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Abstract: Industrial areas play an important role in the urban ecosystem. Industrial site environmen-
tal quality is linked to human health. Soil samples from two different cities in India, Jamshedpur and
Amravati, were collected and analyzed to assess the sources of polycyclic aromatic hydrocarbons
(PAHs) in industrial areas and their potential health risks. The total concentration of 16 PAHs in JSR
(Jamshedpur) varied from 1662.90 to 10,879.20 ng/g, whereas the concentration ranged from 1456.22
to 5403.45 ng/g in the soil of AMT (Amravati). The PAHs in the samples were dominated by four-ring
PAHs, followed by five-ring PAHs, and a small percentage of two-ring PAHs. The ILCR (incremental
lifetime cancer risk) of the soil of Amravati was lower compared to that of Jamshedpur. The risk
due to PAH exposure for children and adults was reported to be in the order of ingestion > dermal
contact > inhalation while for adolescents it was dermal contact > ingestion > inhalation in Jamshed-
pur. In contrast, in the soil of Amravati, the PAH exposure path risk for children and adolescents
were the same and showed the following order: dermal contact > ingestion > inhalation while for the
adulthood age group, the order was ingestion > dermal contact > inhalation. The diagnostic ratio
approach was used to assess the sources of PAHs in various environmental media. The PAH sources
were mainly dominated by coal and petroleum/oil combustion. As both the study areas belong to
industrial sites, the significant sources were industrial emissions, followed by traffic emissions, coal
combustion for domestic livelihood, as well as due to the geographical location of the sampling sites.
The results of this investigation provide novel information for contamination evaluation and human
health risk assessment in PAH-contaminated sites in India.

Keywords: diagnostics ratio; ILCR; PAHs; industrial area; potential risk

1. Introduction

PAHs have become a global concern in the last few decades because of their carcino-
genic, mutagenic, and teratogenic nature [1,2]. PAHs are a group of ubiquitous organic
pollutants that are composed of two or more fused aromatic rings of composed of carbon
and hydrogen [1–4]. The primary non-occupational sources of exposure to PAHs are com-
bustion processes in motor cars, petroleum refineries, fossil fuel-burning power plants,
coking plants, asphalt production facilities, metal foundries, burning of crop residue and
grass, bush fires, smoking, and food preparation [5]. The bulk of hazardous PAHs is pro-
duced by coal emissions, tobacco smoke, and vehicle exhaust [6]. The emissions of motor
vehicles and commercial transport are the main contributors to atmospheric PAHs [7–12].

The United States Environmental Protection Agency (USEPA) has listed 16 PAHs as
having toxicity potential, since they are widely distributed in the natural environment,
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including in the air, water, and soils [13–15]. Among them, seven PAHs are classified as B2
class carcinogens namely benzo [a] anthracene (BaA), benzo [a] pyrene (BaP), benzo [b]
fluoranthene (BbF), benzo [k] fluoranthene (BkF), chrysene (Chr), dibenzo [a,h] anthracene
(DBahA), and indeno [1,2,3-c,d] pyrene (IcP) [16]. There are several routes of human and
animal exposure to PAHs, such as dermal contact with tar and soot, direct contact with
the soil, consumption of smoke-tainted foods and tainted water, and direct inhalation of
cigarette smoke and polluted air [1]. A previous study reported that soil PAH exposure is a
greater risk to human health than air and water PAHs [17]. The broad distribution of PAHs
around the planet is a result of their long-range atmospheric transport (LRAT) and envi-
ronmental persistence. In the presence of suitable climatic circumstances, PAHs can travel
long distances before being precipitated onto land, water, and vegetation [18–22]. The top
layer of soil contains a large portion of the combustion-derived PAHs [23]. It is anticipated
that the majority of PAHs coming from vehicle emissions, incomplete biomass combustion,
fossil fuels, etc., will be deposited in the top layer of the soil because atmospheric deposition
is a common source of soil contamination [24–26]. Consequently, the soil is regarded as one
of the principal sinks of atmospheric PAHs [27]. Additional mechanisms for the dispersion
of PAHs include leaching, volatilization, irreversible combination, plant deposition, and
bio-decomposition [28]. Because their hydrophobic properties and chemical stability do
not affect bonding to soil particles, PAH concentrations can persist in the soil matrix for
a long period of time [29]. As a result, soil can be a useful indicator of PAH pollution
and environmental risk [30]. Over the last few decades, soil pollution caused by vehicular
emissions has become a serious concern for researchers in southern Asian countries [31–33]
along with the study of particulate and other gaseous pollution. Heavy metals and other
pollutants can be detrimental to human health along with PAHs [34–36]. However, very few
studies have been conducted on soil PAH contamination as compared to air contamination.
As an important industrial area with a high population density, the health risks to the local
population from industrial contamination are a serious concern [37–39].

The major objective of the present study was to determine the concentration level of
the USEPA’s priority PAHs in the soil of industrial areas of two different cities in India, i.e.,
Jamshedpur in Eastern India and Amravati in central India. The source and the health risk
associated with soil PAH exposure were analyzed. The carcinogenic potential of PAHs was
described in terms of BaP equivalents. Based on the diagnostic ratios of marker species, the
source characteristics of the PAHs were identified, and source contributions were quantified
using the diagnostics ratio. There have been few studies on this topic, and the current work
could serve as a baseline for future research on the region’s soil PAHs.

2. Materials and Method
2.1. Study Sites

Our research sites are two Indian industrial cities, i.e., Jamshedpur (Jharkhand) and
Amravati (Maharashtra). Jamshedpur is a well-planned industrial city, which is located
at 22◦80′ N and 86◦20′ E. In eastern India, it is a center of an industrial economic zone
with significant traffic activity. This city covers an area of 209 km2 and is located on the
Chota Nagpur Plateau (CNP), which is bordered by a region of lush, green Dalma hills.
Jamshedpur has a tropical wet weather and dry climate. This city has a population of about
1.3 million people and a population density of 6400 persons per km2, according to the 2011
census (Census 2011). The city is recognized as the largest industrial city in Eastern India
due to the presence of significant industrial giants such as TATA Steel formerly known as
TISCO, TATA Motors, Tinplate, TATA Timken, Jojobera Cement industry, etc. Other small-
to large-scale companies are situated throughout the city which continuously release PAHs
into the environment.

Like Jamshedpur, Amravati is also an industrial city, and it is the second largest city
in the Vidarbha region after Nagpur. It is the ninth most populated city in Maharashtra,
India and is located at 20◦93′ N and 77◦75′ E with an average elevation of 343 m above
sea level. It lies 156 km west of Nagpur and serves as the administrative center of the
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Amravati district. It has a tropical wet and dry climate with moderate warmth in summers
and mild cold weather in winters. The city recorded its highest temperature of 49.1 ◦C
on 25 May 2013 and lowest of 5.0 ◦C on 9 February 1887. The population density of the
city is 3524 inhabitants per km2. The total population of the Amravti district is around
2.8 million (Census 2011). The 178.95-hectare-long industrial area of Amravati lies four km
from Amravati city, towards Bandera, in Maharashtra, India. Several small- and large-scale
businesses operate in and around the city, due to the presence of agglomerates of large and
small scale industries.

Additionally, the primary source of emissions into the atmosphere in the surrounding
area is the vast network of the highway roadway system near both study sites in Jamshedpur
and Amravati. The primary sources of soil, air, and water pollution in this region have been
identified as industrial waste emissions, the burning of coal, and vehicle transport emissions.

2.2. Sampling

The soil samples were collected from different locations in the industrial sites in
Jamshedpur (JSR) and Amravati (AMT), India, as shown in Figure 1. A total of 12 samples
of approx. 100 g were collected from each site of the study. The samples were air-dried at
room temperature in the laboratory, and stones, roots, and other debris were removed and
sample was well mixed to ensure homogeneity before wrapping with aluminum foil and
stored in a cold container to ward off from moisture and air. To prevent contamination,
gloves were worn during sampling and the collected samples were sent to the laboratory
within 6 h. The moisture was removed from the samples at room temperature for three
days before they were crushed and placed in a 1 mm mesh filter. After sieving, the samples
were kept at −4 ◦C until subsequent analysis.
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Figure 1. Map of sampling locations of two different industrial cities of India. Amravati and
Jamshedpur cities are marked as A1–A12 and J1–J12, respectively.

2.3. Extraction and Analysis of PAHs from Soil

We measured the 16 PAHs recognized as priority pollutants by the USEPA, i.e., ace-
naphthylene (Any), acenaphthene (Ane), anthracene (Ant), fluorene (Fle), fluoranthene
(Fla), naphthalene (Nap), phenanthrene (Phe), pyrene (Pyr), benzo (a) anthracene (BaA),
chrysene (Chr), benzo (b) fluoranthene (BbF), benzo (k) fluoranthene (BkF), benzo (a)
pyrene (BaP), indeno (1,2,3-cd) pyrene (IcdP), dibenzo (a,h) anthracene (DahA), and benzo
(g, h, i) perylene (BghiP). The total organic carbon (TOC) present in the soil was calculated
using the titrimetric method [40,41]. The materials were then extracted with a solvent [42].
The samples were obtained using dichloromethane (DCM) as the solvent in a Soxhlet
extractor for 24 h. The solvent was evaporated by a rotary evaporator (Model No-Hei-VAP
Core with finger uplift and G1 transverse glassware); afterwards, the solvent fractions were
exchanged using 2 mL of n-hexane. The moisture contained in the samples was trapped
and cleaned using a silica gel column (3 cm diameter and 30 cm long glass column filled
with 10 g of activated silica gel) dissolved in DCM solvent and 5 g anhydrous Na2SO4. For
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the recovery investigations, a PAH standard comprised of deuterium-labelled PAH (i.e.,
Naphthalene-D8, Phenanthrene-D10, Anthracene-D10, and Chrysene-D12) was spiked into
5 g of soil at a concentration of 200 gL−1. The final cleaned fraction was then eluted with a
mixture of 20 mL n-hexane and DCM (1:1 v/v). The extracted solvent was concentrated to
20 µL under a gentle flow of pure nitrogen. A standard solution of hexamethyl benzene
was introduced (5 µL) before analysis to quantify all analytes. A Gas Chromatograph—
Flame ionization detector (GC-FID, model-Agilent 7890B) fitted with an HP-5 MS capillary
column (with dimensions of 30 m 0.32 mm 0.25 m) was used to analyze the USEPA’s
16 priority PAHs. A volume of 1 µL from each sample was injected in a split-less fashion.
Ultrapure N2 gas was used as a transporter gas with a flow of 1.83 mL min−1. Initially, the
temperature of the oven was set at 70 ◦C for 1 min which was boosted to 300 ◦C with at a
rate of 5 ◦C min−1 for 20 min. During the respective temperatures of 290 ◦C and 320 ◦C,
the injector and transmission guide were regulated.

2.4. Quality Assurance

To maintain clean and uncontaminated values, the entire glassware setup was rinsed
with n-hexane (CAS Number-110/54/3) and deionized water before sampling. Merck and
JT Baker supplied the reagents and compounds used in this study (HPLC-grade solvents).
Standard solutions of all mentioned PAHs in acetonitrile (ID-3697900), hexamethyl benzene
(CAS Number-87/85/4, Manufacturer-Sigma Aldrich, USA), and deuterium-labeled PAHs
(HPLC grade solvents) were used. The procedure for routine samples, replicate samples,
and surrogate standards [Phenanthrene-D10 (CAS Number-1517/22/2), in the range of
1–15 µg/L] was created from the standard solution by serial dilutions with acetonitrile (JT
Baker of HPLC standards) and a calibration curve was drawn for 9 points. To ensure the
stability of the instrument, all the standard solutions comprising 16 PAHs must generate a
calibration curve for 9 different concentrations.

The linearity of the curve values were within the acceptable bounds of r2 ≥ 0.990 and
had a range of 0.9932 to 0.9980 [43]. The deuterated PAHs recovered from the soil samples
were found to be around 61 ± 12% for Naphthalene-D8, 82 ± 11% for Phenanthrene-D10,
74% for Anthracene-D10, and 81 ± 12% for Chrysene-D12. The recoveries of standard
PAHs were 85–95% for the analyzed sample and blank sample. The blank samples were
collected and examined in the laboratory in a similar manner as the samples. The target
PAH exposure limits (MDLs) were calculated as three times the concentrations of targeted
compounds in spiked blank samples. The limit of quantifications (LOQs) was evaluated as
10 times the standard detection limit (DL). The detection limit for target PAHs was set a
standard deviation (SD) plus three times the average concentrations of target complexes in
blank samples. The targeted PAHs had detection limits (DL) of 1 ng/g for soil samples,
and standards of concentration below those limits were regarded as below detection limits
(DLs). The frequency of sample analysis was generally based on the sample collection,
generally one sample per day.

3. Heath Risk Assessment

The health risk for a particular PAH can be expressed in terms of toxicity equivalent to
BaP (BaPTEQ). The BaPTEQ can be calculated as

BaPTEQ = ∑Ci × TEFi (1)

where Ci is the individual concentration of the PAH (µg/m3) and TEFi represents the
toxicity equivalent factor.

Furthermore, the higher possibility of carcinogenic diseases due to exposure to multi-
ple PAHs was estimated in terms of incremental lifetime cancer risk (ILCR) by following
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the risk assessment guidelines of USEPA [44,45]. The following mathematical expression
was used to determine the ILCR:

ILCRinjestion =

Cs×
(

CSFinjestion × 3
√

BW
70

)
× IRInjestion × EF× ED×CF

BW×AT
(2)

ILCRdermal =

Cs×
(

CSFdermal × 3
√

BW
70

)
× IRdermal × SA×AF×ABS× EF× ED×CF

BW×AT
(3)

ILCRinhalation =

Cs×
(

CSFinhalation × 3
√

BW
70

)
× IRInhalation × EF× ED

BW×AT× PEE
(4)

where Cs is the sum of the converted concentration of the PAHs based on the TEQ value,
CSF represents the carcinogenic slope factor, whose value is 7.30 for ingestion, 25 for dermal
absorption, and 3.85 for inhalation [46,47].

BW represents the average body weight,
IR represents the inhalation rate in terms of ingestion, dermal absorption, and inhalation,
EF is the exposure frequency,
ED is the exposure duration,
CF is the conversion factor,
SA is the dermal exposure area (cm2),
AF is the dermal adherence factor (mg/cm2),
ABS is the dermal adsorption factor,
PEF is the particle emission factor.
The detailed parameter values are described in Table 1.

Table 1. The parameter values used for the determination of ILCR for children, adolescents, and adults.

Parameter Unit Child Adolescent Adult

Body weight (BW) kg 15 45 62
Ingestion rate (IR ingestion) mg/d 200 100 100

Exposure frequency (EF) d/year 350 350 350
Exposure duration (ED) year 6 14 30

Average lifetime span (AT) d 26,280 26,280 26,280
Surface area (SA) cm2/d 2800 2800 2800

Dermal surface factor (AF) mg/cm2 0.2 0.2 0.07
Dermal absorption fraction (ABS) unit less 0.13 0.13 0.13

Inhalation rate (IR inhalation) m3/d 10.9 17.7 17.5
Particulate emission factor m3/kg 1.36 × 109 1.36 × 109 1.36 × 109

4. Result and Discussion
4.1. Concentration of PAHs in the Soil

A statistical analysis of the 16 PAHs in the soil samples from two industrial cities in
India are presented in Table 2. The total concentration of the 16 PAHs in samples from JSR
varied from 1662.90 to 10,879.20 ng/g, whereas the concentration ranged from 1456.22 to
5403.45 ng/g in the soil of AMT. The Σ16PAH concentration in JSR soil was 5655.06 ng/g
and 3256.74 ng/g in AMT. The highest level of PAHs was encountered in commercially
industrialized zones of both cities. The details of the concentration of PAHs in the soil
of both cities are shown in Figure 2. The results showed that PAH concentrations were
higher in JSR soils than in AMT soils. Both cities had high concentrations of 4–5-ring
PAHs. Greater amounts of Flua, Pyr, and BaA compared to other PAHs were found in
both cities. Flua had the highest average concentration in JSR soil at 570.74 ± 318.29 ng/g,
followed by Pyr at 326.80 ± 97.11 ng/g and 5-ring DBahA at 551.70 ± 181.82 ng/g. It was
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also noticed that the observed concentration of PAHs was lower in AMT soils compared
to JSR. Flur had the highest average concentration of 401.48 ± 196.42 ng/g, followed by
Pyr at 143.18 ± 49.49 ng/g and 5-ring DBahA at 207.33 ± 58.75 ng/g. The details of the
concentrations of the PAHs in the soils of both cities are shown in Figure 2.
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Table 2. The concentration (ng/g) of individual PAHs in the industrial site soils of Jamshedpur and 

Amravati. 

PAHs 
Abbreviation 

No. of 

Rings 
Jamshedpur Amravati 

  Average SD Min Max Average SD Min Max 

Naphthalene Nap 2 145.77 59.36 46.06 264.52 136.40 66.19 <DL 276.2 

Acenaphthylene Acy 3 168.83 80.22 19.40 344.50 77.63 56.62 50.064 121.4 

Acenaphthene Ace 3 217.08 112.63 83.84 507.11 296.09 157.61 150.696 631.2 

Fluorene Flu 3 386.82 209.00 52.58 826.30 140.62 138.28 91.56 216.3 

Phenanthrene Phe 3 491.76 220.66 93.03 830.80 343.45 141.76 179.34 548.632 

Anthracene Ant 3 201.32 209.27 23.12 382.10 106.79 154.88 <DL 154.8821 

Fluoranthene Flua 4 570.74 318.29 263.62 1514.02 401.48 196.42 <DL 677.306 

Pyrene Pyr 4 561.54 323.67 209.97 1205.90 315.74 162.23 184.212 568.327 

Benzo[a]anthracene BaA 4 387.43 256.21 144.34 829.01 269.61 133.81 139.188 460.762 

Chrysene Chr 4 402.16 144.38 106.90 613.96 192.59 103.85 125.664 256.742 

Benzo[b]fluoranthene BbF 5 341.27 130.72 96.56 554.54 174.70 43.59 116.088 245.2 

Benzo[k]fluoranthene BkF 5 334.65 121.02 97.87 562.11 145.58 45.23 90.048 230.5 

Benzo[a]pyrene BaP 5 326.80 97.11 86.68 497.85 143.18 49.49 83.832 245.2 

Dibenzo[ah]anthracene DBahA 5 551.70 181.82 153.22 880.01 207.33 58.75 140.448 280.3 

Benzo[ghi]perylene B(ghi)P 6 227.54 214.34 75.69 434.69 158.35 47.58 105.084 245.3 
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industrial sites.

Table 2. The concentration (ng/g) of individual PAHs in the industrial site soils of Jamshedpur and
Amravati.

PAHs
Abbreviation No. of

Rings Jamshedpur Amravati

Average SD Min Max Average SD Min Max

Naphthalene Nap 2 145.77 59.36 46.06 264.52 136.40 66.19 <DL 276.2
Acenaphthylene Acy 3 168.83 80.22 19.40 344.50 77.63 56.62 50.064 121.4
Acenaphthene Ace 3 217.08 112.63 83.84 507.11 296.09 157.61 150.696 631.2



Toxics 2023, 11, 515 7 of 14

Table 2. Cont.

PAHs
Abbreviation No. of

Rings Jamshedpur Amravati

Average SD Min Max Average SD Min Max

Fluorene Flu 3 386.82 209.00 52.58 826.30 140.62 138.28 91.56 216.3
Phenanthrene Phe 3 491.76 220.66 93.03 830.80 343.45 141.76 179.34 548.632

Anthracene Ant 3 201.32 209.27 23.12 382.10 106.79 154.88 <DL 154.8821
Fluoranthene Flua 4 570.74 318.29 263.62 1514.02 401.48 196.42 <DL 677.306

Pyrene Pyr 4 561.54 323.67 209.97 1205.90 315.74 162.23 184.212 568.327
Benzo[a]anthracene BaA 4 387.43 256.21 144.34 829.01 269.61 133.81 139.188 460.762

Chrysene Chr 4 402.16 144.38 106.90 613.96 192.59 103.85 125.664 256.742
Benzo[b]fluoranthene BbF 5 341.27 130.72 96.56 554.54 174.70 43.59 116.088 245.2
Benzo[k]fluoranthene BkF 5 334.65 121.02 97.87 562.11 145.58 45.23 90.048 230.5

Benzo[a]pyrene BaP 5 326.80 97.11 86.68 497.85 143.18 49.49 83.832 245.2
Dibenzo[ah]anthracene DBahA 5 551.70 181.82 153.22 880.01 207.33 58.75 140.448 280.3

Benzo[ghi]perylene B(ghi)P 6 227.54 214.34 75.69 434.69 158.35 47.58 105.084 245.3
Indeno[123-cd]pyrene IcP 6 339.65 111.22 110.01 631.81 147.19 40.01 <DL 245.2

Σ16PAHs 5655.06 2789.92 1662.90 10,879.20 3256.74 1596.28 1456.22 5403.45

4.2. Study Site PAH Concentrations Compared with Worldwide Levels

The growing contamination of PAHs in the soil of the two industrial cities is correlated
with earlier reported PAH levels in different soils throughout the world (Table 3). The aver-
age concentration of the 16 PAHs observed was lower than those reported earlier in Delhi,
India (5524.3 ng/g) [48], Dhanbad, India (3488 ng/g) [49], Lisbon, Portugal (2717 ng/g) [50],
Cape Town, South Africa (4080 ng/g) [51], Xi’an, China (1246 ng/g) [52], Kathmandu, Nepal
(1172.8 ng/g) [53], Orlando, USA (3227 ng/g), Tampa, USA (4562 ng/g) [46], and Beijing,
China (460 ng/g) [54]. Additionally, the average concentrations of the 16 PAHs found in
the current study were greater than those reported in an earlier study of Bokaro, India
(139.6 ng/g) [55] and the south of Italy (84.85 ng/g) [56]. Meanwhile, a similar range of
average concentrations was reported in Shenzhen, China (360 ng/g) [57], Novi Sad, Serbia
(363 ng/g) [58], Pokhare, Nepal (273.7 ng/g) [53], and Jamshedpur, India (366.7 ng/g) [55].
The soils were dominated by higher molecular weight PAHs in both cities, exclusively
four-ring PAHs, which is comparable to Orlando and Tampa soils in the United States [53],
indicating their pyrogenic origins in these cities [59]. Compared to the present study, the
concentration of PAH in the soils from JSR sites was higher than those in a previous study
and the concentration of PAHs in AMT industrial sites were similar to those of Orlando,
USA, and lower than those of Delhi and Dhanbad of India, Cape Town of South Africa, and
Tampa of the USA. The details of the worldwide variation in PAHs in different soils are
shown in Table 3.

Table 3. Descriptive statistics for the concentration (ng/g) of PAHs in the soils of different areas of
the world.

Sl No. No. of PAHs Location Min Max Mean Reference

1 15 Izmir, Turkey 11 4628 - [60]
2 16 Western Canada 2.03 789 - [61]
3 16 Schwaebische Alb, Germany - 1140 - [62]
4 16 Pearl River Delta, China 28 710 - [63]
5 16 Delhi, India 1550.9 11,460 5524.3 [48]
6 16 London, UK 4000 67,000 - [64]
7 10 Hanoi, Vietnam 0.34 43.7 - [65]
8 15 Kumming, China 101.64 693.3 - [66]
9 13 Dhanbad, India 1019 10,856 3488 [49]

10 16 Shenzhen, China 2 6745 360 [57]
11 16 Lisbon, Portugal 6 73,395 2717 [50]
12 16 Novi, Sad, Serbia 22 2247 363 [58]
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Table 3. Cont.

Sl No. No. of PAHs Location Min Max Mean Reference

13 8 Cape Town, South Africa <DL 13,880 4080 [51]
14 16 Xi’an, China 149.9 5770 1246 [52]
15 15 Pokhare, Nepal 17.1 1852.5 273.7

[53]16 15 Kathmandu, Nepal 20.6 6219.3 1172.8
17 16 Orlando, USA 43 30,428 3227

[46]18 16 Tampa, USA 59 58,640 4562
19 16 South of Italy 7.62 755 84.85 [56]
20 7 Delhi, India <DL 862 - [67]
21 16 China 6.94 5870 -

[68]
22 16 Japan 31.9 507 -
23 16 South Korea 6.41 161 -
24 16 Vietnam 26.9 864 -
25 16 India 14.3 1590 -
26 16 Beijing, China 66 6867 460 [54]
27 16 Bokaro, India <DL 670.6 139.6 [55]
28 16 Jamshedpur, India 38.6 1781.2 366.7 [55]
29 16 Jamshedpur, India 1662.90 10,879.20 5655.06 This Study
30 16 Amravati, India 1456.22 5403.45 3256.74

4.3. Health Risk Assessment of PAHs

The BaPTEQ value was determined on the basis of TEFs value and showed that the
PAHs BaP and DBahA contributed the highest carcinogenicity for both industrial sites.
At the Jamshedpur study site, BaP contributed 31.69% of the carcinogenicity and DBahA
contributed 52.48% of the carcinogenicity. At the Amaravati study site, BaP and DBaha
contributed 33.01% and 48.63% of the carcinogenicity, respectively. The details of the
carcinogenicity contributions are presented in Table 4.

Table 4. The values of TEF and BaPTEQ for the Jamshedpur and Amaravati study sites.

PAHs
Jamshedpur Amaravati

TEFs PAHs (ng/g) BaPTEQ BaPTEQ % PAHs (ng/g) BaPTEQ BaPTEQ %

Nap 0.001 156.66 0.16 0.01 124.71 0.12 0.03
Acy 0.001 133.71 0.13 0.01 71.98 0.07 0.02
Ace 0.001 265.44 0.27 0.03 269.83 0.27 0.07
Flu 0.001 310.42 0.31 0.03 130.50 0.13 0.03
Phe 0.001 440.93 0.44 0.04 279.53 0.28 0.07
Ant 0.01 162.49 1.62 0.15 100.68 1.01 0.26
Flua 0.001 752.54 0.75 0.07 340.46 0.34 0.09
Pyr 0.001 705.15 0.71 0.07 288.07 0.29 0.07
BaA 0.1 458.95 45.89 4.36 223.87 22.39 5.73
Chr 0.01 408.27 4.08 0.39 170.58 1.71 0.44
BbF 0.1 376.01 37.60 3.57 159.66 15.97 4.09
BkF 0.1 357.23 35.72 3.39 131.90 13.19 3.38
BaP 1 333.67 333.67 31.69 128.92 128.92 33.01

DBahA 1 552.66 552.66 52.48 189.89 189.89 48.63
B(ghi)P 0.01 246.17 2.46 0.23 149.19 1.49 0.38

IcP 0.1 365.87 36.59 3.47 144.30 14.43 3.70

Total 1029.66 100.00 430.51 100.00

The probabilistic risk assessment due to PAH exposure was quantitatively determined
in terms of ILCRs. Oral, respiratory, and dermal exposure the major pathways of ingestion,
inhalation, dermal absorption, respectively. In this study, health risk was analyzed for
people of three different age groups, i.e., children (1–2 years), adolescents (10–14 years), and
adults (30–40 years). The ILCR value for the ingestion, dermal, and inhalation exposure
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at the Jamshedpur study site were 4.79 × 10−3, 5.97 × 10−3, and 1.37 × 10−4 for children,
2.50 × 10−3, 6.69 × 10−3, and 2.50 × 10−4 for adolescents, and 4.46 × 10−3, 3.90 × 10−3,
and 2.35 × 10−3 for adults, respectively.

Similarly, the ILCR values at the Amravati site for ingestion, dermal contact, and
inhalation were 2.01 × 10−3, 2.49 × 10−3, and 5.78 × 10−5 for children; for the adolescent
age group, the ILCR values were 1.12× 10−3, 2.79× 10−3, and 1.04× 10−4 for the ingestion,
dermal, and inhalation routes of exposure; and for the adult group, the ILCR values were
1.86 × 10−3, 1.63 × 10−3, and 1.72 × 10−4 for ingestion, dermal, and inhalation routes of
exposure, respectively.

The 90% cumulative probability ILCR value for the Jamshedpur industrial site was
calculated to be 10.90 × 10−3 for children, 7.19 ×10−3 for adolescents, and 10.72 × 10−3

for adults. Similarly, for the Amaravati study site, the ILCR value was 4.55 × 10−3 for
children, 4.02 × 10−3 for adolescents, and 3.67 × 10−3 for adults. The details of the ILCR
values are presented in Table 5. On the basis of toxicity range values, the ILCR value was
categorized into three different levels: >10−4 was consider a high potential risk, 10−6–10−4

was considered a moderate potential risk, and <10−6 was considered as safe [44]. The result
of the present study suggested that the ILCR values for exposure to soils exceeded the high
potential risk range for both the Jamshedpur and Amravati industrial sites. Therefore, this
study suggests that the primary precaution of emission sources must be identified before
conducting the study.

Table 5. The total ILCR values for children, adolescents, and adults at the Jamshedpur and Amaravati
industrial sites.

Jamshedpur Amravati

Children Adolescents Adults Children Adolescents Adults

ILCR 4.79 × 10−3 2.50 × 10−4 4.46× 10−3 2.01 × 10−3 1.12 × 10−3 1.86 × 10−3

5.97 × 10−3 6.69 × 10−3 3.90 × 10−3 2.49 × 10−3 2.79 × 10−3 1.63 × 10−3

1.37 × 10−4 2.50 × 10−4 2.35 × 10−3 5.78 × 10−5 1.04 × 10−4 1.72 × 10−4

4.4. Diagnostic Ratio Analysis

The diagnostic ratio approach is a common method for assessing the sources of PAHs in
various environmental media [45,47]. The molecular weight profile of the PAHs determines
the environmental fate and transport potentials. In this study, the origins of the PAHs were
determined by comparing specified pairs of PAH ratios to the same ratios reported in previous
studies. The details of the previous ratio values are described in Table 6.

Table 6. Diagnostic ratio analysis for the PAH source assignment.

PAHs Range Sources Jamshedpur Amaravati Reference

Ant/(Ant + Phe) <0.1
>0.1

Petrogenic
Pyrogenic combustion 0.28 0.22 [47]

Flua/(Flua + Pyr) <0.5
>0.5

Petrogenic
Coal, wood or grass combustion 0.50 0.45 [69]

BaA/(BaA + Chr) <0.2
>0.2

Petrogenic
Pyrogenic/combustion 0.48 0.55 [70]

Phe/Ant <10
<15

Pyrogenic
Petrogenic 2.69 2.89 [71]

Ind/(Ind + Bghip)
<0.2

0.2–0.5
>0.5

Petrogenic
Fuel combustion (vehicles and

crude oil)
Grass/coal/wood combustion

0.60 0.45 [72]

BaP/(BaP + Chr)
<0.2

0.2–0.35
>0.35

Petroleum
Coal, wood, or grass combustion

Vehicular combustion
0.45 0.42 [73]
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A previous report stated that a petroleum source was indicated by a ratio of Ant/(Ant + Phe)
less than 0.1, whereas a combustion source was indicated by a ratio greater than 0.1 [47].
In the current study, the average ratio value was >0.1 which confirmed pyrogenic com-
bustion sources in both the Jamshedpur and Amravati industrial sites. A ratio value of
Fla/(Fla + Pyr) <0.4 indicates a petroleum source, a ratio value of 0.4–0.5 indicates liquid
fossil fuel sources, and a ratio value > 0.5 indicates a combustion source [69]. In this study,
the average ratio value of Fla/(Fla + Pyr) was >0.5 at the Jamshedpur site indicating coal,
wood, or grass combustion sources and for the Amravati study site, the average ratio value
was <0.5 indicating petroleum sources. A ratio value of BaA/(BaA + Chr) < 0.2 implies
a petroleum source and >0.2 indicates a combustion source [70]. In the present study,
the ratio value of BaA/(BaA + Chr) was > 0.2 indicating that the combustion sources for
both the Amaravati and Jamshedpur industrial study sites. A ratio value of Phe/Ant < 10
indicates pyrogenic sources and <15 indicates petrogenic sources [71,72]. The average
ratio value of Phe/Ant was <10 in the present study which indicated pyrogenic sources.
According to the literature, a ratio value of Ind/(Ind + Bghip) <0.2 indicates petrogenic
sources, 0.2–0.5 indicates the combustion of fossil fuel from vehicles/other machines as the
source, and >0.5 points to the burning of grass/coal/wood [73]. In this analysis, the ratio of
Ind/(Ind + Bghip) was >0.5 for Jamshedpur indicating grass/coal/wood combustion and
0.2–0.5 for Amaravati indicating fuel combustion from vehicles and crude oil. Essumang
et al. [72] reported that a ratio of BaP/(BaP + Chr) < 0.2 suggested a petroleum source,
0.2–0.35 suggested coal/wood/grass combustion, and >0.35 suggested vehicular emissions
as the source. In the present study, the average ratio value of BaP/(BaP + Chr) was >0.35
indicating vehicular emissions as the source for both study sites.

The diagnostic ratios of this study concluded that the major source of PAHs in both
study sites was petrogenic sources, coal, wood, and grass combustion, and vehicular
emissions. The details of the diagnostic ratios are described in Table 6.

5. Summary and Conclusions

In this study, 16 PAHs were analyzed in two industrial cities in India in the states
of Jharkhand and Maharashtra that showed higher levels of PAHs with 4–5 rings in both
cities. Higher concentrations of Flua, Pyr, and BaA were observed in both cities. In JSR,
Flua had the greatest average concentration (570.74 ± 318.29 ng/g), followed by Pyr
(561.54 ± 323.67 ng/g) and the 5-ring PAH DBahA (551.70± 181.82 ng/g). AMT had a lower
soil PAH concentration than JSR. With an average concentration of 401.48 ± 196.42 ng/g, Flua
had the highest level, followed by Pyr with 315.74 ± 162.23 ng/g and the 5-ring PAH
DBahA with 207.33 ± 58.75 ng/g.

Furthermore, health risk was analyzed in terms of ILCR. The cumulative probability
ILCR value for the Jamshedpur industrial site was calculated to be 10.90× 10−3 for children,
7.19 × 10−3 for adolescents, and 10.72 × 10−3 for adults. Similarly, for the Amaravati
study site, the ILCR value was 4.55 × 10−3 for children, 4.02 × 10−3 for adolescents, and
3.67 × 10−3 for adults. The findings of the current study indicate that for both industrial
sites in Jamshedpur and Amravati, the ILCR values for exposure to soils was above the
high potential risk range value.

The conclusions of the diagnostic ratios suggested that the principal sources of PAHs
at both study sites were petroleum combustion, coal, wood, and grass combustion, and
the vehicular emissions; thus, there is a requirement for emission source precautions at the
study sites.

The limitation of this study is the knowledge gaps about the interactions of soils with
environmental fate and biotic behavior which can hinder the accurate assessment of PAH
behavior and distribution in soil on a seasonal basis.

This study will motivate us to investigate the mechanisms governing the fate and
transport of PAHs in soil, including their sorption, desorption, volatilization, and leaching
behaviors. Understanding the factors influencing PAH movement in soil can aid in predict-
ing their distribution and potential for off-site migration. This study also motivates us to
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explore microbial degradation pathways and the effectiveness of bioremediation strategies
for PAH-contaminated soils. Research can focus on identifying microorganisms with high
PAH-degrading capabilities and optimizing conditions to enhance microbial activity and
PAH removal.

This study will help future investigation of interactions between PAHs in soil and
climate change factors, such as altered precipitation patterns, temperature fluctuations, and
increased frequency of extreme weather events and assessing how these interactions may
influence the behavior, fate, and transport of PAHs in soil systems.

These findings will be helpful for the development of effective strategies for communi-
cating PAH-related risks to stakeholders, including communities, policymakers, and industry
and engaging in collaborative efforts to bridge the gap between scientific research, policy
development, and practical implementation of soil management and remediation strategies.
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