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Abstract: Multiple hazardous compounds, including gases, heavy metals (HMs), and
polycyclic aromatic hydrocarbons (PAHSs), are released during coal combustion in coal-fired
power plants (C-FPPs). Pollutants impact environment and human health negatively. To
understand hazardous pollutants, this study collected samples from a coal-fired thermal power
station. Scanning electron microscopy (SEM) and Fourier-transform infrared spectroscopy
(FTIR) were used to characterize the coal and its residues. Ten HMs (Cd, Co, Cr, Cu, Ni, Pb, Zn,
As, Se, and Hg) were identified and measured. The highest concentration of Pb (90.41+6.41
mg/kg) was measured in coal, while 201.69+35.69 mg/kg and 178.80+73.22 mg/kg were noted
for coal-fly ash (CFA) and bottom ash (BA) samples. PAHs contents Y. 16PAHs were highest for
Fluorene + Acenaphthene (33.81+2.56 mg/kg). Post-hoc test showed all analyzed HMs except Cu
were significantly transferred from coal to CFA, whereas only Co, Cr, and Zn were significantly
transferred to BA. > 16PAHs were significantly transferred from CFA except for fluorene +
acenaphthene and anthracene, while all PAHs were significantly transferred to BA except
anthracene. Analysis of variance (ANOVA) revealed a statistically significant effect of p < 0.05.
High quantities of HMs and PAHSs in coal, CFA, and BA samples could cause air, soil, and water
pollution.

Keywords: Coal-fired power plant; Coal Fly ash; Heavy metals; Polycyclic aromatic
compounds; Toxic hazards
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1. Introduction

Coal is one of the cheapest and most widely available
energy sources on Earth. Since industrial revolution, coal
has significantly raised world economy and played a key
factor in the production of electricity worldwide, including
in India. Worldwide contribution of coal in the energy
sector is high (37%), including India, with 50.7% in 2023
and 55.4% in 2020-2021, and is expected to retain its
position as the single largest electricity source until 2040,

around 800,000 MW by 2030. The negative consequences
of electricity generation from C-FPPs are geographical and
environmental degradation, in terms of air, water, and soil
pollution and ecosystem imbalance®?.

Apart from the environmental challenge, emissions from
C-FPP also affect human health from local to global. Coal
fly ash (CFA) is a multifaceted byproduct of pulverized
coal combustion in thermal power plants. Due to its
complexity, roughly 316 minerals have been detected
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separately, while 188 minerals have been identified in
groupings in diverse CFA samples from across the world.
CFA possesses unique properties such as high volume,
negative surface charge, porous structure, unburned carbon,
cenospheres, and chemical reactivity, making it effective
for adsorbing hazardous pollutants®9.

Coal burning causes environmental challenges worldwide,
including acid rain, fine particle discharge, and greenhouse
gas emissions. More than 85 thermal power plants in India
generate approximately 120 MT of CFA annually, with
predictions of 442 MT/year by 2035. The C-FPP, is a
significant source of ambient heavy metals. CFA is often
regarded as an environmental issue owing to the presence
of potentially toxic elements such as mercury (Hg), lead
(Pb), nickel (Ni), zinc (Zn), manganese (Mn), arsenic (As),
and many others.

Mineralogy, particle size, and combustion temperature
affect heavy metals (HMs) in CFA. Fine fly ash particle,
polycyclic aromatic hydrocarbons (PAHSs), volatile
organic compounds (VOCs), HMs, and 84 of 187
hazardous air pollutants (HAPs) are discharged from C-
TPPs®9). CFA and coal dust create particulate matter (PM),
which can cause lung cancer, chronic obstructive
pulmonary disease (COPD), skin impairment, and other
forms of cancer. The International Agency for Research on
Cancer (IARC) classifies certain HM as category 1
carcinogens, including arsenic (As), cadmium (Cd),
chromium (Cr), and nickel (Ni), while lead (Pb) is a
category 2A carcinogen'®!), People living close to C-FPP,
must be prevented from CFA-mediated hazards throughout
the atmosphere.

Lowering the massive volumes of NOx, SO, CO,, and CO
generated during coal mining and burning has received
considerable attention. VVarious HM, including As, Co, Cd,
Ni, Cu, Cr, Mn, and Pb, were found entrapped in
particulate matter (PM) by ambient CFA,; their presence
must be reduced for environmental sustainability.

Various forms of cancer, birth deformities, organ
dysfunction, nervous system disorders, skin lesions and
immune system impairment may result from HMs. The
HMs' toxicity mechanism involves ROS production,
enzyme inactivation, and antioxidant  defense
suppression'?13), Toxicities may manifest in a variety of
ways through distinct modes of exposure, such as ingestion,
inhalation, and dermal. HM-mediated harmful pathways
may enable us to comprehend its effects on body organs,
which lead us to manage and combat negative impacts on
humans. Chemicals in the environment, such as Cr and Cd,
may cause genetic instability'*'%. Mercury affects the
central nervous system (CNS), causing memory loss,
tremors, and cognitive impairment, and impacts on fetal
development in pregnant women. Lead is associated with
neurological damage in newborns and young children. In
addition to a negative impact on cognitive development as
well as cardiovascular and renal health. Exposure to

arsenic can lead to lung damage, skin lesions, and various
types of cancer, including lung, skin, bladder, and liver
cancer in addition to respiratory and cardiovascular
illnesses. Chronic obstructive pulmonary disease (COPD)
and lung cancer, kidney injury, osteoporosis, and
cardiovascular issues are the results of cadmium
toxicity!®1"), Chromium exposure is associated with
asthma and lung cancer, as well as skin allergies and
dermatitis. Scientists hypothesized that the abnormalities
caused by the two metals' induction of oxidative stress and
impairment of DNA may lead to carcinogenicity.

The Indian C-FPP emitted more pollution per megawatt of
electricity production compared to global standards and
developed nations such as Australia, China, and the
European Union. This can be attributed to several factors:
the coal contains high ash content of approximately 34%
and low calorific value from low carbon content; most
Indian power plants operate within lower efficiency
categories of the subcritical (34.3%) and supercritical
(38.5%); there is inadequate pollution mitigation
technology; and there are some high concentrations of
toxic elements like mercury. Sampling, qualitative, and
quantitative screenings of CFA in the environment are
needed to Figure out how much HM is in the air
environment and how much of a health risk it poses!®19.
Nonetheless, each C-FPP discharges a different quantity of
CFA into the atmosphere. In this work, qualitative and
quantitative tests of metal pollutants were carried out on
coal, CFA and BA from the NTPC Rihand super thermal
power plant in order to get a comprehension of the
chemical characteristics of coal-based pollutants?2D,

2. Materials and methods

2.1. Brief description of the study area

Singrauli is located in the eastern region of Madhya
Pradesh and the southern part of Uttar Pradesh's Sonbhadra
district. Singrauli, known as the “Energy Capital of India”
incorporates natural resources such as coal and minerals.
Singrauli is 5672 km? and located at 23 49' N, 24 42' N, 81
18' E, 82 48' E, and 609 meters above sea level. January
temperatures range from 5.4°C to 21.6°C, while summer
temperatures reach 45.3°C in May and 31.9°C in June.
Annual rainfall averages 1100 millimeters between July
and September. Upwards of 11,000 MW to 33,000 MW of
power might be generated in the area. With a
Comprehensive Environmental Pollution Index (CEPI)
score of 83.24, Singrauli is one of the most polluted
industrial cluster in India out of a total of 88 industrial
clusters (CPCB, 2018)%223).

2.2. Collection of coal, CFA, and BA samples

Coal: For this study, samples of coal, CFA, and BA were
taken from M/s Rihand Super thermal power plant in
Sonbhadra, Uttar Pradesh, India. The coal sample was
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collected in a plastic bag from the coal feeding location
before being used as boiler fuel. After collection, it was
wrapped and stored in dark, dry conditions at room
temperature. The sample was placed in a desiccator for 24
hours before HMs and PAHSs content analyses.?*2)

Coal fly ash: CFA was collected near the electrostatic
precipitator (ESP) hopper in plastic bags, sealed onsite,
and stored in a dark, dry environment at room temperature
until analyses?®).

Bottom ash: Bottom ash (BA) is a mixture of CFA and
coal after incomplete burning, making it heavier than CFA.
BA comprises 20% of a power plant's total CFA output.
BA was collected from the boiler unit, washed with water,
dried and stored at room temperature in dark conditions?”.

Table 1: Concentration (mg/kg) of heavy metals in coal, CFA

and BA
Heavy Coal CFA BA
metal
As 0.37x0.24 3.44+1.10 0.37+30
Cd 0.33+0.58 2.69+0.62 1.33+0.58
Co 6.09+1.84 29.59+8.48 20.08+5.67
Cr 34.11+2.07 85.21+7.50 83.03+25.81
Cu 36.09+35.71 36.54+4.29 27.24+5.93
Hg 0.14+0.17 0.79+0.35 0.59+0.20
Ni 25.68+18.52 53.21+4.74 45.75+11.86
Pb 90.41+6.41 201.69+35.69 | 178.80+73.22
Se 0.09+0.05 0.63+0.29 0.24+0.10
Zn 25.71+8.57 109.88+5.89 | 77.47£34.79

Fig. 1: Photomicrographs of SEM with EDX spectra. A:
SEM-EDX analysis of coal sample (Left: SEM image,
middle: EDX, Right: EDX spectra graph). B: SEM-EDX
analysis of CFA sample (Left: SEM image, middle: EDX,
Right: EDX spectra graph). C: SEM-EDX analysis of BA
sample (Left: SEM image, middle: EDX, Right: EDX
spectra graph).

2.3. Morphological and chemical composition
analyses of coal and CFA with Scanning
Electron Microscopy (SEM) with Energy
Dispersive X-Ray Analysis (EDX)

Energy-dispersive X-ray spectroscopy (EDX) determined
elemental compositions of coal, coal fly ash (CFA), and
bottom ash (BA) samples. Although scanning electron
microscopy (SEM) (ZEISS EVO, Germany) provided
surface topography and elemental mapping, it could not
detect organic constituents or amorphous iron oxides.
Selected metals (Zn, Pb, Cr, Cu, and V) were analyzed due
to measurable abundance. Samples were sieved, desiccated
for 24 hours, and mounted on metallic stubs with platinum
coating for enhanced resolution. EDX analysis relied on
characteristic X-ray emissions from electron interactions
at 20 kV for elemental identification?-0),

2.4. Fourier-transform infrared spectroscopy
(FTIR) analyses

Fourier-transform infrared (FTIR) spectroscopy has been
extensively employed to characterize the chemical
composition and functional groups in coal minerals. These
investigations primarily concentrated on identifying
inorganic mineral phases (e.g., quartz, clays, carbonates)
and organic functional groups to evaluate coal rank,
maturity, and reactivity. It detects several different
functional structures that are present in the specimens.
Infrared light is used in the FTIR analysis method to scan
materials and determine the chemical qualities they
contain. The principle involves raising molecular vibration
frequency by light energy absorption to excite bonds. FTIR
analyzes chemical composition and physical condition of
samples by recording spectra between 4000 and 400 cm-1
(wavelengths 2.5 to 25 pum) to identify materials. Further
analysis determined functional groups in samples.

2.5. Heavy metal estimation

Approximately 2g of dried material was accurately
weighed into a sealed Teflon vial containing a tri-acid
digestion solution. (HNOs, HCIO4, and HF 5:1:1 v/v). The
mixture left overnight to facilitate the estimation of heavy
metals. The digestion process was conducted at 105 °C
until the solution became transparent, after which it was
filtered and diluted to a final volume of 20 ml using 0.1 N
HNOs. The concentrations of heavy metals were
determined using an Atomic Absorption
Spectrophotometer (AAS, Model GBC Avanta Sigma).
Specifically, the elements Cd, Co, Cr, Cu, Ni, Pb, and Zn
were analyzed via AAS, whereas As, Se, and Hg were
quantified using Atomic Fluorescence Spectroscopy
(AFS). For the AFS analysis, 2g of moisture-free samples
were digested overnight with H,SO.. Subsequently, 6%
KMNO,4 was added under ice in darkness for 15-20
minutes until a pink color was observed, followed by the
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addition of 20% hydroxylamine hydrochloride until the
solution became colorless. Samples were diluted to 20 ml,
filtered, and analyzed in triplicate with values mean + SD
(n:3)31,32)_

2.6. Polycyclic aromatic hydrocarbon (PAH)
guantification by extraction method with
Soxhlet and HPLC

Coal, CFA and BA samples (5.0 g each) were Soxhlet
extracted for 16 hours with 150 mL of dichloromethane
(DCM) to PAH investigation. Post-extraction, the samples
were concentrated using a rotary evaporator at a
temperature range of 22-25°C, following de-
moisturization with anhydrous granular sodium sulfate.
The solvent was then transitioned to acetonitrile, diluted to
a volume of 2 mL, and filtered into amber gas
chromatography (GC) vials using a
polytetrafluoroethylene (PTFE) membrane filter with a
pore size of 0.22um (Millipore). The samples were stored
at 4°C and subjected to analysis within 15 days using Ultra
High-Performance Liquid Chromatography (UHPLC)
with photodiode array detector (Nexara SR, Shimadzu
Corp.) using a modified reported procedure.
Chromatographic separation used an analytical column
(Zorbax, Extend - C18 (2.1 x 150 mm), 1.8um particle
size). Acetonitrile: water mixture (80:20, v/v) served as
mobile phase (0.4 ml/min) at ambient temperature. A 2uL
sample was injected for isocratic elution with 13 min run
time. Data was processed using LC solution software for
peak integration and quantification33-3%),

2.7. Quality assurance and quality control

Each sample was treated carefully to ensure flawless
processing. Reproducible findings were ensured by
following quality assurance processes and precautions.
The entire experiment utilized deionized water. Prior to
use, glassware was immersed in chromic acid overnight,
then thoroughly cleaned and dried. Throughout the
experiment, only chemicals of the highest analytical grade
were employed.

2.8. Statistical analysis

Data analysis was conducted using SPSS software
(Windows Version 22), employing one-way analysis of
variance (ANOVA), LSD post-hoc tests, hierarchical
cluster analysis (HCA), Pearson correlation analysis, and
descriptive statistics (mean and SEM). The dataset was
subjected to ANOVA to compare mean and relative
differences. Specifically, one-way ANOVA was
performed on the contents of heavy metals (HMs) and
polycyclic aromatic hydrocarbons (PAHS) in coal, coal fly
ash (CFA), and bottom ash (BA), followed by an LSD
post-hoc multi-comparison test. The Ward linkage method
was utilized for the linkage algorithm, and a rescaled
distance cluster was employed to evaluate distance. The

correlation matrix, a statistical technique, was used to
determine the significance of relationships between two
datasets at the 0.01 and 0.05 levels. The datasets of PAHs
and HMs in coal, CFA, and BA were analyzed to examine
these correlation 3-38),

3. Results and discussion

3.1. Morphological and chemical composition
of coal and CFA with Scanning Electron
Microscopy (SEM) with Energy Dispersive X-
Ray Analysis (EDX)

Scanning electron microscopy (SEM) photomicrographs
of coal, coal fly ash (CFA), and bottom ash (BA) samples
(Figure 1 A-C) elucidated three-dimensional
morphological characteristics at near-atomic resolution.
Coal particles are characterized by irregular shapes and
coarse textures, whereas CFA comprises fine, spherical,
and occasionally agglomerated particles. In contrast, BA
exhibits distinct morphological differences, lacking the
spherical structures observed in CFA. Photomicrographs
of coal, CFA, and BA with EDX spectra are depicted in
subsequent Figures. The SEM microphotographs clearly
reveal the particle size and chemistry of coal
mineralization. SEM-EDX analysis confirmed the
presence of both amorphous and crystalline phases in CFA.
The coal sample predominantly contained C (75.57%), O,
Si, S, K, and Ca (0.40%), whereas CFA demonstrated
elevated concentrations of O (16.90%), Al (11.35%), Si
(8.62%), Fe (18.18%), and Co (3.69%). BA exhibited
higher proportions of O (48.20%), Si (21.52%), Al
(19.90%), and trace amounts of Na, Fe, K, Mg, and Ca.
Previous studies (Essex et al., 2017; Saikia et al., 2015)
have similarly utilized SEM-EDX for the characterization
of coal and CFA, thereby validating its efficacy in particle
morphology and elemental analysis?+3%49),

3.2. Fourier-transform infrared spectroscopy
(FTIR) analyses

Fourier transform infrared (FT-IR) spectroscopy
characterizes coal and isolates functional groups through
infrared measurements. Aliphatic C-O-C stretching, -OH
and -NH stretching vibrations, and HCC rocking have all
been detected using FT-IR analysis, along with aliphatic -
CH, -CH2, and -CH3 groups. Two-stage leaching with
HNO3 and HF may have considerably reduced the ash
content and mineral concentrations, especially those of Al,
Si, and Ca. FTIR study reveals the presence of aliphatic -
CH, -CH2, and -CH3 groups, aliphatic C-O-C stretching
associated with -OH and -NH stretching vibrations, and
HCC rocking in samples. FTIR spectra of the sample are
portrayed in Figure 2 (A-C). FTIR characterization of coal
minerals has been reported by different researchers in
previous decades for the characterization of chemical
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properties of coals. In contrast, to existing studies, the
present study reveals a higher peak (functional group
detection) in coal samples while comparatively low in
coal-CFA and BA samples*42),

3.3. Heavy metal estimation

The concentrations of HMs in coal, CFA, and BA were
analyzed to assess their comparative distribution. Two
analytical methods were employed to detect ten HMs (Cd,
Co, Cr, Cu, Ni, Pb, Zn, As, Se, and Hg). In contrast to the

available study, in HMs were estimated from sample (n=3).

The results revealed, CFA showed higher HM
concentrations than BA, suggesting that combustion
processes may lead to the enrichment of certain metals in
finer particulate fractions. Among the analyzed HMs, Pb
was found to be the most prevalent across all sample types,
with the highest concentrations observed in coal (90.41 +
6.41 mg/kg), CFA (201.69 + 35.69 mg/kg), and BA
(178.78 + 73.22 mg/kg) (Figure 3). This trend aligns with
previous studies showing elevated Pb levels in coal
combustion byproducts, likely due to its volatility and
tendency to concentrate in the fly ash. In contrast, Se
displayed the lowest concentrations, with values of 0.09 =
0.05 mg/kg in coal, 0.63 + 0.29 mg/kg in CFA, and 0.24 +
0.10 mg/kg in BA (Table 1).

The increased concentration of HMs in CFA compared to
that in BA can be attributed to the volatilization of metallic
elements during combustion, followed by their
condensation onto finer particulate matter. Although this
study quantified HM concentrations for comparative
purposes, it did not evaluate potential health or
environmental risks; as such an assessment would require
further  investigation of metal speciation and
bioavailability. These findings are consistent with previous
studies on heavy metal enrichment in CFA, highlighting
the importance of effective management strategies for coal
combustion residues to mitigate ecological hazards.
Variations in HM concentrations can be attributed to
multiple factors, including the geochemical compaosition of
the parent coal material, combustion conditions, and
operational parameters of the power plant. Therefore, site-
specific characterization is crucial for accurate
environmental risk assessment and regulatory decision
making.

3.4. PAH quantification by extraction method
with Soxhlet extractor and HPLC

PAHs are persistent environmental pollutants
predominantly generated through the incomplete
combustion of organic materials, such as coal. Structurally,
PAHSs consist of two or more fused benzene rings, along
with reactive derivatives such as DNA-binding adducts
and epoxides. These compounds exhibit carcinogenic,
teratogenic, and mutagenic properties by inducing DNA
damage and promoting genomic instability in critical

regulatory regions. In this study, 16 priority PAHs were
quantified in coal, CFA, and BA samples, with
concentrations ranging from 0.001 + 0.01 to 56.85 + 11.86
mg/kg (Table 2, Figure 4). Notably, co-elution challenges
hindered the individual quantification of certain PAH pairs
Fluorene + Acenaphthene, Benz(a)anthracene + Chrysene,
and Indeno[1,2,3-cd] pyrene + Benz (g,h,i)perylene due to
their overlapping chromatographic peaks. Among the
analyzed PAHSs, the combined concentration of Fluorene
and Acenaphthene (33.81 + 2.56 mg/kg) was the highest,
indicating their significant contribution to the overall PAH
burden in the studied samples. The persistence nature of
PAHs raises concerns about their potential for
environmental contamination and bioaccumulation.
Strategies to mitigate PAHs release from C-FPP
implementing advanced treatment technologies, enhancing
disposal methods, and alternative sustainable energy
sources. Monitoring and risk assessment programs are
essential to evaluate PAHs impacts from coal ash on soil,
water, air quality, and local biota.
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3.5. Statistical analysis

3.5.1. One-way ANOVA:

A one-way analysis of variance was performed in this
study using SPSS software to ascertain the contribution of
HMs and PAHs in several environmental matrices,
including coal, CFA, and BA, as indicated in Table 3. As,
Cd, Co, Cr, Hg, and Zn were found to have statistically
significant differences (Table 3) among coal, CFA and BA
matrices, whereas significant differences (Table 3)
between PAHs from coal, CFA, and BA matrices were
identified for Naphthalene, Acenaphthylene, Fluorene +
Acenaphthene, Phenanthrene, Fluoranthene, Pyrene,
Benz(a)anthracene + Chrysene, Benz(k)fluoranthene,

Benz(B) fluoranthene,
Dibenz(ah)anthracene,
Benz(g,h,i)perylene.

3.5.2. LSD Post Hoc Tests

Least Significant Difference (LSD) refers to the statistical
significance of the smallest differences in mean value. In a
one-way ANOVA, the p-values indicated whether a group
difference was significant or not, but they did not compare
one group to another, such as the significance between
groups 1 and 2, 2 and 3, and 1 and 3, respectively. LSD
Multiple comparisons are one way that the ANOVA does
not account for this. The LSD Post Hoc Test has compared
the concentration of HMs and PAHSs in environmental
matrices, such as coal, CFA and BA. Table 4 contains the
pairwise comparisons. All of the examined groups had p-
values under 0.05, indicating significant differences across
all comparisons. The transfer behaviour of HMs of coal to
CFAC is found significant for As, Cd, Co, Cr, Hg, Ni, Pb,
Se, and Zn, whereas the transfer behaviour of HMs of coal
to BA is significant for Co, Cr, Pb, and Zn. The transfer
behaviour of PAHSs of coal to CFA is found significant for
Naphthalene, Acenaphthylene, Phenanthrene,
Fluoranthene, Pyrene, Benz(a)anthracene + Chrysene,
Benz(k)fluorenthene, Benz(b)fluoranthene,
Benz(a)pyrene, Dibenz(a,h)anthracene, Indeno(1,2,3-
cd)pyrene + Benz(g,h,i)perylene, while the transfer
behaviour of PAHs of coal to BA is significant for
Naphthalene, Acenaphthylene, Fluorene + Acenaphthene,
Phenanthrene, Fluoranthene, Pyrene,
Benz(a)anthracene+Chrysene, Benz(k) fluoranthene,
Benz(b)fluoranthene, Dibenzo(a,h)anthracene,
Indeno(1,2,3-c,d)pyrene+Benz(g,h,i) perylene (Table 5).

Benz(a)pyrene,
Indeno[1,2,3-cd]pyrene+

Table 3: The demonstration of the One-Way ANOVA test among HMs and PAHs of coal, coal fly ash, and bottom ash

Sl. No. Between Groups Sum of Squares df Mean Square F Sig. Value
(coal, fly ash, and bottom ash)
1 As 18.86 2 9.43* 21.81 0.002
2 Cd 8.4 2 4.20* 11.98 0.008
3 Co 838.45 2 419.25* 11.71 0.008
4 Cr 5008.72 2 2504.36* 10.34 0.011
5 Cu 165.11 2 82.56 0.19 0.835
6 Hg 0.66 2 0.33* 5.26 0.048
7 Ni 1216.61 2 608.31 3.61 0.094
8 Pb 2071959 2 10359.79 4.66 0.060
9 Se 0.28 2 0.14 4.43 0.066
10 Zn 1081259 2 5406.30* 12.3 0.008
11 Naphthalene 54.29 2 27.14* 806.28 0.000
12 Acenaphthylene 20.44 2 10.22* 127.31 0.000
13 Fluorene + Acenaphthene 1021.46 2 510.73* 9.97 0.012
14 Phenanthrene 8.61 2 4.30* 1600.24  0.000
15 Anthracene 0.01 2 0.002 2.35 0.177
16 Fluoranthene 7.47 2 3.74* 365.97 0.000
17 Pyrene 8.76 2 4.38* 83.94 0.000
18 Benz(a)anthracene + Chrysene 11.17 2 5.59* 325.95 0.000
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19 Benz(k)fluorenthene 95.94 2 47.97* 3309.29  0.000
20 Benz(B)fluorenthene 12.93 2 6.47* 225.56 0.000
21 Benz(a)pyrene 0.01 2 0.003* 9.78 0.013
22 Dibenz(ah)anthracene 1.1 2 0.55* 14.94 0.005
23 Indeno(123cd)pyrene + Benz(ghi)perylene 95.1 2 47.55 1833.95  0.000*

* The mean difference is significant at 0.05 level.
3.5.3. Pearson correlation analysis

To determine the relationship between HMs and PAHS in
coal, CFA, and BA, a two-tailed bivariate correlation was
done by Pearson correlation methods in SPSS. For coal,
CFA and BA, statistical correlation analysis was
conducted in this study at the 0.05 and 0.01 levels, and the
results are shown in Tables 6, 7, and 8. The association of
As with Benz(k)fluoranthene in coal and Se in BA was
found to be significant at the 0.05 level. The correlation
was observed to be significant with Cd at 0.05 level with
Pyrene and significant at 0.01 level with Hg in coal,
significant at 0.05 level with Ni, Fluoranthene,
Benz(a)anthracene +Chrysene in CFA, significant at 0.05
level with Ni, and significant at 0.01 level with
Benz(a)anthracene + Chrysene in BA. The correlation was
shown to be significant for Co at a level of 0.05 with Cr
and Zn, significant at a level of 0.01 with Anthracene in
coal, significant at a level of 0.05 with Anthracene in CFA,
and significant at a level of 0.05 with Fluoranthene and
Benz(k)fluoranthene in BA. After analysis, it was
determined that the association was significant for Cr at the

0.01 level with anthracene and fluoranthene in coal and
significant at the 0.01 level with

Cu and Ni in BA. Only with Ni in the BA was the link with
Cu with the 0.01 threshold considered to be meaningful.
Only with Cd in coal was the connection with Hg found to
be significant at the 0.01 level. The connection was
determined to be significant with Pb at 0.05 level with
Indeno[1,2,3-cd] pyrene + Benz(g,h,i)perylene in BA and
significant at 0.01 level with Fluorene + Acenaphthene and
Benz(a)anthracene + Chrysene in CFA. Se was found to
significantly  influence the association  between
Naphthalene and Benz(B)fluoranthene in coal at the 0.01
level, Anthracene in CFA at the 0.05 level, and As in BA
at the 0.05 level. The correlation was found to be
significant with Zn at 0.05 level with Co and Anthracene
in coal, significant at 0.05 level with Anthracene in CFA.
Phenanthrene and acenaphthylene were found to correlate
significantly at the 0.01 level in the BA. The connection of
Fluorene + Acenaphthene was shown to be significant with
Pb in coal and Benz(a)anthracene + Chrysene in CFA at a
level of 0.01 and 0.05, respectively.

Table 4: LSD post hoc test for HMs in coal, coal fly ash, and bottom ash being demonstrated

Parameter ) Environmental Matrix Mean Difference (1-J) Std.Error Sig.
As Coal Fly Ash -3.07033* 0.53699 0.001
Bottom Ash 0.00200 0.53699 0.997
Cd Coal Fly Ash -2.35900* 0.48375 0.003
Bottom Ash -1.00367 0.48375 0.083
Co Coal Fly Ash -23.50167* 4.88557 0.003
Bottom Ash -13.98767* 4.88557 0.029
Cr Coal Fly Ash -51.09533* 12.70923 0.007
Bottom Ash -48.92100* 12.70923 0.008
Cu Coal Fly Ash -0.46067 17.18313 0.979
Bottom Ash 8.84700 17.18313 0.625
Hg Coal Fly Ash -0.65033* 0.20502 0.019
Bottom Ash -0.44667 0.20502 0.072
Ni Coal Fly Ash -27.53467* 10.60480 0.041
Bottom Ash -20.06733 10.60480 0.107
Pb Coal Fly Ash -111.27967* 3851792 0.028
Bottom Ash -88.38767 38.51792 0.062
Se Coal Fly Ash -0.41033* 0.14634 0.031
Bottom Ash -0.07867 0.14634 0.61
Zn Coal Fly Ash -84.16367* 17.11887 0.003
Bottom Ash -51.75933* 17.11887 0.023

*. The mean difference is significant at the 0.05 level.
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Table 5: The revelation of LSD post hoc test among PAHSs of coal, coal fly ash, and bottom ash

SI. No. Parameter ) Environmental Matrix Mean Difference (1-J) Sig.
1 Naphthalene Coal Fly Ash 5.16967* 0.000
Bottom Ash 5.24945* 0.000
2 Acenaphthylene Coal Fly Ash 3.13331* 0.000
Bottom Ash 3.25707* 0.000
3 Fluorene + Acenaphthene Coal Fly Ash -0.91532 0.881
Bottom Ash -23.04310* 0.008
4 Phenanthrene Coal Fly Ash 2.04625* 0.000
Bottom Ash 2.10230* 0.000
5 Anthracene Coal Fly Ash 0.03778 0.128
Bottom Ash -0.00434 0.846
6 Fluoranthene Coal Fly Ash 2.00109* 0.000
Bottom Ash 1.85775* 0.000
7 Pyrene Coal Fly Ash 2.19091* 0.000
Bottom Ash 1.97984* 0.000
8 Benz(a)anthracene + Chrysene Coal Fly Ash 2.34876* 0.000
Bottom Ash 2.37842* 0.000
9 Benz(k)fluorenthene Coal Fly Ash 6.94471* 0.000
Bottom Ash 6.90780* 0.000
10 Benz(B)fluorenthene Coal Fly Ash 2.54325* 0.000
Bottom Ash 2.54325* 0.000
11 Benz(a)pyrene Coal Fly Ash -0.06067* 0.006
Bottom Ash -0.01141 0.464
12 Dibenz(ah)anthracene Coal Fly Ash 0.71003* 0.004
Bottom Ash 0.77050* 0.003
13 Indeno(123cd)pyrene + Benz(ghi)perylene ~ Coal  Fly Ash 7.06768* 0.000
Bottom Ash 6.70988* 0.000

* The mean difference is significant at the 0.05 level.
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Table 6: Pearson correlation analysis among PAHs and HMs in coal samples

S.N.  HMS & PAHs 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
1 As 1
2 Cd -010 1
3 Co 090 034 1
4 Cr -0.93 -0.28 -.998* 1
5 Cu -0.72 -061 -095 093 1
6 Hg -0.11 1.0** 033 -0.27 -060 1
7 Ni 094 -044 069 -0.74 -044 -045 1
8 Pb -045 -084 -0.79 075 094 -084 -011 1
9 Se -0.37 096 0.07 -0.01 -0.37 096 -067 -067 1
10 Zn -0.88 -0.38 -999* 0.99 096 -0.37 -066 082 -011 1
11 Naphthalene 037 -096 -0.07 0.00 037 -09 067 066 -1.0** 011 1
12 Acenaphthylene -096 037 -075 079 051 038 -100 019 061 072 -061 1
13 Fluorene+Acenaphthene -047 -0.83 -0.81 077 095 -0.82 -0.13 1.000* -0.65 0.83 064 021 1
14 Phenanthrene 060 -086 019 -026 011 -086 084 045 -096 -0.15 097 -0.80 042 1
15 Anthracene 090 035 1.0 -99* -095 034 069 -080 008 -99* -007 -0.74 -081 019 1
16 Fluoranthene -095 -0.22 -099 .998* 091 -0.21 -0.78 0.71 006 099 -0.06 083 073 -032 -099 1
17 Pyrene -0.03 .997* 041 -035 -0.67 100 -0.37 -0.88 094 -045 -094 030 -087 -081 042 -029 1
18 Benz(a)anthracene+
Chrysene -0.46 -084 -080 0.76 095 -0.83 -0.12 10**> -065 083 065 020 1.0 043 -081 072 -088 1
19 Benz(k)fluorenthene -998* 0.16 -0.87 090 068 017 -096 039 042 085 -043 098 042 -065 -087 093 008 041 1
20 Benz(B)fluorenthene 035 -097 -0.09 003 039 -097 066 068 -1.0* 013 1.0* -060 066 096 -010 -004 -094 067 -041 1
21 Benz(a)pyrene -0.81 -0.50 -0.98 097 099 -049 -056 089 -024 099 024 062 09 -002 -099 095 -056 089 078 026 1
22 Dibenz(ah)anthracene 0.98 -029 0.80 -0.84 -0.58 -0.30 0.99 -0.27 -0.54 -0.77 055 -1.00 -0.29 074 080 -087 -022 -028 -099 053 -068 1
23 Indeno(123cd)pyrene+
Benz(ghi)perylene 029 -098 -015 0.09 045 -098 061 072 -100 019 100 -054 071 094 -016 003 -096 071 -035 .998* 032 047 1

*. Correlation is significant at the 0.05 level (2-tailed), **. Correlation is significant at the 0.01 level (2-tailed).
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Table 7: Pearson correlation analysis among PAHs and HMs in fly ash samples

S.N.  PAHs and HMs 12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
1 As 1
2 Cd 055 1
3 Co -094 -080 1
4 Cr -0.80 0.06 055 1
5 Cu -0.82 -093 097 032 1
6 Hg 0.64 -0.29 -0.34 -0.97 -0.09 1
7 Ni 051 .999* -0.77 0.11 -091 -0.34 1
8 Pb -0.99 -0.66 098 0.71 0.89 -0.52 -063 1
9 Se 097 074 -1.00 -0.63 -094 043 071 -099 1
10 Zn 099 065 -098 -0.72 -0.89 053 0.62 -1.0**099 1
11 Naphthalene -0.20 0.71 -0.15 0.74 -040 -0.88 0.74 0.06 0.05 -0.07 1
12 Acenaphthylene -057 038 025 095 -0.01 -1.00 043 044 -034 -045 092 1
13 Fluorene+Acenaphthene 072 097 -091 -0.17 -099 -0.07 0.9 -0.81 087 081 053 016 1
14 Phenanthrene 045 099 -0.73 0.17 -0.88 -0.39 .998* -058 0.66 0.57 0.78 048 094 1
15 Anthracene -0.95 -0.77 .999* 0.58 0.96 -0.38 -0.74 0.99 -999*-0.98 -0.11 0.29 -0.90 -0.70 1
16 Fluoranthene 0.59 .999* -0.83 0.01 -0.95 -0.24 0.99 -0.70 0.78 0.69 067 033 098 099 -081 1
17 Pyrene -094 -0.24 0.78 095 059 -0.86 -020 089 -0.83 -0.89 0.51 0.80 -046 -0.14 080 -029 1
18 Benz(a)anthracene+Chrysene -0.58 -999* 0.82 -0.02 094 025 -1.00 069 -0.77 -0.69 -0.68 -0.34 -0.98 -099 0.80 -1.0**0.28 1
19 Benz(k)fluorenthene -0.70 -0.98 090 0.14 098 010 -097 080 -0.86 -0.79 -0.56 -0.19 -1.0 -095 0.89 -0.99 043 099 1
20 Benz(B)fluorenthene a a a a a a a a a a a a a a a a a a a a
21 Benz(a)pyrene 033 097 -0.63 029 -0.81 -051 098 -047 056 046 086 059 089 099 -060 096 -0.01 -0.96 -091 .a 1
22 Dibenz(ah)anthracene 0.74 -0.16 -0.47 -099 -0.22 099 -0.21 -0.63 054 064 -081 -097 007 -0.27 -050 -0.11 -092 0.12 -0.04 .a -0.39 1
23 Indeno(123cd)pyrene+
Benz(ghi)perylene 099 040 -087 -0.89 -0.71 0.76 035 -095 091 095 -0.36 -0.70 0.60 0.30 -0.89 045 -0.99 -044 -057 .a 017 084 1

*. Correlation is significant at the 0.05 level (2-tailed), **. Correlation is significant at the 0.01 level (2-tailed). a. Cannot be computed because at least one of the variables is constant.
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Table 8: Pearson correlation analysis among PAHs and HMs in bottom ash samples.

S.N.  PAHs and HMs 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
1 As 1
2 Cd -0.05 1
3 Co 044 087 1
4 Cr 0.03 1.00 091 1
5 Cu 0.03 100 091 1.0** 1
6 Hg -0.97 -0.19 -0.64 -0.26 -0.27 1
7 Ni 0.01 .998* 0.90 1.0* 1.0* -025 1
8 Pb -049 090 057 086 086 027 087 1
9 Se .999* -0.01 048 007 0.07 -098 0.05 -045 1
10 Zn -0.19 0.99 0.80 098 098 -005 098 095 -015 1
11 Naphthalene 093 -0.41 009 -0.33 -0.33 -0.82 -0.35 -0.77 0.92 -053 1
12 Acenaphthylene 0.77 -0.67 -0.23 -0.61 -0.61 -0.60 -0.62 -093 0.75 -0.77 095 1
13 Fluorene+Acenaphthene 062 -0.81 -043 -0.77 -0.76 -042 -0.78 -0.99 059 -0.89 086 0.98 1
14 Phenanthrene -0.78 067 022 061 061 061 062 093 -0.75 077 -0.95 -1.0**-098 1
15 Anthracene -0.82 -0.53 -0.88 -0.60 -0.60 093 -059 -0.11 -0.84 -0.41 -0.55 -0.27 -0.06 027 1
16 Fluoranthene 0.39 090 .998* 093 093 -059 093 0.62 042 083 003 -029 -048 0.28 -0.85 1
17 Pyrene -0.57 -0.79 -0.99 -0.84 -0.84 0.74 -0.83 -045 -0.60 -0.70 -0.23 0.08 029 -0.08 094 -098 1
18 Benz(a)anthracene+Chrysene 0.06 -1.0**-0.87 -1.00 -1.00 0.17 -.997*-090 0.02 -0.99 042 068 082 -068 052 -090 079 1
19 Benz(k)fluorenthene 049 085 .999* 0.89 0.89 -0.68 0.88 053 052 076 014 -018 -0.38 0.17 -0.90 099 -1.00 -0.84 1
20 Benz(B)fluorenthene b b b b b b b b b b b b b b b b b b b b
21 Benz(a)pyrene 087 046 083 052 053 -096 051 0.02 089 033 0.63 035 015 -0.36 -1.00 080 -090 -0.44 086 .b 1
22 Dibenz(ah)anthracene b b b b b b b b b b b b b b b b b b b b b b
23 Indeno(123cd)pyrene+
Benz(ghi)perylene 0.54 -0.87 -052 -0.83 -0.83 -0.32 -0.84 -.998* 050 -093 0.80 0.95 0.99 -0.95 005 -0.57 039 088 -048 .b 0.04 b 1

*. Correlation is significant at the 0.05 level (2-tailed), **. Correlation is significant at the 0.01 level (2-tailed). b. Cannot be computed because at least one of the variables is constant.
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The calculated association between phenanthrene and
acenaphthylene in BA was significant at the 0.01 level. The
correlation with anthracene was shown to be significant at
a level of 0.05 with Zn and Cr, at a level of 0.01 with Co
in coal, and at a level of 0.05 with Se in CFA. The
association was shown to be significant for fluoranthene
with Cr in coal at 0.05 level, significant for Cd at 0.05 level,
significant for Benz(a)anthracene + Chrysene in CFA at
0.01 level, and significant for Co in BA at 0.05 level. At
the 0.05 level, it was determined that the association
between Pyrene and Cd in coal was significant. The
correlation was found to be significantly correlated with
Benz(a)anthracene + Chrysene at 0.01 level with Pb and
Fluorene+ Acenaphthene in Coal, significantly correlated
at 0.05 level with Cd, and significantly correlated at 0.01
level with Fluoranthene in CFA, and significantly
correlated at 0.01 level with Cd and significantly correlated
at 0.05 level with Ni in BA. The connection was
determined to be significant for Benz(k)fluoranthene with
As in coal at 0.05 level, significant for Fluorene +
Acenaphthene in CFA at 0.01 level, and significant for Co
in BA at 0.05 level. The association between
Benz(b)fluoranthene, Naphthalene, and Se in coal was
shown to be significant at the 0.01 level. The link was
found to be significant with Indeno(1,2,3-c,d) pyrene +
Benz(g,h,i)perylene at 0.05 level with
Benz(b)fluorenthene in coal and significant at 0.05 level
with Pb in BA.

3.5.4. Hierarchical Cluster Analysis

Hierarchical cluster analysis (HCA) is a sophisticated and
useful way that grouped together all objects according to
how similar they are. A metric that provides a visually
appealing dendrogram and separates/clusters the groups
was used to perform HCA: ward linkage with rescaling
distance cluster combined as similarity. Figure 2, 3, and 4
for both seasons of the HCA classify HMs and PAHSs in
coal, CFA and BA. In coal, HMs and PAHSs are grouped
into two major classes, which are then sequentially
subdivided into two subgroups. Cluster 1 in coal is made
up of the following compounds: Se, Anthracene,
Benz(a)pyrene, Hg, Cd, As, Dibenz(ah)anthracene,
Benz(a)anthracene + Chrysene, Benz(B)fluoranthene, and
Phenanthrene. Cluster 2 was represented by the
compounds Pyrene, Fluoranthene, Acenaphthylene,
Benz(k)fluoranthene,  Indeno(1,2,3-c,d) pyrene +
Benz(g,h,i)perylene, Co, and Naphthalene. Cluster 3 was
produced by Cr, Fluorene + Acenaphthene, Zn, and Ni,
whereas Cu and Pb were divided into clusters 4 and 5
(Figure 5). In CFA, HMs, and PAHSs are grouped into two
major classes, which are further divided into two
subgroups. Cluster 1 formed with Anthracene,
Benz(B)fluoranthene, Dibenzo(a,h)anthracene,
Indeno(1,2,3-c,d)pyrene + Benz(g,h,i)perylene Pyrene,
Benzo(a)anthracene  +  Chrysene, Fluoranthene,

Benz(a)pyrene,  Phenanthrene,  Benz(Kk)fluoranthene,
Acenaphthylene. Se, Naphthalene, Hg, As, and Cd,
represent cluster 2. Cu, Fluorene + Acenaphthene, Co, and
Ni were developed into cluster 3, whereas Cr and Zn were

separated into cluster 4 and Pb into cluster 5.
Benz(B)fluoranthene, Dibenzo(ah)anthracene,
Phenanthrene, Benz(a)pyrene, Anthracene,

Benz(a)anthracene + Chrysene, Fluoranthene,
Benz(k)fluorenthene, Se, Acenaphthylene  and
Naphthalene are grouped into cluster 1, Indeno(1,2,3-
c,d)pyrene + Benz(g,h,i)perylene, As, Hg, Pyrene, and Cd
were represented to cluster 2, Cr and Zn formed to cluster
3, Co and Cu was separated into cluster 4 while Fluorene
+ Acenaphthene and Pb was separated into cluster 5 in BA
sample.

4. Conclusion

The present study has determined that selected coal-fired
power plant samples namely coal, CFA, and BA, exhibited
adequate concentrations of HMs and PAHSs. Ten distinct
HMs were evaluated by quantification using an appropriate
methodology, revealing the presence of varying
concentrations of )16 PAHs in the processed samples. The
increasing trends of heavy metals in coal, CFA and BA
were determined Se<Hg<Cd<As<Co<Ni<Zn<Cr<Cu<Pb,
Se<Hg<Cd<As<Co<Cu<Ni<Cr<Zn<Pb, and
Se<As<Hg<Cd<Co<Cu<Ni<Zn<Cr<Pb, respectively.
HCA is an advanced and effective method for categorizing
data into clusters of similar entities, typically organized
into five groups. The results of one-way ANOVA showed
a significant difference found in 6 HMs of 13 PAHSs of the
coal, CFA, and BA samples. The correlation is found
significant for Co with Cr and Zn at 0.05 level and

Cd with Hg at 0.01 level among HMs in coal for Ni with
Cd at 0.05 level and Zn with Pb at 0.01 level among HMs
in CFA, and for Se with As at 0.05 level and Cu with Ni at
0.01 level among HMs in BA. If the emissions from
spotted coal-fired power plants reach into succeeding
atmospheres, they may contaminate the soil, water, and air
quality. The relatively high concentration of HMs that was
discovered in the CFA sample suggested that it was
enriched with HMs and that they may be emitted when the
coal is burned. Pollution caused by related pollutants may
pose risks to both human health and the environment and
can have a wide range of toxicological effects. Effective
measures might need to be taken to mitigate the hazards
associated with power plants, such as the adoption of
advanced pollution control technology, enhancing the
efficiency of coal-fired power plants, and switching to
renewable energy sources. Likewise, incentivizing energy-
efficient initiatives and promoting energy-conserving
behavior can effectively mitigate energy demand and
lessen dependence on coal-based power generation
facilities.
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