortar, concrete and brick) with-
out any physical or thermal pre-treatment. The leachability of the potentially
toxic pollutants from the fly ash based products was investigated. The leaching
behavior and potential environmental impact of 11 potentially hazardous
elements was tracked: Pb, Cd, Zn, Cu, Nj, Cr, Hg, As, Ba, Sb and Se. A
detailed study of physico-chemical characteristics of the fly ash, with an accent
on trace elements and the chemical composition investigation is included. Phy-
sicochemical properties of fly ash were investigated by means of X-ray fluores-
cence, differential thermal analysis and X-ray diffraction methods. Scanning
electron microscopy was used in microstructural analysis. The results show
that most of the elements are more easily leachable from the fly ash in com-
parison with the fly ash based composites. The leaching of investigated pollu-
tants is within allowed range thus investigated fly ashes can be reused in cons-
truction materials production.

Keywords: fly ash; construction materials, leaching test; toxic pollutants;
possible reuse.

utilization of the fly ash can be targeted at least to an
extent of 40-50% in various fields worldwide. How-
ever, this percentage in Serbia is significantly lower.
On the other hand, Serbian thermal plants electro-
filters produce gases with extremely high solid parti-
cles concentrations: 1000-2000 mg/m*® [9]. These
amounts are significantly higher than the minimal
amount allowed by European Union (50 mg/m®) [3].
There is an ongoing project concerning innovation
and restoration of electro-filters, originally introduced
in 2003 and ought to be finished by the end of the
2012. Approximately 6-7 millions tons per year of fly
ash are being produced in Serbia and the main goal is
to find economic solution for reuse of the fly ash in the
construction industry and in over-all mass-production
of building materials.

As it was previously mentioned, fly ash repre-
sents a huge ecological and financial contemporary
problem since the global generation of this by-product
has already reached an alerting quantity of approxi-
mately 175 million tons per year [10]. For disposal of
the fly ash, wide ground areas formerly decreed for
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agrarian or building purpose are required. Fly ash de-
pots are constantly increasing in size [11]. On one
hand, there are large amounts of fly ash generated
from thermal coal-fired power plants, and on the other
hand, a small proportion of this waste material is used
for a variety of purposes. Fly ash production leads to
the problem of disposal as well as environmental
damage by causing air and water pollution by leach-
ing [12]. Namely, fly ash is regarded as a toxic mate-
rial owing to its high concentration of leachable pollu-
tants (usually metals) and, in some cases, to the pre-
sence of various organic compounds [13,14].

Since fly ash is often contaminated with the
mentioned pollutants, the evaluation of the risk of
leaching during fly ash application is of particular im-
portance [15]. Laboratory leaching tests are common
tools for evaluation of long-term impact of contami-
nated materials on the soil-groundwater pathway, as
they determine the source term as an expression of
release potential of water soluble contaminants during
the use or disposal of waste materials [16,17].

Different leaching tests have been developed to
characterize and assess the constituents that can be
released from waste materials. Namely, there is a
wide range of standardized leaching tests with vari-
able complexity, reagents, temperature, liquid to solid
ratio (L/S), contact time, along with some others non-
standardized but appropriated for specific purposes:
leaching tests using deionised water as leachant (no
pH buffering) [18], column/flow-through tests provide
valuable data on the release pattern of elements
under uncontrolled pH conditions [19], toxicity charac-
teristic leaching [20], etc. All of the procedures simu-
late specific scenarios of the leaching behavior of coal
ash. The obtained results often cannot be directly
compared; however they can depict a view of general
mobility of toxic elements within fly ash [21,22].

This paper provides study on physicochemical
characteristics and leachability of the 11 potentially
hazardous elements (Pb, Cd, Zn, Cu, Ni, Cr, Hg, As,
Ba, Sb and Se) of the fly ash samples originating from
various landfills located besides Serbian coal-based
power plants and fly ash based composites (concrete,
mortar and brick).

MATERIALS AND METHODS

The properties of fly ash from Serbian power
plants were investigated, evaluated and discussed. A
detailed study on the chemical composition of the ap-
pearing phases, trace elements and the possible
leaching of the contaminant elements were accented
along with comparison with leaching test performed
on fly ash based building composites. Investigated fly
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ashes have different origin and therefore their che-
mical and mineralogical compositions vary [23].

Sampling of the material. Five different types of
investigated fly ash are here subsequently labeled as
FA1, FA2, FA3, FA4 and FA5. The fly ash samples
were landfilled without any previous treatment, but not
mixed with household or similar type of waste. A
sample of 500 kg of each fly ash was randomly taken
from a landfill and re-sampled by the quarter method.
Thus, 50 kg samples were obtained. The samples
were preserved in hermetically sealed boxes until
further analysis.

For further analyses, /.e., leaching tests, fly ash
based composites (fly ash mortar, fly ash concrete
and fly ash brick) were prepared. Composites were
prepared with five different fly ash types (FA1-5).
Leaching properties of fly ash based composites were
compared with “standard” composites. Fly ash repla-
cement coefficient was 30% in concrete and mortar
samples and 50% in brick samples.

The concrete samples (standard and fly ash
based) were prepared with Portland cement PC 42.5R
Lafarge as the bonding agent and river sand ,Mora-
vac” (grain size fractions used: 0/4, 4/8, 8/16, 16/32
mm) as the aggregate. Concretes were mixed for 8
min in a laboratory RILEM-cem mixer and, after-
wards, shaped in 15 cm® moulds. After 7 days of cur-
ing in a climate chamber at 20 °C and humidity 60%,
the samples were demoulded and stored for another
21 days under the same conditions as in the climate
chamber.

The mortar samples (standard and fly ash based)
were prepared with Portland cement PC 42.5R La-
farge as the bonding agent and river sand ,Moravac*
(grain size fraction used 0.4 mm) as the aggregate.
The uring procedure was the same as in the case of
the concrete specimens.

The brick samples (standard and fly ash based)
were prepared with “brick” clay (containing following
oxides: SiO; - 49.27%; Al,O3 - 29.31%; Fe,03- 3.2%;
TiO, - 0.28%; CaO - 0.58%; MgO - 1.43%; Na,O - 0.2%;
K,0 - 1.85%). Preparation of each mixture was con-
ducted in ball-mill with “wet” working regime. The mix-
ture was grinded for 4-6 h until residue on sieve was
2-3% according to DIN 100. Afterwards, water/moist
excess was removed. The composite samples were
cylindrically shaped (radius 12 mm, length 250 mm).
Samples were dried in a climate chamber at 105 °C
before firing in the laboratory furnace, in oxide atmo-
sphere, at 1150 °C with 1.5 h delay at maximum tem-
perature.

Chemical composition and trace elements anal-
ysis. Analysis of chemical constituents of the fly ash
was performed by X-ray fluorescence (XRF spectro-



A. TERZIC et a/: LEACHING OF THE POTENTIALLY TOXIC POLLUTANTS..

CI&CEQ 18 (3) 373-383 (2012)

photometer ED 2000 - Oxford). A representative
sample of about 500 g was previously dried at 60 °C.
The sample was used for determination of the major,
minor and trace elements. The XRF resolution used
was: for very light elements (Na-K) 170 keV; for me-
dium elements (Ca-Mo) 185 keV; for heavy traces:
185 keV. The obtained results were averaged. The fly
ash international reference material obtained from the
National Institute of Standards & Technology, USA,
was applied in verification of the accuracy of results of
the analysis.

Loss of ignition. The loss of ignition (LOI) was
determined by the weight difference between room
temperature and 1000 °C. The maximum temperature
was held constant for 4 h.

Leaching test. Potential mobility of trace ele-
ments from the fly ash samples was determined by
means of the batch leaching test, procedure con-
ducted according to Serbian Standard SRPS EN 12457
(1-4) (equivalent to EN 12457 (1-4)) [24]. Water was
chosen as leachant after the assumption that atmo-
spheric water (/.e., rain or snow) was the main re-
source of penetration through open fly ash landfill,
same as it will be one of main real-time leachants
once investigated composites are built in exterior ele-
ments of structural objects. Samples were milled in
order to provide greater contact surface between the
media, and more likely leaching of present trace ele-
ments. The leaching test was performed at a li-
quid/solid ratio of 10 L/kg with a stirring time of 24 h
and deionized water as the leachant. A blank sample
was prepared using deionized water. At the end of the
leaching process, the samples were filtered, and the
content of the trace elements in the leachates were
determined by means of inductively coupled plasma
atomic emission spectrometer ICP-AES (Perkin-El-
mer Optima 5300 DV). The leaching test was per-

Table 1. Chemical composition of the fly ashes

formed on standard and fly ash based concretes, ce-
ment-mortars and brick samples. Results of the leach-
ing test performed on the fly ash based composites
were compared with results obtained on standard
concretes/cement-mortars/bricks.

Differential thermal analysis. The differential
thermal analysis (DTA) of the fly ash was performed
with a Shimadzu DTA-50 apparatus. Approximately
30 mg of a sample, which was previously homoge-
nized and then dried for 6 h at 105 °C, was used for a
DTA testing along with a~Al,O; (corundum) powder as
reference sample. The sample was heated under an
air atmosphere from 20 up to 1100 °C at heating rate
of 10 °C/min.

X-ray diffraction analysis. Homogenized and dried
(for 6 h at 105 °C) fly ash samples were analyzed by
X-ray powder diffraction (XRD). XRD Patterns of the
fly ash samples were obtained using a Philips PW-
1050 diffractometer with a graphite monochromator,
Nal(TI) detector and ACuKe radiation and a step/time
scan mode of 0.05°/1s.

Microstuctural analysis. The microstructure of
the fly ash samples was characterized by scanning
electron microscopy (SEM) using a JEOL JSM-6390
Lv microscope. SEM accelerating voltage was 15 kV.
The original fly ash powder without further grinding
was used as sample. The samples were covered with
gold powder for better reflection to be obtained and
measurements performed.

RESULTS AND DISCUSSION

The chemical compositions of investigated fly
ashes (FA1-5) originating from various power-plants
were mutually compared and correlated with charac-
teristics of European fly ash (EFA) [25]. The results
are given in Table 1.

Oxide content, wt.% FA1 FA2 FA3 FA4 FAS5 Standard deviation EFA [25]
SiO, 57.49 53.49 58.32 55.28 59.73 2.48 41.1-59.6
Al,O3 17.72 21.28 18.08 17.43 20.97 1.87 17.6-35.6
Fe,O3 10.48 6.20 6.85 10.31 5.99 2.24 2.6-16.0
TiO, 0.52 0.56 0.57 0.52 0.57 0.02 0.5-2.6
Ca0 6.96 7.61 8.71 7.96 5.83 1.09 0.5-11.8
MgO 1.98 2.74 2.30 2.28 2.21 0.27 0.8-3.8
P20s 0.02 0.03 0.02 0.029 0.023 0.004 0.1-1.7
SO; 1.06 0.78 1.29 0.85 0.48 0.30 0.1-8.6
Na,O 0.36 0.44 0.50 0.40 0.41 0.05 0.1-1.2
KO 0.59 1.21 1.16 0.55 1.18 0.34 0.4-4.0
MnO 0.03 0.03 0.03 0.026 0.030 0.002 -
CO, 0.09 0.25 0.11 0.28 0.07 0.09 0.6-7.6
LOI 2.94 4.9 1.84 4.51 2.92 1.26 1.1-8.1
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The values given for the EFA were used both as
a reference to check the quality of investigated fly
ashes (FA1-5) and the accuracy of the analytical XRF
method applied in this study. The obtained experi-
mental results for FA1-5 were similar to the certified
composition (EFA), namely the results are fitting in
the result range given for EFA [25]. Therefore, the
analysis of the major and minor elements verifies both
usability of investigated fly ashes and gives positive
results on testified reliability of XRF method for the
given purpose.

The chemical analysis (Table 1) shows that, as
in the case of EFA, all of investigated fly ashes con-
sisted mainly of silica (53.49-59.73%), alumina (17.43-
-21.28%) and iron oxides (5.99-10.48%) depending
on the origin of a fly ash.

Relatively low loss of ignition in weight (LOI)
was noted when fly ash samples were heated at 1000
°C for 4 h. It was attributed to the fact that organic
matters are not present in the investigated fly ash
samples. FA2 had the highest LOI (4.91%). Results of
LOI for FA1-5 were within the result range given for
EFA [25,26].

SiO, content was higher than 50%, while con-
tent of AlL,O; was in the range 17-25% in all investi-
gated fly ash samples. Thus, samples FA1-5 can be
classified as alumino-silicate ashes and they show
pozzolanic behavior. Calcium oxide content of sul-
fates was relatively low.

Concentrations of trace elements in FA1-5 are
shown in Table 2. It was noted that all investigated fly
ashes had either lower or “in range” trace elements
concentrations when compared with EFA. Even though
trace elements are present as a relatively small
fraction in the fly ash samples, they are investigated
due to their tendency of accumulation, long life and
high toxicity to environment. Because trace elements
can leach out and contaminate soil, as well as surface
and groundwater, their study is important for environ-

Table 2. Chemical analysis of trace elements in the fly ashes

mental protection [27,28].

Processes taking place during fly ash thermal
treatment from 20 up to 1100 °C were identified by
means of DTA method. DTA curves are given in Fi-
gures 1 and 2.

All DTA curves have a small peak at approxi-
mately 200 °C, which corresponds to the volatilization
of the water mechanically bonded in form of H,O mo-
lecule [29]. Thus, the first dimensional change occur-
red between room temperature and 100 °C and it was
related to the loss of humidity. In the temperature in-
terval from 100 to 450 °C hydration water was alto-
gether lost. The peak showing at approximately 500
°C is exothermic and characteristic for fly ash [30,31].
Exact peak values are as follows: (FA1) 533.85;
(FA2) 522.45; (FA3) 522.54; (FA4) 503.80; (FA5)
533.26 °C. Exothermic hump corresponds to the trans-
formation of organic matter present in the fly ash
samples and to the decomposition of CaCO; and the
burning of residual coal present in the fly ash [30].
The second peak is endothermic and distinctly visible
for fly ashes FA1-4. This peak is at approximately 900
°C and it is induced by presence of alumino-silicates
[31]. FAS5 does not show second endothermic peak.

Differential thermal analysis showed a certain
change above 900 °C in case of FA1-4 which pointed
to the additional structural changes occurring with
further increasing of the temperature and possible ini-
tiation of sintering.

Results of the mineralogical analysis are given
in Figures 3 and 4.

Identified crystalline major phases present in the
FA were aluminosilicate glass, quartz and mullite. The
only defined peaks on diffractograms relate to quartz
[32]. XRD Diffractograms highlighted high amount of
amorphous matter within all investigated fly ash
samples. The background hump between 10 and 40°
in the X-ray spectrum provided additional evidence of
the presence of an amorphous phase [33]. Magnetite,

Trace element, mg/kg FA1 FA2 FA3 FA4 FAS5 Standard deviation EFAZ
Pb 15.5 19.1 24.4 13.7 17.6 4.09 40-176
cd 0.1 0.0 0.2 0.2 0.2 0.09 1-6
Zn 52.3 36.1 56.6 49.9 27.2 12.31 70-924
Cu 52.4 26.0 359 53.7 30.4 12.71 39-254
Ni 21.7 413 50.9 23.6 31.7 12.28 49-377
Cr 97.6 148.1 135.1 105.7 167.4 29.11 47-281
Hg 0.0 0.0 0.0 0.0 0.0 0.0 <0.01-1.40
As 10.6 9.9 132.2 9.9 17.1 53.89 22-162
Ba 515 53.3 86.2 49.1 61.7 15.20 311-3134
Sb 0.5 0.1 1.1 16 0.5 0.59 1-120
Se 1.8 1.7 14 1.4 0.7 0.43 3-30
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Figure 4. XRD Diffractograms of FAT and FAS3 fly ashes (quartz - Q, magnetite - MA, hematite - H, mullite - M).

hematite, fluorite and anhydrite were noted in negli-
gible amounts. The very few differences observed in
the mineralogical composition might be attributed to
the heterogeneity of the fly ash composition. Namely,
it is possible that fly ash contacted and merged with
some other matter originating either from air or ground
while lying on landfill [34,35]. Sample FA1 showed the
lowest level of crystallinity and it was found to be one
of the fly ashes with the highest amorphous material
and lowest quartz and mullite contents, while the
sample FA3 had the most noticeable quartz peak on
diffractograms, /.e., the highest level of crystallinity.
Figures 5 and 6 show SEM images of FA1 and
cement mortar composite (FA1 cement). After visual
examination of the fly ash samples it was concluded
that FA1 is a mixture of various grains of different size
and shape, /e, different inorganic phases and pos-
sibly certain quantity of unburned organic materials
[36]. FA1 was mainly composed of spherical hollow
particles, as Figure 5 shows. Increased surfacial po-
rosity of this particular fly ash grain is evident. Irre-
gularly shaped grains and agglomerations immersed
in the fly ash mixtures. These irregular grains and ag-
glomerations usually correspond to calcite (CaCO;)
[37]. Pseudospheres, /.e., spherical particles compo-
sed of various layers or grains were noted. Such par-
ticles usually correspond to the presence of magnetite
(detected by XRD method) [38]. Extremely porous
particles might correspond to unburned coal [39].
Specific needle-shaped particles are either found iso-
lated or merged with spheres in agglomerations. Ac-
cording to XRD analysis these needle-like shapes
correspond to the mullite crystals [40]. Quartz was
also found as irregularly shaped particles [41]. In ce-
ment mortar composite (Figure 6) fly ash particles are
merged with bonding agent in a so-called “cementing
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zone” between aggregate grains. In such correlation,
fly ash behaves like a standard pozzolanic bonding
agent.

4

15KV |, X500 50pm< A

Figure 6. SEM image of FA 1-mortar; optical zoom. 500x.
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Leaching test provided information on the leach-
ability of various chemical constituents residing in the
fly ash based composites (mortar, concrete and brick)
in normal environment. Leachability of aluminium, cal-
cium and iron was not investigated, although they are
considered to be major constituents in the chemical
composition of fly ash [42]. The reasons are as fol-
lows:

- Aluminium is poorly leached, particularly when
considering its abundance in fly ash. Due to the slow
dissolution rates of the glassy matrix and the crystal-
line aluminosilicate phases, low proportions of Al are
leached regardless of the type of leaching test applied
[42,43].

- Calcium is present in fly ash in multiple modes
of occurrence (lime, anhydrite, calcite or within the
glassy matrix). The leachable concentrations vary as
a function of the mode of Ca occurrence in the fly ash,
the proportion of each phase and the type of the
leaching test performed. With only water, the amounts
of Ca leached could easily fall in the 100-15,000
mg/kg range. However, calcium is not regarded as an
element of concern. The presence and amount of Ca
is particularly significant for the precipitation of ettrin-
gite and other secondary Ca-hydrated phases that
are likely to incorporate and retain environmentally re-
levant elements such as As, Cr or Se. Ca controls the
leachability of trace contaminants to a large extent
[42,43].

- Iron becomes soluble at pH <1.5, but releases
are of little significance in relation to the concentration
in the ash. Proportions of Fe were found to be leached
from fly ash are less than 10 mg/kg in near neutral
and alkaline solutions, and concentrations in most
cases are below the detection limit. Iron in fly ash is
mainly present as magnetite mixed in various pro-

1.2

portions with hematite, although a minor proportion
can be assimilated in the glassy matrix. Iron oxyhyd-
roxides are also present in fly ash. These chemical
compounds are widely known to play a key role in the
sorption of a number of elements of environmental
concern, thus attenuating the concentrations in the
leachates [42,43].

The water leaching trial showed potential mobi-
lity of elements existing in the fly ash composition: Cr,
Ni, Cu, Zn, As, Se, Cd, Sb, Ba and Pb. Results of the
leaching possibility of FA1-5 composites are given in
Figures 7-9.

Leaching test performed on cement-mortar and
fly-ash based cement mortar samples showed no
presence of Cd, Hg and Ba. Concentration of Pb was
higher in fly-ash based composites than in cement
mortar. Overall, the leaching test showed no signi-
ficant change in samples when 30% of cement was
substituted with fly ash.

Leaching test performed on concrete and fly ash
based concrete showed no presence of Cd and Hg in
investigated samples. Ba was present in the sample
FAS5 concrete. The leaching test showed no signifi-
cant change in samples when 30% of cement in con-
crete was substituted with fly ash.

Leaching test performed on brick and fly ash
based bricks showed no presence of Pb, Zn, Ni, Crin
investigated samples. Hg was present in the samples
FA1 and FA4 brick. Se was not present in sample
FA2. The leaching test showed no significant change
in samples when 50% of fly ash is added and mixed
with clay in order to obtain fly ash based brick com-
posite.

Cumulative results of leaching tests performed on
various fly ash based samples are given in Figure 10.

Pb Cd Zn Cu Ni

Cr Hg As Ba Sb Se

pollutant

n

B FA1 mortar @ FA2 mortar B FA3 mortar O FA4 mortar B FA5 mortar @ mortar ‘

Figure 7. Leachable concentrations of elements in FA7-5 mortars and comparison with the reference (fly ash free) mortar sample.
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Figure 8. Leachable concentrations of elements in FAT-5 concretes and comparison with the reference (fly ash free) concrete sample.
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Figure 9. Leachable concentrations of elements in FAT1-5 bricks and comparison with the reference (fly ash free) brick sample.

Lead (Pb) is associated with sulphides in coal
[44]. The majority of Pb in fly ash is placed within the
internal glassy matrix and therefore not readily leached.
Pb is highly insoluble and immobile irrespective of the
type of leaching test applied [44]. Thus, the leachable
concentrations remain at very low levels, as the in-
vestigation confirmed. This provides evidence that Pb
leaching does not pose a risk to the environment re-
gardless of the total content in fly ash. Cadmium (Cd)
present in fly ash is consistently immobile while in
neutral and alkaline conditions. Although Cd is asso-
ciated with the fly ash particles surface, the concen-
trations leached in water rarely surpass 0.01 mg/l
[44,45]. In investigated fly ash based concretes and
fly ash based mortars Cd was not found. Zinc (Zn) is
in sulphide association in the parent coal and its mo-
bility in fly ash is high [46]. The leachability of Zn in
water for fly ash varies widely, as showed in the in-
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vestigation: leachability for concrete and mortar com-
posites is high, while at the other hand, Zn leachabilty
for brick is negligible. Copper (Cu) is assimilated with-
in the glassy phase and not easily released [46].
Leachability of Cu was low in all investigated samp-
les. Nickel (Ni) is distributed between the silicate frac-
tion and the magnetic fraction of fly ash during com-
bustion. Most of the leachable Ni is solubilised from
the non-magnetic fraction [47]. Leached concentra-
tions of Ni were present in fly ash based concrete and
mortar samples, but not present in investigated bricks.
Although chromium (Cr) leaching from fly ash poses a
high threat to the environment (Cr is widely reco-
gnized as potentially carcinogenic and highly soluble
in aqueous media [44]), the obtained levels of Cr
leachability in investigated samples do not impose
danger to the environment nor humans. The conden-
sation of mercury (Hg) on fly ash particles as the wa-
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Figure 10. Cumulative results of leaching test (“‘max” - upper limit values of toxic metal in leachate
from inert/non-harmful wastes, Standard EN 12457(1-4)2002).

ter soluble may pose a risk for of contaminating
groundwater [48]. However, the concentrations of Hg
in leachates are extremely low - here noticeable only
in case of FA1-brick and FA3-brick. In most coals,
Arsenic (As) is associated with As-bearing pyrite,
which is decomposed during the combustion process.
Arsenic condenses on the surface of fly ash as spa-
ringly soluble arsenate species [44,48]. The leach-
ability varies widely depending on the nature of the fly
ash. For example FA3 brick shows noticeably higher
content of As than other brick samples. Barium (Ba) in
fly ash forms sparingly soluble compounds with car-
bonates and sulphates [48]. Investigated fly ash com-
posites show high percentage of Ba in leachate. Anti-
mony (Sb) in coal occurs in sulphides along with py-
rite. These compounds dissociate during combustion
and liberate Sb as volatile species. The leaching be-
haviour has been scarcely covered in the literature,
although it is known that Sb is insoluble in all types of
leachant [49]. Amout of Sb found in leachate of in-
vestigated composites is low. The solubility of sele-
nium (Se) in water can be high which makes Se as an
element of major concern in ash due to its mobility
[50]. Level of Se in leachate is lower in concrete and
mortar composites than in fly ash based brick, pro-
bably due to the additional Se imported with other
brick compounds.

Leaching of investigated toxic elements was
close to or below the detection limit with water used
as leaching agent [51,52]. After comparing results of
leaching test for fly ash composites and for original
composites mortar, overall conclusion was that there
is no significant difference in results and investigated
fly ashes are secure for application in construction
materials industry. Thus, there is equally low environ-
mental risk posed by the presence of contaminant
trace elements in the fly ash if it is used in a cons-

truction element and exposed to the action of rain and
snow.

CONCLUSION

The mode of occurrence of trace elements in
coal plays a primary role in the mode of occurrence in
fly ash as well as the distribution of elements within
ash particles. The elements enriched in the core of fly
ash particles are not directly exposed to leaching,
whilst surface-associated elements are more acces-
sible to leaching in an aqueous environment. There-
fore, the mode of occurrence in the parent coal con-
trols to a large extent whether a given element will be
immobile or will be easily released to the environ-
ment. Investigation of the fly ashes showed that they
have negligible level of organic impurities and poten-
tially toxic and/or leachable elements. The investi-
gated elements - Pb, Cd, Zn, Cu, Ni, Cr, Hg, As, Ba,
Sb and Se, can be regarded as being of low concern
in fly ash under natural environmental conditions.

The leaching test carried out on the Serbian fly
ashes denied possibility of potential transition of toxic
elements if fly ash based building material is in con-
tact with water. Therefore, atmospheric, ground or
underground water contamination by migrating toxic
fly ash constituents is unlikely.

The fly ash properties determined in this work
could be regarded as representative of all coal fly ash
produced in Serbia. Furthermore, the investigated fly
ashes have excellent characteristics, which opens
new frontiers for their utilization, not only in the region
but worldwide. Also, this investigation opens the
question of possible benefits of mechanical-activation
of fly ash and economical aspect of its future appli-
cation. The problem of fly ash is disclosed this study
is but a first step of a larger scale investigation con-
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cerning new possibilities of fly ash reapplication. The
investigation will include implementation of other
leaching tests, as well as various other investigation
methods. The accent will be on mechanical and che-
mical activation of the fly ash and advantages of
these methods in achieving advanced characteristics
of new fly ash based composites.

Acknowledgements

This investigation was supported by Serbian Mi-

nistry of Education and Science and it was conducted
under the projects 172057 and 45008.

REFERENCES

(1]

[2]
[3]
[4]
[5]
[6]
[7]
(8]

[9]
[10]

(1]

[12]

[13]

[14]

[13]

[16]

[17]

[18]

[19]

[20]

[21]

382

A. Medina, P. Gamero, X. Querol, N. Moreno, B. De Leon,
M. Almanza, G. Vargas, M. Izquierdo, O. Font, J. Hazard.
Mater. 181 (2010) 82-90

H.A. van der Sloot, D.S. Kosson, O. Hjelman, Waste
Management 21 (2001) 753-765

Ecoba, 2005, http://www.ecoba.com

J. Davidovits, J. Therm. Anal. 37 (1991) 1633-1656

S. Huang, F. Chang, S. Lo, M. Lee, C. Wang, J. Lin, J.
Hazard. Mater. 144 (2007) 52-58

M. Misra, K. Yang, R.K. Mehta, J. Hazard. Mater. 51 (1996)
181-192

P.Sivapullaiah, M. Baig, Waste Management 31 (2011)
359-369

Y.Liu, L.Zheng, X.Li, S. Xie, J.Hazard. Mater. 162 (2009)
161-173

http://www.eps.co.rs/ekologija/zastita.html (in Serbian)

S.K. Shukla, V. Kumar, M. Mudgal, R.K. Morchhale, M.C.
Bansal, J. Hazard. Mater. 184 (2010) 585-590

N.U. Kockal, T. Ozturan, J. Hazard. Mater. 179 (2010) 954-
965

M.lzquierdo, X. Querol, C. Phillipart, D. Antenuc, M.
Towler, J. Hazard. Mater. 176 (2010) 623-628

W. Wang, Y. Qin, D. Song, K. Wang, International J. Coal
Geology 75 (2008) 81-87

V. Ettler, R. Vrtiskova, M. Mihaljevic, O. Sebek, T. Grygar,
P. Drahota, J. Hazard. Mater. 170 (2009) 1264-1268
H.A.van der Sloot, D.S.Kosson, O.Hjelman, Waste Ma-
nagement 20(2-3) (2000) 193-201

B. Cetin, A.Aydilek, Y.Guney, Resources, Conservation
and Recycling 58 (2012) 8- 17

M. Cinquepalmi, T. Mangialardi, L. Panei, A. Evangelista
Paolini, L.Piga, J. Hazard. Mater. 151 (2008) 585-593
K.Jones, L.Ruppert, S.Swanson, Int. J. Coal Geol. 85
(2011) 268-275

E. Roziere, A. Loukili, R. El Hachem, F. Grondin, Cement
and Concrete Research 39 (2009) 1188-1198

0. Khokhotv, S. Waar, Environmental Pollution 159 (2011)
1461-1463

V. Cappuyns, R. Swennen, J. Hazard. Mater. 158 (2008)
185-195

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]
[36]
[37]
[38]

[39]
[40]

[41]
[42]
[43]
[44]

[45]

[46]

[47]

M. Vitkova, V. Ettler, O. Sebek, M.Mihaljevic, T.Grygar,
J.Rohovec, J. Hazard. Mater. 167 (2009) 427-433

Y. Nomura, K. Fujiwara, A. Terada, S. Nakai, M. Hosomi,
Waste Management 30 (2010) 1290-1295

Serbian standard for Leaching Test: SRPS EN 12457 (1-4),
Characterisation of waste leaching - compliance test for
leaching of granular waste materials and sludges. Euro-
pean Committee for Standardization, 2002

N. Moreno, X. Querol, J.M. Andres, K. Stanton, M. Towler,
H. Nugteren, M. Janssen-Jurkovicov, R. Jones, Fuel 84
(2005) 1351-1363

H.A. van der Sloot, R.N.J. Comans, O. Hjelmar, Sci. Total
Environment 178 (1996) 111-126

Ph. Quevauviller, H.A. van der Sloot, A. Ure, H. Muntau, A.
Gomez, G. Rauret, The Sci. Total Environment 178 (1996)
133-139

H. A. van der Sloot, Waste Management 16 (1996) 65-81
V. Lilkov, O. Petrov, Y. Tzvetanova, P. Savov, Méssbauer,
Construction Building Mater. 29 (2012) 3341

P. Ubbricao, Domenico Calabrese, Thermochim. Acta 321
(1998) 143-150

P. Pranda, K. Prandova, V. Hlavacek, Fuel Proces.
Technol. 61 (1999) 211-221

P. Stellacci, L. Liberti, M. Notarnicola, P.L. Bishop, Chem.
Eng. J. 149 (2009) 11-18

S. Gomes, M. Frangois, M. Abdelmoula, Ph. Refait, C. Pel-
lissier, O. Evrard, Cement Concrete Res. 29 (1999) 1705-
-1711

M. Criado, A. Fernandez-Jiménez, A.G. de la Torre, M.A.G.
Aranda, A. Palomo, Cement Concrete Res. 37 (2007) 671-
679

R. Williams, A. van Riessen, Fuel 89 (2010) 3683-3692

Y. Li, F. Zhang, Chem. Eng. J. 158 (2010) 148-153

S. Wang, L.Baxter, F. Fonseca, Fuel 87 (2008) 372-379

R. Chancey, P. Stutzman, M. Juenger, D. Fowler, Cement
Concrete Res. 40 (2010) 146-156

G. Li, Cement Concrete Res. 33 (2003) 799-806

Z. Sarbak, A. Stanczyk, M. Kramer-Wachowiak, Powder
Technol. 145 (2004) 82-87

A. Bhattacharjee, H. Mandal, M. Roy, J. Kusz, W. Hof-
meister, J. Magnetism Magnetic Mater. 323 (2011) 3007-
-3012

M. Wahlstrom, Sci. Total Environ.178 (1996) 95-102

M. Izquierdo, X. Querol, Int. J. Coal Geol. 94 (2012) 54-66
D.S. Kossor, H.A. van der Sloot, T.T. Eighmy, J. Hazard.
Mater. 47 (1996) 43-75

H.A. van der Sloot, D.S.Kosson, Use of characterisation
leaching tests and associated modelling tools in assessing
the hazardous nature of wastes, J. Hazard. Mater. 207-
-208 (2012) 36-43

S. Lépez Meza, U. Kalbe, W.Berger, F. Simon, Waste
Management 30 (2010) 565-571

R. Barna, F. Sanchez, P. Moszkowicz, J. Mehu, J. Hazard.
Mater. 52 (1997) 287-310



A. TERZIC et a/: LEACHING OF THE POTENTIALLY TOXIC POLLUTANTS..

CI&CEQ 18 (3) 373-383 (2012)

[48]

[49]

T. Takao, N.Kenji, N. Masateru, L. Jinmei, S. Tatsuhiko,
World of Coal Ash (WOCA), Northern Kentucky, USA,
2007

K. Jackson, J. Benedik, L. Jackson, Comparison of Three
Solid Waste Batch Leach Testing Methods and a Column
Leach Test Method, Hazardous solid waste testing: First
Conference, Proceedings, ASTM International, 1981, pp.

[50]

[51]

D. Bause, K. McGregor, Comparison of Four Leachate
Generation Procedures for Solid Waste Characterization in
Environmental Assessment Programs," EPA 60017-80-
118. U.S. Environmental Protection Agency. IERL. Re-
search Triangle Park, N.C., 1980

C.E. Schaefer, R.R. Arands, H.A. van der Sloot, D.S.
Kosson, J. Contaminant Hydrol. 20 (1995) 145-166

83-96
ANJA TERZIC'

ZAGORKA RADOJEVIC!
LJILJANA MILIGIC!
LJUBICA PAVLOVICG?

ZAGORKA AGIMOVIG?

'Institut za ispitivanje materijala,
Beograd, Srbija

?nstitut za tehnologiju nuklearnih i
drugih mineralnih sirovina, Beograd,
Srbija

*Tehnolosko-metalurski fakultet,
Univerzitet u Beogradu, Beograd, Srbija

NAUCNI RAD

[52] O. Kriger, U. Kalbe, W. Berger, F.-G. Simon, S. Lépez
Meza, J. Hazard. Mater. 207-208 (2072) 57-55.

LUZENJE POTENCIJALNO TOKSICNIH
ELEMENATA IZ KOMPOZITA NA BAZI
OTPADNIH SIROVINA

Odlaganje leteceg pepela dobijenog u procesu sagorevanja uglja u termo-elektranama
predstavija veliki rizik za prirodnu sredinu zbog mogucnosti luZenja opasnih Cestica kao
Sto su toksicni metali. Takode, opasnost od izluZivanja je prisutna Cak i kada je letecCi
pepeo ugraden u konstukcioni kompozit. Leteci pepeli sa razlicitih deponijja su upotreb-
ljeni za spravijanfe uzoraka razlicitih kompozita (malter, beton ili opeka) pri cemu na pe-
pelu nije sproveden nikakav fizicki ili termicki pred-tretman. Ispitivano je luZenje poten-
clfalno toksicnih elemenata prisutnih u proizvodima na bazi leteceg pepela. Praceno je
izluzivanje i moguci uticaj na prirodnu sredinu 11 potencijalno opasnih elemenata: Pb,
Cd, Zn, Cu, Nj, Cr, Hg, As, Ba, Sb i Se. Sprovedeno je detaljno istraZivanje fizicko-hemij-
skih svojstava leteceg pepela, sa posebnim naglaskom na ispitivanju hemijskog sastava
[ prisutnosti elemenata u tragovima. Fizicko-hemijska svojstva pepela su ispitivana sle-
decim metodama. X-ray fluorescenicija, difrakciona termicka analiza i X-ray difrakciona
metoda. Skenirajuci elektronski mikroskop je primenjen u mikrostukturnoj analizi. Rezul-
tati su pokazali da se vecima elemenata lakse izluZuje iz pepela nego kompozita sprav-
ljenih na bazi pepela. IzluZivanje svih ispitivanih toksicnih elemenata je bilo u dozvolje-
nim granicama sto znaci da se ispitivanji leteci pepeo moZe upotrebiti u proizvodnji kons-
trukcionih materijala.

Kljucne reci: leteci pepeo, konstrukcioni materijjali; luZenje; toksicni elementi;
mogucnost ponovnog koriscenja.
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