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ARTICLE INFO ABSTRACT

Keywords: This study has focused on petrography, geochemistry, radiochemical, and leaching properties of coal combustion
Fly ash residues (CCRs), their leachates and nearby waters from the Barapukuria coal-fired power-plant (BCPP) to
Bottom ash

evaluate the potential environmental impacts and human health hazards for the first in Bangladesh. The CCRs,
used in this study are predominantly comprised of Al-Si-rich glassy materials (94.8%) followed by crystallites
(3.6%), notably quartz, mullite, and spinel with rock-fragments (0.3%); and un-burnt organic constituents (1.3%)
such as anisotropic coke (0.8%) and slightly altered inertinite (0.5%). Hematite, magnetite, cristobalite,
monazite, zircon, rutile, tourmaline and sillimanite were also identified as trace minerals. Elemental contents are
found to be elevated (2.1-14.2 times) in the fly ash (FA) and bottom ash (BA), as compared to world coal-ash
average with the exceptions of Ni in FA; and of Zn, As, Cu, and Hg in BA. The sum of detected rare earth ele-
ments is significantly high as compared to the world FA, Indian and Chinese ash residues. The specific activities
of CCR are comparatively higher by a factor of 3.7 (3?°Ra) to 6.2 (**2Th) than those of the world average. The
examined spheres, particles, and agglomerates of FA are predominantly comprised of C, Al, and Si as major
while, K, Ca, Mg, Fe, W and Ti as minor elements. On the other hand, extractable amounts of soluble potentially
toxic elements in FA leachates are 7.7% for Se, 4.8% for Zn, and in BA 5.7% for As and 3.1% for Se and others are
< 1%. Metals are substantially released from FA in the range of 8.5 (for Cr) to 9650 (for Zn) ppb and 0.002% (for
Cr) —7.7% (for Se), while from BA below detection level (for Cr) to 940 ppb (for Mn). The concentration of
hazardous metals in the discharged waste water and water ash pond were higher than those were found in nearby
pond- and ground-water sources around the BCPP. Ecological and radiological risk indices suggest moderate-risk
derived from FA and low-risk from BA.

Barapukuria power-plant, Bangladesh
Comprehensive characterization
Environmental impacts

Ecological and radiological risks

1. Introduction demand for energy, annually a large quantity of coals are burnt in many
countries, giving rise to huge amounts of coal combustion residues

Coal is, solid fossil fuel, identified as a source of primary energy and (CCRs: a collective term for fly ash, FA and Bottom ash, BA; herein after)
coal combustion activity is the primary means of power generation in from coal power-stations [4-6]. CCRs are globally regarded as an in-
many countries for a long time [1-3]. As the continuous growing dustrial waste, ecological nuisance and a Group I human carcinogen
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Fig. 1. Map showing the Barapukuria coal-fired power plant in Dinajpur, Bangladesh. Arrow (red) indicated flowing direction and yellow marked indicated water
sampling points. GW: groundwater; PW: pond water; APW: ash-pond water; and PEW: power-plant effluent/discharge water. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

[7-9] or a valuable raw material [6,10], some of which possess higher
added value (e.g., Ga, V, REE, and U) [11] and could be recovered
commercially and might be used as recoverable resources [12-13].
While others, such as Ba, As, Cd, Cu, Cr, Ni, Sb, Pb, Zn, Se, Hg, 2*°Ra,
232Th, and “°K, are of definitely potential environmental concerns upon
their release into the ambient nature [10,14,15]. Classification of
environmentally sensitive trace metals [16] associated with the coal
utilization are: (1) greatest concern (As, Hg, Cd, Pb, Se), (2) moderate
concern (Cr, Cu, Ni, V, Zn), (3) minor concern (Ba Co, Mn, Sb), (4)
radioactive (U, Th, K), and (5) hazardous air pollutants (As, Sb, Cd, Co,
Cr, Pb, Hg, Mn, Ni, Se, U). According to Izquierdo and Querol, [17],
CCRs is considered as a significant potential source which releases
several environmentally sensitive elements [18]. Nevertheless, coal

power-plant is one of the most significant sources of hazardous con-
taminants and treated as the biggest hazards to the nature [19]. In
Bangladesh, study of the CCRs, in terms of the occupational stochastic
effects, environmental and potential human health risk of hazardous
toxic trace elements, radionuclides, unburnt carbons, and atmospheric
particulates issues are scarce in literature, though similar studies having
different geographical origin have been extensively investigated. Thus,
it is of economic, ecological and environmental significance to evaluate
its quality detail focusing on their potential utilization and probable
hazard management.

Ash petrology provides information about the contribution and
forms of chars and other inorganic constituents [20-22]. It may be
useful in forecasting the leaching of hazardous metals, radionuclides,
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Petrographic compositions [in %] of the examined samples and comparison with other studies.

This study Literature data

FA1 FA 2 FA 3 FAay BA1 BA 2 BA 3 BA,y FA" BA® FA" FA®
1 Glass 94.9 96.2 95.0 95.4 94.0 95.3 90.0 93.1 68.0 79.0 97.2 48.0-89.0
2 Mullite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.2-40.0
3 Spinel 2.9 1.3 1.9 2.0 4.1 1.9 3.6 3.2 8.0 2.5 trace na
4 Quartz trace 0.3 1.1 0.49 1.4 2.0 1.0 1.5 0.8 8.0 0.4 1.7-12.5
5 Sulfide 0.0 0.0 0.0 0.0 0.0 0.0 0.39 0.13 na na na na
6 Rock fragments 1.1 0.31 0.0 0.47 0.0 0.0 2.0 0.67 0.0 0.5 1.6 na
Total inorganic 98.9 98.1 98.1 98.4 99.5 99.1 97.0 98.6 76.8 90.0
7 Isotropic coke 0.0 0.0 0.0 0.0 0.0 0.0 1.7 0.39 na na na na
8 Anisotropic coke 0.72 0.94 0.76 0.81 0.46 0.39 0.40 0.42 2.0 5.5 0.4 na
9 Inertinite 0.36 0.94 1.1 0.82 0.0 0.47 0.88 0.68 4.0 3.0 0.4 na
Total organic 1.1 1.9 1.9 1.6 0.46 0.86 3.0 1.5 6.0 8.5 0.8

na: Not available; fly ash (FA); bottom ash (BA). Neoformed (1, 2, 3, 7, 8) from (in)organic and coal derived (4, 5, 6, 9).

2 [23], Indian FA and BA.
b [571, Jungar, China, minus-500 fractioned-sized FA.
¢ [69], European FA.

and potentially harmful bio-reactive organic compounds (e.g., PAHs,
UCs) [10,23]. In fact, spheres and chars containing enhanced harmful
pollutants are the significant contributors of contaminants [17] and a
source of risks to human health, ecology and environment [7,8,24]. As
environmental consciousness increases, there is also a growing tendency
of recycling of CCRs in multi-sectors throughout the world [25]. How-
ever, a large amount is still unused and improperly dumped, thereby,
easily releasing dreadful environmental contaminants and subsequently
leading to serious contaminations, health risks and affecting the
ecosystem [6,26]. The uncontrolled disposal of these CCRs leads to
significant environmental problems [27]. Much of the residues are
dumped in the ash ponds (lagoons) with routine effluent discharges that
reach to nearby water sources. If the settling pond is unlined, then a
large volume of the leachate migrates and gradually percolate down-
ward leading to affect nearby water table and drinking water sources
[27]. Only geochemical investigations are not enough to describe the
complexity of CCRs completely. For instance, the forms of carbons and
their relationship to the inorganic residues constituents; the burnout of
coal and non-coal carbons; and the combustion efficiency, can all be
explained by petrographic characterization of residues [21]. The main
harmful aspect is that the contaminants particularly heavy metals, ra-
dionuclides, rare earth elements (REE), and chars contained in the
produced CCRs are likely to be readily liberated and directly migrated
and remobilized into the environment from producing and disposal
sources in diverse modes [17,28-30]. Chars are potentially harmful bio-
reactive contaminants and associated with other toxic elements [23].
Toxicological research has shown that CCRs is carcinogens, endocrine
disruptors, and cardiorespiratory toxins [7,31]. In addition, it is of great
concern as these contaminants are dispersed in a very wide range of the
nearby natural systems. Accordingly, it may modify the natural back-
ground compositions of ambient environmental components/media e.g.,
soils, waters, sediments. Consequently, it may adsorb, retain, and
consequently transfer to plants/crops. Finally, these contaminants may
expose to humans, vegetation and other living beings leading to cause
adverse environmental issues and acute health diseases via various
possible exposure routes [26,32-34]. Therefore, if CCR is not disposed of
properly, maintained scientifically, study and monitor regularly, serious
and long-lasting environmental and health hazards and disruption of
ecological cycles, could arise [35-37]. Thus, it is critical to characterize
CCR properties.

Comprehensive characterization and speciation of CCRs from a
Barapukuria coal power-station (BCPP) in Bangladesh is a quite new
initiative for evaluating its prospects, challenges and suitable explora-
tion and management strategies. Although the abundances of diverse
elements can greatly be varied in CCRs produced even within a specific
region, there are some typical trends in their composition from different

countries. Thus, it is imperative for a better understanding of the con-
centration, distribution, behavior and occurrences of precious and
poisonous constituents for optimum utilization and sustainable man-
agement. As like other South-Asian countries and other developing
countries, there is remarkably raised power generation through both
domestic and international sourced coal-burning and simultaneously
increased significantly ash production in the country. It is also antici-
pated that the production of CCRs would be considerably increased in
the successive years [3] and would steadily elevate environmental
concerns. Though, a number of coal-based power-plants (1,320 MW,
each) development projects are in implementation. Currently, the BCPP
(525 MW) is consuming indigenous Permian Gondwana coals (inertin-
ite-rich bituminous) from nearby underground Barapukuria coal field as
feedstock and the produced CCRs of are inappropriately stored in
stockpiles and ash-repositories temporarily, and finally are disposed of
in open and unlined ash-ponds. It is located in a (population density:
823/km?) multi-cropped agricultural and humid subtropical region in
alluvial-fluvial floodplain system in NW region of the country [33]. At
present, the wastewater and discharge of the power-station and ash-
ponds drainage channel are directly drained to the Tilai River (Fig. 1).
Though, the study of the CCRs in many countries regarding their eco-
nomic prospects and corresponding impacts on environment have been
extensively investigated and reviewed [8,36,38] while from the BCPP,
are scarce in literature and the potential economic prospects, beneficial
uses, and environmental threats none of these issues have not yet
scientifically been characterized so far. Under such circumstances, sus-
tainable management of CCR in socio-economic and environmental
context through detailed speciation and characterization would be an
inevitable concern. Furthermore, the contributions to the application of
potential hazard mitigation measures and further reduction of handling
costs, protection from probable contamination and adverse effects are
also prime concerns. Moreover, this study can reinforce the environ-
mental legislation, sustainability, and proper implementation of
remedies.

The primary objectives of the present research are to: (1) charac-
terize the ash petrography; (2) assess abundance and distribution of the
elemental and natural radionuclides in CCRs; (3) determine the poten-
tial leachability of some selected heavy elements; and (4) evaluate the
potential risk of potentially toxic elements (PHEs) leached from CCR to
the environment. The results of the present research may provide in-
formation which, can be employed to environmental impact
assessments.
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Fig. 2. SEM-EDS photomicrographs represent an overview of
micromorphology of the fly ash (FA) samples. Predominantly
fused Al-Si-rich glassy matrix with spherules, particles, ag-
glomerates, and unburnt (in) organic constituents. [A] (b)
Magnetite sphere with mosaic fabric, plerosphere, and other
metallic and glassy spherical particles. [B](b) Spherule with
smooth orange-peel surface structure; spherical and irregular
molted grains hollow cenospheres with porous particles. [C]
Glass cenospheres, respirable size particles. Surface composi-
tion of ash-particles appears in table (Supplementary infor-
mation: Table S2). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web
version of this article.)
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2. Experimental and methodology
2.1. Sampling and sample preparation

The BCPP combusts around 0.72 million tons of Permian aged
Gondwana coal (highly-volatile inertinite-rich bituminous B ranked) to
generate electricity and subsequently generates and dumps nearly 0.08
million tons of high-quality solid byproducts per annum of which, 80%
is approximated to be FA and the rest is BA. These are directly sluiced to
the nearby open disposal sites i.e., ash ponds mixed with water, which
are already filled and flowed with water to affect nearby crop lands and
minimal portions are used as filled materials in depression or low land,
and cement factories. The samples of FA (electrostatic precipitators, ESP
hoper) and BA (tank) of the BCPP Unit-1 (FA 1 & BA 1) and Unit-2 (FA 2

& BA 2) were simultaneously sampled through a scientific procedure at
ten different times (i.e., ten sub-samples for each item from same loca-
tion). Additionally, FA 3 and BA 3 samples were also collected randomly
from the composite output going to the temporary ash-repositories of
the power-plant site. All collected samples were put in Ziploc plastic
bags immediately and sealed carefully to minimize possible oxidation
and contamination. In order to prepare composite, more representative
and bias-free samples and to reduce the number of samples, for each
item of the same type, ~250 g of dried (with exception of samples for Hg
test) subsets of the samples (ten for each item) were then thoroughly and
homogeneously mixed. And then the samples were milled (with excep-
tion of samples for grain size experiment), coned and quartered into
representative portions for subsequent tests, except FA, which was in
very fine-grained form. Each item of the same type composite samples
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Fig. 3. Neoformed glass materials in the FA samples. (a) Glassy matrix with solid and glassy spheres, (b) Glass with spinel, tiny fragments of coke, and minerals
embedded in fused rock-fragments with exterior thin, red oxidation rim, (c-d) Core glassy constituents with isotropic and anisotropic coke in outer sphere. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

were then homogenized and re-sampled as required and split for sub-
sequent laboratory experiments. A total of 15 composite water samples
were also collected from different water sources (indicated in Fig. 1)
around power-station (pond water: PW1-3; plant effluent discharge
water: PEW1-3; groundwater/power-station-intake water: GW1-3, ash-
pond water: APW1-3; river water: RW1-3) and subsequently analyzed.

2.2. Sample analysis

2.2.1. Physical properties analysis

The pH of the CCR samples was determined in distilled water using a
digital pH meter (Inesa, PHS-2F, China) following the standard protocol
[4]. The pH and conductivity of the samples were measured by con-
ventional methods. Granulometric distributions of the un-milled raw
samples were carried out by Laser particle size analyzer (LS 230,
Coulter, USA).

2.2.2. Petrographic analysis

The CCR samples were fixed in epoxy; prepared to a final 0.05-um
polish; and investigated using microscopy (reflected light, oil-immersion
optics). Detail description of the characterization technique was similar
to those of previous studies [38].

2.2.3. Chemical composition analysis

The major elements (3 oxides: SiO3, MgO, CaO) of the CCR samples
were analyzed by X-ray Fluorescence (XRF: PW 2400, Philips,
Netherlands). Approximately 0.3 g of each prepared samples was taken
in a porcelain crucible and were then milled with binder (wax: sample,
1:3) followed by shaking for 2 h. Resulting mixture was spooned into an
aluminum cap (30 mm) which was then sandwiched between two
tungsten carbide pellets. Finally, the pellet was ready for subsequent
XRF analysis.

On the other hand, bulk chemical compositions of Al, Fe, Ti, Na, K,
Sc, V, Cr, Mn, Co, Ga, Zn, As, Rb, Br, Sb, Ba, Cs, La, Ce, Yb, Sm, Eu, Lu,

Hf, Ta, W, Th, and U of the ash samples were performed by instrumental
neutron activation analysis (INAA) following the established process
[39-43]. Briefly, a certain quantity (50 mg, oven dried) of the samples
were weighed and heat-sealed in high purity polyethylene bag. Samples
were then irradiated by neutron using 3-MW TRIGA Mark-II research
reactor (Bangladesh Atomic Energy Commission) followed by gamma
counting (HPGe detector) with systematic cooling. Relative standardi-
zation approach was used for the accurate and precise measurement of
elemental contents [43,44].

However, Cd, Cu, Ni, Pb, and Se abundances in the CCRs were
determined by Inductively Coupled Plasma Optical Emission Spectros-
copy (ICP-OES: Optima 800, Perkin Elmer Instruments, USA) by
following the standard method [4,36,44]. About 0.5 g of the CCR sample
was weighed in replicate and transferred to a Teflon flask containing an
acid mixture of (3:3:2) concentrated HCI-HNO3-HF. Consequently, the
flask was tightly closed and heated in a closed vessel microwave system
following US ASTM protocol [45]. Subsequently the resulting solution
was poured into a 100 mL volumetric flask after cooling to room tem-
perature, followed by dilution to a constant volume with de-ionized
water. Finally, the abundance of concern metals of interest in the
resulting extract was determined by means of ICP-OES. Furthermore,
mercury analyzer (FIMS 200, Perkin Elmer) was utilized to determine
Hg content in the raw CCR samples.

2.2.4. Radioactivity measurements

Radioactivity concentration of NORMs (226Ra, 232Th, and 40K) in the
CCRs were determined by Gamma-ray spectrometry with a low-
background high-purity germanium detector (GEM 30-70, ORTEC,
Japan) following the standard protocol [32,33]. Concisely, hermetically
filed samples (~250 g) were counted for ~ 45000 s by HPGe detector
after attaining the secular equilibrium (28 days) among the short- and
long-lived decay products.
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Fig. 4. Photomicrographs of unburnt organic constituents i.e., carbon in the FA samples examined. (a-b) massive to porous transformed dense anisotropic in
crassisphere with inertinite (honeycombs view) showing remnant cell structure. (c-d) massive inertinite debris with surrounding glass, (e) anisotropic coke

with inertinite.

2.2.5. Mineralogical and Micro-morphological analysis

Mineralogical study was conducted by X-ray Diffraction (XRD: X-Pert
MPD, Philips, Netherlands). Briefly, ~1 g of CCR samples were packed
into a steel cavity mounts which were appropriate for insertion into
diffractometer. Then XRD spectra were recorded by using a diffrac-
tometer with Cu-Ka radiation (scan range (20) of 2-90°, nickel filter, 40
kV, 30 mA amperes and 3°/min diffraction speed). Additionally, semi-
quantitative optical microscopic study was also carried out to estimate
the modal abundances of minerals in CCR materials. In doing so, some
epoxy was taken on a glass slide and kept on the heater. While it was
melted, the samples were sprinkled on the liquid. Afterward, a cover
glass was put on this mixture and pressed until the extra epoxy and
bubbles were removed. After cooling the slide, it was cleaned by xylene
& cotton, and was ready for microscopic study (ZEISS Axio Scope.Al,
Germany).

However, Fourier Transform Infra-red spectroscopy (FTIR: WI-RES-
FTIR2-001; technique: Pellet KBr; VERTEX 70, Bruker, Germany) was
used for micro-structural analysis. In doing so, ~1 mg of CCR samples
were milled with spectroscopic grade KBr (1:100) with an agate mortar
for 5 min; and subsequently compacted in a hand press pellet maker.
Prepared pellets (thickness, 0.5 mm) were dried in an electric oven (at

105 °C) for 24 h before investigation. Then the pellets were attached in a
holder and introduced in the IR beam of the spectrometer. Additionally,
the micromorphology of the ash particles were also investigated with
Scanning Electron Microscope (SEM: Quanta400, FEI, and Czech Re-
public) coupled with Energy Dispersive Spectroscopy (EDS: X-Max,
Oxford, England). The EDS was applied to determine surface chemical
composition. The materials (around 0.9 g) were prepared into pellets
and mounted on standard Al stubs with carbon tape. The SEM-EDS
working distance was set at 10 mm with the beam voltage of 20 kV.

2.2.6. Leaching test

The Toxicity Characteristic Leaching Procedure (TCLP) was carried
out in order to determine the potential leachability of selected elements,
namely, Ba, Cd, As, Se, Cr, Cu, Mn, Ni, Pb, and Zn [37,46] and the
possibility of transferring those elements to the environmental media
[47]. The sample (about 5 g, each) was first mixed with (buffered) acetic
acid in a high-density polyethylene bottle at a sample-extraction fluid
ratio of 1:20. The mixture (bottle) was continuously stirred end-over-
end at a speed of 30 + 2 rpm for 24 h at room temperature. There-
after the eluate was then filtered at 0.45 pm. Finally, the concentration
of concerned metals was determined in the resulting leaching extract
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Fig. 5. Relict, fused, and melted inorganic constituents in the bottom ash (BA) samples. (a-b) Spinel spheres presumably magnetite/hematite and mullite laths in
glassy matrix; (c-d) Angular quartz particles showing smoky character, sub-angular mineral grain embedded in amorphous glassy matrix; (e-f) Needle like neoformed
acicular mullite in glass; (g-h) Baked-rocks with bladed crystallites and vitrified outer edge, Fe-oxidation.

using ICP-OES [4,48]. Independent duplicate measurements of resulting
extracts were performed under the same analytical conditions in all the
cases to ensure the data quality.

2.2.7. Water sample analysis

Water quality parameters, e.g., SO%‘, Ca, Mg, Na, K, Se, Ba, Ni, Zn,
Cu, Fe, Pb, Mn, Cr, Cd, As, and Hg were measured in the collected
samples. Sample collection, processing and instrumental analysis of
measured parameters were essentially the same as that of our previous

study [34]. Briefly, cations in water samples were measured by flame
atomic absorption spectrometer (FAAS, Perkin Elmer AAnalyst 400,
USA) after acid digestion and required dilutions following standard
protocol [49-51] here as non-acidified water samples were utilized for
SO%~ analysis using an Ion Chromatograph (Model: SIC10AVP, Shi-
madzu, Japan) following standard guidelines [52,53].
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Fig. 6. SEM-EDS images with spectra of the BA samples. Predominantly Si-Al glassy matrix with unburnt carbon. Surface composition of ash-particles appears in

table (Supplementary information: Table S2).

2.3. Ecological and radiological hazard indices

According to Hakanson [54], potential ecological risk index (RI) was
employed to evaluate the extent of pollution of the toxic and hazardous
elements such as As, Cd, Cr, Cu, Mn, Ni, Pb, and Zn in CCR samples. The
formula (Eq. 1) for estimating the RI, is as follows:

RI=Y" BEf=)Y" TrxCf (€h)

where, SEr' is the sum of the potential ecological risk factor of selected
potentially toxic elements; Cf is the contamination factor, Cf = Cm/Cb,
where Cm is the concentration of an individual element in the sample;
Cb is the background content of the elements in UCC; and Tr' is bio-
logical toxic metal response factor of an individual hazardous metal
[54]. Based on the Er' and RI values, risks were categorized into three
classes: Class 1: low risk (Er < 40 and RI < 150); Class 2: considerable
risk (80 < Er < 160 and 300 < RI < 600); Class 3: very high risk (Er >
320 and RI > 600), respectively [55]. However, methodologies and
mathematical expressions for radiological indices, e.g., Radium equiv-
alent activity, Ra., = (4 +% +4§%) x 370, and Hazard index, Hp =
‘??;“0 +%g +4g—’1‘0 for considered natural radionuclides are same as those of
[32,33], where Aga, Arh and Ak are activity concentrations (in Bq.kg’l)
of 2?°Ra, 2%2Th, and *’K, respectively.

3. Results and discussion
3.1. Textural and petrographic characterization of CCRs

The size distribution of the samples is illustrated in Fig. S1. The
average, size of FA-particles is 53.0 um with D1g = 9.5, Dsg = 34.9, and
Dgp = 129.0 pm while the mean value of BA is 730.9 with D1y = 116.0,
Dsp = 723.6 and Dgp = 1389.0 um indicating coarser grain distribution.
On the other hand, the results of petrographic examinations of CCR
samples are tabulated in Table 1 and appeared in Figs. 2-6. The CCRs
consist of a variety of components predominantly non-crystalline
amorphous phase (glass component) (FAgye: 95.4%, BAaye: 94.1%)
(Figs. 2 and 3), followed by lesser proportions of organic constituents
(unburnt carbon or chars) (Fig. 4), other phases encompassing partially
baked rock fragments with cokes or occasionally “glassy rims” (FAaye:
0.7%, BAaye: 0.4%), and a minor proportion of relict quartz, mullite and
Fe-spinel (presumably magnetite) (Fig. 5). The char contents are 1.6%
and 0.9% in the investigated FA,ye and BA,y., respectively, with massive
to porous residual anisotropic coke (crassisphere) [38,56] (FAaye: 0.8%,
BAave: 0.5%) and some inertinite (carbon particles) (FAgye: 0.8%, BAaye:
0.4%). However, these organic constituents are relatively lower than
those available in Indian FA [23] but are comparable to those in Chinese
FA [57]. Furthermore, SEM observation represents that glassy
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Fig.7. a) Major and trace-element ratios between FA-) and BA-samples. b) Distribution patterns of average values of major and trace elements in world hard coal-ash

(WCA) [79], normalized to Upper Continental Crust (UCC, [70]) and WCA.

microspheres are the most abundant constituents in FA samples, and
depicted by heterogeneous combination of agglomerates and spheres
composed of particularly cenospheres (either dense or hollow) (Fig. 2),
plerospheres (typically impregnated by smaller cenospheres), magne-
tospheres irregular debris (Fig. 2A-b). Comparison of FA morphotypes
shows that the BA materials are composed of large angular shards/
fragments with only a small proportion of semispherical particles.
Similar observations are also reported by many researchers
[19-21,58,59]. However, in the feeding coal (bituminous) of Bar-
apukuria, contents (in wt. %) of ash, moisture, volatile matter, fixed
carbon, carbon, hydrogen, nitrogen, oxygen, vitrinite, liptinite, iner-
tinite, mineral matter, and vitrinite reflectance were 8.9-28.3, 3.1-5.3,
25.8-33.1, 45.9-62.1, 81.8-84.6, 5.0-5.2,1.6-1.8, 8.1-10.7, 26.4-47.6,
3.7-8.9, 48.7-66.7, 6.7-14.5, and 0.71-0.78, respectively with less
amount of total sulfur (0.63-0.71%) [60-63].

3.2. Mineralogical and structural properties

Mineralogical compositions of the CCR samples are mainly quartz
(Fig. 5¢, d), mullite (Fig. 5f), cristobalite, magnetite, and spinel (Fig. 3b;
5a, b) which are detected through XRD analysis (Fig. S2) and micro-
scopic study. In the finest FA matrices, the crystals occurred either
encapsulated in Al-Si-Fe-Ti rich glassy matrices or as discrete crystals as
identical with previous demonstrations [4,64,65]. The Fe-sulfides (e.g.,
pyrite) present in feeding-coals are oxidized to form Fe-oxides (e.g.,
hematite, magnetite, maghemite, spinel) [20,21], whereas quartz re-
mains unaltered during combustion or partially recrystallized from the
silicate melt. Clays (e.g., kaolinite, illite) undergoes several intermediate
changes before forming mullite [31,66,67]. The Si05/Alo03/CaO ratio
in the glassy materials is critical to favor mullite crystallization. Alter-
natively, cristobalite may directly be recrystallized from the silicate melt
[6]. Under optical microscope, some accessory resistant minerals are
identified in BA samples as relict crystals including monazite, rutile,

10

zircon, tourmaline, sillimanite and spinel (Fig. S3) which are derived
from feed-coal.

In FTIR study the observed bands are 3442.1, 1097.9, 897.5, 744.8,
563.3 and 463.3 cm ™! in FA; while 3451.7, 1637.3, 1098.0, 894.4,
807.1, 732.5, 606.6, 557.3 and 463.9 em~lin BA, respectively (Fig. S4).
The strong, broad band at 3442 and 3451.7 cm™! typically belongs to
O-H groups and the weak frequency peak at 1637 cm™! is usually
characteristic of the H-O-H bending mode. The analyses reveal that
peaks occur around 1100 and 400 ecm™! for both O-H and the Si-O-Si,
and Si-O-Al stretching vibration modes which are likely associated
with fused alumosilicate and silicate phases (e.g., mullite, quartz, cris-
tobalite) and amorphous glassy-matrices [4]. The peaks at 563 and 557
em ! are possibly due to the presence of Fe-oxides minerals. These re-
sults are consistent with the observations made from XRD findings
(Fig. S1). The detection peaks at 3442.1 and 3451.7 cm™! are an indi-
cation of the presence of N-H and —~OH (stretch) groups. Appearance of a
frequency peak at 2920.7 em ™! indicates the presence of aliphatic > CHy
group in the analyzed samples. The frequency peaks 897.5, 894.4,
807.1, 744.8, and 732.5 cm ™! may give the information of ring sizes of
polyaromatic substances’ stretching aromatic C=C and C-H vibrations.
The peaks at 1637.3 and 1624.7 cm™! are due to the presence of
stretching aromatic C=C group/OH stretching vibration of coordinated
water or bonded ~OH. The peaks at 1098 and 1097.9 cm ™! are likely due
to the occurrence of C-O bond. The bands at 563.3, 463.9, and 463.3
emYoccur in the samples which are likely due to the stretching vibration
of S-S bond. Peaks ~ 1600 and 700-900 cm * support the occurrence of
aromatic ring frequency out of plane vibrations of aromatic C-H bonds,
rather than minerals [4].

3.3. Geochemistry of CCRs

3.3.1. Major oxides
Elemental distribution in FA and BA examined in this work and
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world hard coal-ash (WCA) and Upper Continental Crust (UCC) are
presented in Table 2 and Fig. 7. On an average, FA contains 49.1%,
38.6%, 3.7%, 2.5%, 0.08%, 0.99%, 0.05%, and 0.89% of SiO,, Al;0O3,
Fe;03, TiO2, MgO, CaO, Na0, and K0, respectively, while BA contains
51.0%, 34.9%, 6.7%, 2.8%, 0.81% and 1.1% of SiO,, Aly03, Fe;03, TiOs,
CaO, and K90, respectively. The results suggest that the samples are
principally composed of SiO, Al;03, and Fe;O3 with minor fractions of
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CaO and MgO postulating Al-Si domination. The presence of Fe-oxide
minerals (magnetite, hematite, Fe-spinel) in both the FA and BA resi-
dues cannot be excluded, especially since high proportions of Fe;O3 are
occurred in the investigated samples. The obtained values (in %) for
SiOy, Aly03, Fex0s3, TiO2, and CaO of this study are compared with those
similar studies from many countries and (e.g., China [57], India [68],
Europe [69], Spain [44]) and UCC [70] represented in Table S1.
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Considering the chemical composition, the studied residues are of class
‘F’ type and sialic type [71]. The pH of investigated FA and BA samples
are 3.5 and 5.8, respectively, which demonstrate the acidic nature of the
samples. In general, the sialic ash type has an overall acidic tendency
and it reflects the low-CaO content of the residues [31]. Average SO3
content in FA,ye is 0.67% where as in BA,y, SO3 is less than the
detection limit which is eventually reflected in the lower pH of FA
(Table S1). FA had a higher value of loss-on-ignition (mean: 2.2%) than
BA samples (mean: 1.5%) which indicated the presence of char particles
[72] in the examined samples. Among the major elements present in
both alkaline and acidic residues, Ca and S (as SO%’) are associated with
more soluble phases and Al, Si, Fe and Mg are mostly partitioned in the
recalcitrant phase. Elements those mainly contribute to the acidity-
alkalinity of the extracts are Ca, Mg, and S, which are associated on
the surface of the ash-particles [68]. The present significant Fe content
detected by the XRF and SEM-EDS analyses on the particles’ surfaces
indicated that these particles correspond to the magnetite analyzed by
XRD. This conception is in accordance with the magnetospheres con-
taining magnetite [47]. Needles like mullite with high alumina and low
silica content are found and also detected by XRD. SEM-EDS analyses
indicates the presence of total C, Al, Si, K, Ca, Ti, Fe and W ranging from
0.55 to 17.7 wt% for FA and 0.47 to 23.4 wt% for BA, respectively
(Table S2). Ashes with high glass contents supposed to have a low SiOy/
AlyO3 ratio (range: 1.2-1.5, this study). This may be originated by the
crystallization of mullite during the early stages of ash generation. When
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mullite is separated from an initially homogeneous amorphous phase by
fractional crystallization, the glass residue phase becomes enriched with
SiO,, and the quantity of glass will be declined [69]. However, in the
feeding coal (bituminous) of Barapukuria, contents of SiOp, AlyOgs,
Fep03, TiO9, CaO, MgO, Nay0, and K20 were 8.1-24.3, 2.9-5.3, 3.9-5.2,
0.11-0.41,1.7-2.7, 0.62-0.92, 0.01-0.09, and 0.26-0.75%, respectively
[60-63].

3.3.2. Trace elements

Elemental distributions of the studied CCR samples are summarized
in Table 2 and are compared with those in India, China, WCA, European
FA, UCC and limit data [73,74] (Fig. 7b, c; 8). In general, with the few
exceptions of Hf, Ni, and Ta, all the detected elements are found to be
enriched in the FA,. compared to those in BA,y. which are concomitant
with Dai et al. [57] and Depoi et al. [75]. In comparison with WCA,
elemental abundances of Sc, Cr, V, Mn, Ga, Zn, Cd, La, Ce, Sm, Eu, Yb,
Hf, Ta, and W in FA,y. are slightly enriched and other elements are
depleted while in the BA,ye, all the elements are depleted, except for Sc,
Cr, Cd, La, Sm, Ce, Yb, Hf, Ta, and W (Fig. 7c). The concentrations of
most of the elements in FA,ye are higher (by a factor of 1.1 to 5.1) as
compared to Indian FA [76] and Chinese FA average [57]. The obtained
values for Se, Ba, Ni, Cu, Zn, Fe, Mn, Pb, Cd, Cr, As, Hg are compared
with Chinese [57], Indian [68], and European [69] FA (Fig. 8). Elements
affiliated with intrinsic minerals in feeding-coal have higher volatility
whereas trace-elements affiliated with extraneous minerals have lower
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Leachable concentrations (ug. L") of selected concerned elements in the analysed ash leachates as well as their comparison with literature data and limit values (dl:

below detection limit).

Ba As cd Se Cr Cu Mn Ni Pb Zn Region Reference
This study
FA1 31 26 17 50 8.5 820 8200 930 23 17,100
FA 2 180 8 20 350 1300 53 34 2200
FA 3 170 12 80 100 980 40 18
FAave 127.0 15.3 17.0 50.0 8.5 423.3 3493.3 341.0 25.0 9650.0 Bangladesh  This study
BA1 640 28 1.5 16 520 20 9 50
BA 2 210 32 2 6 190 1300 60 2 20
BA3 310 61 8 170 1000 80 5 40
BAave 386.7 40.3 1.8 10.0 180.0 940.0 53.3 5.3 36.7
Literature
FA 1700 26 17 0 710 46 0 53 2 55 Spain [44]
FA 3000 1100 100 2000 600 27,000 700 60 5000 Mexico [47]
FA 193 607 1 na na 37.3 558 79.5 23 98.3 Portugal [31]
FA na 85 dl na 4 984 2180 885 126 330 India [4]
FA 3102 633,360 117096  1174.2 876.9 115.72 3263.5 305.03 695.4 15345.6 Brazil [75]
FA 3.1 11.0 5.1 149 82.2 China [58]
FA na 2.1 2.0 11.8 2.6 23.1 na 14.9 na 83.0 Australia [64]
FA 67 6.4 0.3 0 22 450 21 69 39 810 India [76]
FA 8.0-70.0 6.0-60.0 0-0.3 8.0-80.0  1.0-20.0 9-450 7-120 8.0-70.0 2.0-40.0 20-810 India [76]
FA 3000-7000  <dI-20 <dl-20 20-400 1600-3400  <dl-10 - 20-100 0 30-40 China [72,6]
FA 18-18435 10.5-12374 <dl-24 45-3661 17-9264 31-341 <dl- 29-513 5.0-46.0 105-724 EU [69]
1200
BA na 2.4 0.1 15.1 0.4 dl na 1.0 na 1.1 Australia [64]
BA na dl dl na 43 680 1830 2080 44 520 India [4]
BA 610 170 1 0 129 17 0 15 3 46 Spain [44]
BA 4203.2 33,485 63.063 dl 99.36 65.09 1797.8 184.44 330 1413.4 Brazil [75]
Limit values
0 200 200 0 100 3000 1000 2000 100 5000 India [94]
1500 25 5 120 750 150 50 750 China [73]
100,000 2000 1000 0 10,000 50,000 0 10,000 10,000 50,000 Spain [44]
2000 500 40 0 500 2000 0 400 500 4000 Europe ECD, Inert [74]
100,000 2000 1000 0 10,000 50,000 0 10,000 10,000 50,000 Europe ECD, Non-
hazardous [74]
300,000 25,000 5000 0 70,000 100,000 O 40,000 50,000 200,000 Europe ECD,
Hazardous [74]
700 10 3 40 50 2000 100 100 10 3000 WHO, (2011)
[100]

Table 4

Contamination factor (Cf) and ecological risk factor (Er) of selected toxic and
hazardous elements in the measured samples and comprehensive potential
ecological risk index (RI).

cf Tr" Er

FA.y BAay FA.y Class BAay Class
As 1.4 0.16 10 13.7 1 1.6 1
cd 21.6 19.5 30 648.9 3 585.6 3
Cr 2.4 1.5 2 4.8 1 3.0 1
Cu 2.0 1.03 5 9.8 1 5.2 1
Hg 0.76 0.24 40 30.4 1 9.6 1
Mn 0.83 0.54 1 0.83 1 0.54 1
Ni 0.82 0.91 5 4.1 1 4.5 1
Pb 2.7 1.8 5 13.3 1 8.8 1
Sb 7.7 1.9 10 76.7 2 18.5 1
Zn 2.8 0.45 2.8 1 0.45 1
RI - - - 805.3 637.7

Tr: Biological toxic metal response factor of an individual hazardous metal.
a
[54].

volatility [77]. From Fig. 7a, most of the elements are more enriched in
the FA as compared to BA due to larger surface area of the fine particle
for condensation/absorption of (semi)volatile elements which shows
high affinity with these detected elements [78]. All detected elements
have been found to be enriched in FA with respect to BA in exception
with Fe, Ti and Zn (Fig. 7a) though, elements affiliated with clays, mica,
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feldspars, apatite, Fe & Ti-oxides, zircon, and other inert minerals are
either slightly or non-volatile [4].

In this study, cumulative average concentrations of Y REEs (La, Ce,
Sm, Eu, Yb, and Lu, herein) are 510.3 and 359.8 ppm in the FA,. and
BAave, respectively, which are significantly higher than UCC (102 ppm)
[70], WCA (240.8 ppm) [79], Chinese FA (183.3 ppm) and BA (209.6
ppm) [57], Chinese FA (439.5 ppm) and BA (436.3 ppm) [67], USA FA
(339 ppm) [80], Rasa coal ash (Croatia) (56.2 ppm) [12], Australian FA
(183.3 ppm) [811], and Jorge Lacerda, Brazil (283.7 ppm) [82] (Table 2).
Among the REEs contents, Ce is found to be the highest both in FA,y.
(304.1 ppm) and BA,ye (218.1 ppm) samples. The measured average
concentrations in ppm of this study for FA (U:12.9, Th:53.4) and for BA
(U:9, Th:41.5), while Chinese FA (U:10.6, Th:37) and BA (U:10.9,
Th:44.8) [57]; Chinese FA (U:22.5, Th:28.7) and BA (U:14.4, Th:28.6)
[67]; Bokaro, India FA (U:7.1, Th:29.7) [76]; Australian FA (U:3.6,
Th:9.9) [81]; WCA (U:15, Th:23) [79]; UCC (U:2.7, Th:10.5). Figs. 7 and
8 show major and trace elements variation for the investigated samples.
The trace elements typically enriched in FA are usually more volatile
elements (e.g., Mn, Ba, Co, Cr, Ni, As, Zn, Se, Pb, Hg) because they are
prone to being attached to the surfaces of the ash-matrices [31]. How-
ever, the trace elemental abundances of Cr, Mn, Ni, Cd, Cu, Zn, As, Sb,
Pb, Th, U, and XREE (La, Ce, Sm, Eu, Yb, and Lu) in feeding coals were
24.3-43.1, 48.1-57.5, 5.03-11.3, 0.7-2.7, 17.2-43.5, 13.3-33.8,
0.70-2.6, 0.38-1.6, 34.3-45.9, 9.6-13.7, 2.1-3.1, and 70.1-92.5 ppm,
respectively [83,84].
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3.4. Radionuclides in CCR

The mean radioactivity concentrations (in Bq.kg 1) are found to be
152.2 for 226Ra, 214.6 for 232Th, and 158.7 for 4OK; and 108.7 for 226Ra,
158.7 for 232Th, and 190.8 for “°K, in FAave and BA,y., respectively
(Table 2, Fig. 10). The obtained values for 226Ra, 232Th, and “°K (in Bq.
kg’l) are compared with the literature data WCA (240, 70, and 265)
[85]; Chinese FA (69.5, 79.3, and 233) and BA (59.5, 61.8, and 222.6)
[86]; Indian FA (78.8, 61.7, and 99.1) and BA (41.4, 24.4, and 9.5) [87];
Maharashtra, India FA (110.9, 125.3 and 296.0) [88]. From the com-
parison, it can be observed that the measured values are significantly
higher than those in world FA (except for 226Ra and 40K), in Indian and
Chinese CCRs (except for “°K in FA and BA). In Fig. 9, a summary of the
measured radioactivity in the investigated samples along with interna-
tional studies are shown. Measured activity concentrations of 2?°Ra in
the studied samples are significantly higher than those of the corre-
sponding activities in the samples from India [87], China (Xijiao: [86]),
Turkey [89], USA [90], Brazil (Figueira: [91]), Poland (Lodz: [92]),
Spain [93], and Safe limit [85]. The determined specific activities of the
samples are relatively higher compared to those of other parts of the
world (e.g., Spain and India), except for Brazil.

3.5. Environmental impacts and risks assessment

3.5.1. Dispersions of potentially toxic elements

Concentrations of selected toxic elements in FA and BA leachates in
comparison with other studies and limits [73,94] of industrial effluents
and landfill regulations particularly those elements with known nega-
tive impacts are presented in Table 3. The extractable amounts of soluble
potentially toxic elements in FA leachates are 7.7% for Se, 4.8% for Zn,
and in BA 5.7% for As and 3.1% for Se and others are < 1%. The mean
results indicate that all considered elements are substantially released
from FA during the experiment in the range of 8.5 ppb (for Cr) to 9650
ppb (for Zn) and 0.002% (for Cr) —7.7% (for Se), while from BA below
detection level (for Cr) to 940 ppb (for Mn) and 0-5.7% (for As)
(Table 3). In general, the measured FA samples represent relatively
higher (2.1 to 22.4 times) leachability than those of BA, except for Ba
and As indicating possible occurrence of the readily leachable elemental
species on the surface of the FA-particles, while the most refractory
portion associated in BA [4,75]. Elements on the surface of the ash-
particles may release faster than those impregnated in the glassy ma-
terials, magnetite and crystalline alumosilicate phases [6,58,64]. Solu-
ble concentrations (ppb) of potentially toxic elements follow the
descending order as Zn > Mn > Cu > Ni > Ba > Se > Pb > Cd > As > Cr,
and in percentage of leachability Mn > Ba > Cu > Ni > As > Zn > Se >
Pb > Cd > Crreleased from FA whereas, Se > Zn > Cu > Ni > Mn > As >
Cd > Pb > Ba > Crand As > Se > Cu > Mn > Zn > Ni > Cd > Ba > Pb >
Cr from BA, respectively and postulate good accordance with other
valuable works [36,76]. While both TCLP and water-based leaching tests
carried out on acidic-generating Australian FA removed 0.3-20% of As,
a significant difference between water leaching (0.3-15%) was noted.
The mobility characteristically varied between 0.02 and 2% for Ba [95].
Water extractable fractions for a suite of 23 EU residues were in the
0.001-25% range [69], 3-9% Cd was extracted at a pH of 4 from acidic-
natured Australian FA [96]. Leaching tests on acidic FA from Australia
hardly mobilized any Cr (0.03%) [97], Pb was found to be highly
insoluble and almost immobile in both alkaline and acidic-natured FA,
irrespective of the pH and the leaching test [27,69]. As with other cat-
ions, acidic conditions slightly augment the Pb leaching [98] while Zn is
3-9% extractable at pH~1-2 [99]. These findings highlight a possibility
of contamination from presently investigated CCRs. However, Hg has
also been checked but not detected due to its very low abundance. The
detected elements in FA may mobilize into the environment when
improperly dumped and might cause significant environmental conse-
quences [31]. The released concentration of some individual elements in
FA exceeded the other studies (Table 3) but still far below than the
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European prescribed inert limit [74] for respective species, with the
exception only for Zn and though, the total concentrations of Zn, Ni, Se,
Pb, Cd, As, and Mn significantly exceed the WHO guideline [100], might
be considered as non-hazardous-inert landfill materials according to the
European Council Decision 2003/33/EC. Hence, the disposal of dis-
cussed residues should be handled carefully and monitored to keep away
from the probable pollution in the plant proximity.

3.5.2. Impacts on water resources

The effect of the leaching characteristics from the residue was
evaluated in this research in the ash-ponds water, routine effluents
discharge and other proximal water sources in the vicinity of the power-
station, which is presented in Fig. 10. The levels of elements in water at
the intake, from where plant receives its cooling water and effluent
discharge points of the power-station exhibit significant inconsistence.
The occurrence of potentially toxic elements is in the water discharged
from the plant while those are not detected the intake samples (Fig. 10)
indicating contribution of CCRs to effluent water. The CCR are possibly
the prime source to significantly increase the content of chemical species
present in the discharged water, as was reflected in the increased SO%‘
content to the plant intake water which is presumably derived from
CCRs. In this regard, it is important to note that the water received by
the power plant is de-mineralized before utilization. In sum therefore,
there is an addition of elements in the water taken up by the plant, which
included also the way they discharge the effluents, from the treatment
plant into the ash-ponds where certain elements could be released and
then channeled into the nearby river (Tilai). There is a certain possibility
to release, leak, and migrate of those well-known elements from non-
lined ash pond resulting to contaminate most essential and invaluable
groundwater bearing aquifer. The observed results of this study excee-
ded the respective limits for drinking water [101]. While low levels of
elements in the groundwater source are detected in the area while
increased concentrations of those are found in analyzed ash-ponds
water, effluents draining to nearby river and presumable leached,
migrate and percolate to groundwater from the ash-ponds and other
temporary ash storage sites and exceeding their corresponding limit
values.

The concentrations (average; range) (ppb) of As (48.9; 0-232.0), Cd
(0.47; 0-2.0), Co (14.6; 0-42.0), Cr (19.3; 0-64.0), Cu (6.7; 0-35.0), Mn
(280; 80-670), Ni (23.4; 0-100.0), Pb (8.2; 0-40.0), Se (18.5; 0-116.0),
Hg (0.47; 0-3.0), and Zn (23.5; 0-130.0) and others in ppm Fe (2.5;
0.1-9.5), Ca (23.7; 7.1-55.7), Mg (7.4; 2.4-15.8), Na (18.3;6.1-32.8), K
(5.7; 0.72-11.5), and SO?{ (47.8; 0-260.0) in waters from different
sources nearby power-station (Fig. 10) were obtained in this study. The
concern is about elevated SO3 ™~ in samples in the downstream of the ash-
pond [102]. Significantly high concentrations of Se and As in ash-ponds
water and effluent discharge water are obviously being contributed from
ash-particles. Surprisingly those are not detected in CCR containing el-
ements are being inappropriately disposed of to the nearby unlined ash-
ponds thereby these materials tend to be leached, weathered, migrate
and exposed to nearby water sources and elevate the background con-
centration of those elements. This contaminated water would ultimately
runoff, percolate and migrate to the ambient environmental systems.
Opened stackable residues at power-station premise are blown and
carried by runoff due to raining as well as commonly mixed with in-
ternal surface drainages of the power-station and simultaneously release
those elements in the water sources and subsequently transport to the
adjacent Tilai River and other water systems and modify the background
composition thereby.

In Bangladesh, remarkable increased concentrations of Mn, Fe, Cu,
Zn, and Cr [103]; Cr, As, Cd, Mn and Fe [104]; Pb, Cd and Cr [35] are
determined in water sources in the vicinity of the plant. In India, As, Zn,
Ba, Se and Pb [105]; As [106]; in USA As, Se, Cr and Ba [107]; in Greece
Cr, Mn, Ni, Cu, Zn, and Pb [36] show relatively higher concentrations in
the water systems closest to ash-ponds to nearby water sources, indi-
cating significant input from CCRs source and ash spill event and



A.B.K. Majlis et al.

exceeded admissible levels proposed by WHO [100]. And also similar
cases have also been reported by others [14,108] India (Andhra Pradesh
and Maharashtra) leaching of As and Se from FA samples can moderately
affect water systems [46]. It is a matter of concern in terms of leach-
ability of certain toxic elements in CCRs. These may be mobilized into
the environment if waste materials are improperly dumped, may leach
and migrate to water systems causing adverse environmental conse-
quences and endanger human health [9,31,32,36,37].The content of
these elements in studied samples may have unusual adverse impacts on
the environment, fisheries and other water lives under favorable con-
ditions. Due to their bioavailability (bio-accessibility), bio-reactivity,
toxicity, carcinogenicity, and mutagenicity effects could pose delete-
rious and long-lasting environmental problems even at low levels
[23,109-112]. Upon exposure, concerned elements (e.g., Pb, Cr, Cd, Hg,
Ni, As) can be accumulated in human body and interact with proteins
and finally could damage almost every organ, notably the kidneys and
heart [113], nervous systems, lung tumors, liver failure, etc. Moreover,
high exposure levels of REEs are likely related to health problems such
as liver function decline [39,40].

3.5.3. Ecological and radiological risks

The estimated Er' values are below 40, and they posed a ‘low po-
tential ecological risk’ to the environment for all considered toxic ele-
ments, except for Cd (648.9 for FA and 585.6 for BA representing very
high risk). For all considered elements, comprehensive RI estimation is
found to be ‘very high’ risk to the environment for FA,y. (805.3) and
BAave (637.7) (Table 4) which is consistent with the findings of Pandey
and Bhattacharya [55]. The RI values suggest moderate risk from FA and
low risk from BA to the environment, according to the threshold values.
On the other hand, the mean values of radiological hazard indices in the
CCRs are 471.4 Bq.kg '(FA) and 350.4 Bq.kg '(BA) for Raeg; 1.27 and
0.95 for Hey, respectively, indicating a potential risk of ionizing radia-
tion exposure. The values for analyzed FA exceed the permissible limit,
suggesting a potential radiological threat to the environment as well as
to the human health of BCPP nearby inhabitants [6,33].

4. Conclusion

Depending on the experimental data and their associated assessment,
the following conclusions can be drawn:

1. The CCR are mainly comprised of glassy-matrix (94.8%), crystalline
phases (3.6%), anisotropic-coke and slightly altered inertinite
(1.3%), and partially baked rock-fragments (0.3%). Residual spinel,
hematite, magnetite, mullite, quartz, and cristobalite comprise the
major crystallite phases whereas monazite, zircon, rutile, tourma-
line, and sillimanite are identified in the accessory phases.

2. All detectable elements (Al, Sc, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, As, Br,
Rb, Cd, Sb, Cs, Ba, La, Ce, Sm, Eu, Yb, Lu, Hf, Ta, W, Hg, Pb, Th, and
U) are found to be enriched (by a factor of 1.2 to 14.2) in the FA and
BA, as compared to PC, except for Ni in the FA; and Zn, As, Cu, and
Hg in the BA. In comparison with the WCA, the obtained contents for
Mn, Th, and Cd in the CCR are slightly enriched, while others are
depleted. Cumulative average concentrations (in ppm) of REEs (here
La, Ce, Sm, Eu, Yb, and Lu) are 510.3 in the FA and 359.8 in the BA,
which are significantly higher than the WCA average (240.8). The
SEM-EDS analysis demonstrated that the dominant surface compo-
sitions of spheres are C, Al and Si with minor K, Ca, Mg, Ti, Fe, and W.

3. The specific activity of the CCR are considerably higher by a factor of
3.7 (226Ra) t0 6.2 (232Th) than those of the WC average. In addition,
CCR of this study possess higher level of activity typically 2*Th by a
factor of 2.7 to 6.2 as compare to the WCA. Radiation hazard indices
including radium equivalent activity (Raeq) and external hazard
index (Hex) exceed the permissible limits for FA.

4. Along with the environmental and ecological indices, a preliminary
assessment of some specific element’s dispersion to the environment
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has also been performed through leaching test which reveals that
lime contents and pH likely control the elemental leaching.

5. Qualitative measurements confirm the presence of contaminants in
studied CCR, which may cause several acute health risks and impact
on environment. Monitoring the surrounding water resources and
CCR-leachates along with the indices-based ecological risk estima-
tion reveal the adverse environmental impacts of CCRs.

The outcome of this study reveals the comprehensive characteristics
of the coal combustion residues from a coal-based power plant for the
first time where feed coal is sourced from the Barapukuria, Bangladesh.
Inherent properties of CCRs and their associated potential adverse im-
pacts on environment human health are evaluated. The findings of this
work will provide a regional baseline data for the CCRs which can be
utilized in the identical cases around the world.
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