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Abstract  Atmospheric distribution of polycyclic 
aromatic hydrocarbons and associated human health 
risks have been studied in India. However, a compre-
hensive overview is not available in India, this review 
highlights the possible sources, and associated cancer 
risks in people living in different zones of India. Dif-
ferent databases were searched for the scientific liter-
ature on polycyclic aromatic hydrocarbons in ambient 
air in India. Database searches have revealed a total 
of 55 studies conducted at 139 locations in India in 
the last 14  years between 1996 and 2018. Based on 
varying climatic conditions in India, the available 
data was analysed and distributed with four zone 
including north, east, west/central and south zones. 
Comparatively higher concentrations were reported 
for locations in north zone, than east, west/central and 
south zones. The average concentrations of ∑PAHs 
is lower in east zone, and concentrations in north, 
west/central and south zones are higher by 1.67, 1.47, 
and 1.12 folds respectively than those in east zone. 
Certain molecular diagnostic ratios and correlation 
receptor models were used for identification of pos-
sible sources, which aided to the conclusion that both 

pyrogenic and petrogenic activities are the mixed 
sources of PAH emissions to the Indian environment. 
Benzo(a)pyrene toxicity equivalency for different 
zones is estimated and presented. Estimated Chronic 
daily intake (CDI) due to inhalation of PAHs and 
subsequently, cancer risk (CR) is found to be ranging 
from extremely low to low in various geographical 
zones of India.

Keywords  PAHs · Ambient air · Source 
apportionment · Cancer risk · India · Review

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a 
cause for worry on a global scale due to their typi-
cal characteristics of persistence, bioaccumulation, 
and toxicity. Incomplete combustion of coal, oil, and 
biomass is the main source of their release (ATSDR, 
1995; Dat & Chang, 2017; Kamal et al., 2015; Wil-
liams et al., 2013a, 2013b). Despite the fact that their 
emissions from solid fuels (coal and wood) are often 
higher than those from liquid fuels (LPG and kero-
sene) (WHO, 2000), biomass burning nevertheless 
accounts for more than 50% of all PAH emissions 
worldwide (IARC, 2010). PAH emissions are found 
to be correlated with increasing urbanization, popula-
tion increase, and corresponding energy demand (Fan 
et al., 2021; Hafner et al., 2005).
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16 of the PAHs that have been found abundant are 
listed as priority pollutants by the US Environmental 
Protection Agency (USEPA) (USEPA 2015). Among 
16 Priority PAHs, [naphthalene (Nap), acenaphthylene 
(Acy), acenaphthene (Acp), fluorene (Fle), phenan-
threne (Phe), and anthracene (Ant)] are low molecular 
weight (L-PAH) PAHs and [fluoranthene (Flt), pyr-
ene (Pyr), benz(a)anthracene (BaA), chrysene (Chr), 
benzo(b)fluoranthene (BbF), benzo(k)fluoranthene 
(BkF), benzo(a)pyrene (BaP), dibenz(a,h)anthracene 
(DBA), benzo(ghi)perylene (BghiP) and indeno (1,2,3-
cd)pyrene (IndP)] high molecular weight (H-PAHs) 
(ATSDR, 1995). International Agency for Research on 
Cancer (IARC) categorized priority PAHs into differ-
ent groups of carcinogens based on their carcinogenic-
ity (IARC, 2010). Such as BaA and DBA as possible 
carcinogens in group 2A, but BaP, as a human carcino-
gen in group I. Nap, Chr, BkF, BbF, and IndP, catego-
rized as potential carcinogens in group 2B.

PAHs are ubiquitous in diverse environmental 
compartments including the air, soil, and sediments 
(ATSDR, 1995; IARC, 2010). PAHs in the atmos-
phere gets distributed into gaseous and particle phases 
(PM) (Wang et  al., 2009). It is reported that major-
ity of H-PAHs are PM-bound, while L-PAHs exist 
in gas or vapour phase (Lai et  al., 2017). Inhalation 
is found to be the main exposure pathway of PAHs 
coming from various sources such as biomass burn-
ing, tobacco smoking, forest fire, volcanic eruptions 
and emissions from vehicles (Dickhut et  al., 2000; 
Li et  al., 2010; Williams et  al., 2013a, 2013b; Ama-
rillo et al., 2014; Rengarajan et al., 2015; Ma & Har-
rad, 2015; Kaur et al., 2022). The repeated long-term 
exposures of the PM fraction of PAHs can accumulate 
and increase PAH concentrations in the tracheobron-
chial epithelium. However, gaseous phase of PAHs 
enter in to the circulatory system or lungs through 
alveolar epithelium (Bostrom et  al., 2002). Exposure 
to PAHs can be genotoxic, which may bind directly to 
DNA or indirectly leading to DNA damage by affect-
ing enzymes involved in DNA replication, thereby 
causing mutations. It is reported that absorbed PAHs 
are metabolized through various reactions and cova-
lently bind to DNA (genetic material) to create DNA 
adducts (Abayalath et al., 2022; Bostrom et al., 2002; 
Gurbani et  al., 2013). DNA adducts are an indicator 
of DNA damage that has been associated with cancer 
(Gaspari et al. 2003; Bosetti et al., 2007; Diggs et al., 
2011; Perera et al., 2011).

There are studies carried out globally, on the 
health effects of PM-bound pollutants such as metals, 
organic carbon, elemental carbon, and water-soluble 
ionic species emitted from combustions of biomass 
materials (Abayalath et al., 2022; Pandey et al., 2013; 
Pongpiachan & Iijima, 2016; Pongpiachan et  al., 
2022). Atmospheric PM-bound PAHs have been 
reported for a number of locations around the world, 
including Kolkata (Ray et al., 2019), Delhi (Hazarika 
et al., 2019), national capital region (NCR) (Hazarika 
& Srivastava, 2016), and Amritsar (Kaur et al., 2013) 
in India; Birgunj and Biratnagar (Yadav et al., 2018), 
Bode, Lumbini, Pokhara, and Dhunche (Neupane 
et  al., 2018) in Nepal; Kandy, Sri Lanka (Abayalath 
et  al., 2022); Tianjin (Jin et  al., 2018) & Xi’an (Li 
et  al., 2014a, 2014b) in China; Cordoba, Argentina 
(Amarillo et  al., 2014); Alexandria, Egypt (Khairy 
et  al. 2013) and Eastern United States (Williams 
2013a, 2013b). With regard to environmental vari-
ability, atmospheric PAH concentrations vary greatly 
across different Indian regions. In the northern, east-
ern, west/central, and southern zones, respectively, 
these concentrations ranged from 2.22 to 1845  ng/
m3, 6.7 to 506 ng/m3, 2.31 to 447 ng/m3, and 5.29 to 
992 ng/m3 (Table S1). Globally, there are numerous 
evaluations of the health hazards & risks associated 
with atmospheric PAHs (Abdel-Shafy & Mansour, 
2016; Lawal, 2017; Dat & Chang, 2017; Srogi 2007; 
Ravindra et  al., 2008; Ramesh et  al., 2012; Kamal 
et  al., 2015; Ma & Harrad, 2015; Famiyeh et  al., 
2021). This review thoroughly identifies the patterns 
of ambient air PAHs, potential sources, and related 
cancer risks in India.

Methodology

As per flow chart of review process (Supplemen-
tary data), keywords, including atmosphere PAHs, 
ambient air, PAH sources, health risk of PAHs, and 
India, were searched for scientific literature that was 
accessible through multiple databases (ScienceDi-
rect, Scopus, Pubmed, MEDLINE, Google Scholar, 
ResearchGate) on atmospheric (ambient air) PAHs 
in India. This review included investigations carried 
out between 1996 and 2018 on PAHs in ambient air 
at 139 locations in 32 cities in different geographical 
zones in India over the past 14  years (2007–2021). 
Regardless of sampling technique, PM size, season of 
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sampling and topography, studies currently accessible 
on PM bound PAHs in the Indian atmosphere were 
included in this review. In light of India’s diverse cli-
matic conditions (Bansal & Minke, 1988; Bhatnagar 
et al., 2019), the data was examined and analyzed in 
relation to four zones: the north, east, west/central, 
and south zones. India (area, 3.3 million km2; popula-
tion 1,210.2 million), geographically located between 
8° 4′ and 37° 6′ latitudes north, and 68° 7′ and 97° 25′ 
longitudes east (India 2021).

Geographical distribution of atmospheric PAHs in 
India

In four zones, the mean concentration of ∑PAHs (the 
sum of sixteen PAHs) ranged from 174  ng/m3 (east) 
to 290  ng/m3 (north) (Table  1). Their concentrations 
of atmospheric PAHs varied from 2.22 to 1845  ng/
m3, 6.67 to 506 ng/m3, 2.31 to 447 ng/m3, and 5.29 to 

992  ng/m3 in the north, east, west/central, and south 
zones, respectively (Table  S1). The average concen-
trations of ∑PAHs is lower in east zone (174 ng/m3), 
and concentrations in other zones is higher with 1.67 
fold (290 ng/m3) for north zone, 1.47 fold (255 ng/m3) 
for west/central, and 1.12 fold (259  ng/m3) for south 
zone than east zone. The prevalent levels of atmos-
pheric PAHs were reported in the north zone, such as 
Agra (Dubey et  al., 2015; Masih et  al., 2012; Rajput 
& Lakhani, 2009; Singla et al., 2012), Kanpur (Pradhi 
et al., 2021; Singh & Gupta, 2016), Lucknow in Uttar 
Pradesh (Pandey et  al., 2013), Amritsar (Kaur et  al., 
2013), and NCR (Khillare et  al., 2008; Kulshrestha 
et  al., 2019; Shivani et  al., 2018). For north India, 
Chanduka (2013) reported burning of biomass includ-
ing crop residue as a significant contributor to elevated 
PM levels. Whereas, Chen et  al. (2008) reported that 
elevated PM due to crop residue burning is linked to an 
increase of 58% in atmospheric PAHs. The locations 

Table 1   Concentrations (ng/m3) of atmospheric PAHs in different geographical zones in India

PAHs North (n = 60) East (n = 38) West/Central (n = 14) South (n = 27)

Mean SE % of ∑PAHs Mean SE % of ∑PAHs Mean SE % of ∑PAHs Mean SE % of ∑PAHs

Nap 66.3 37.2 22.8 7.99 2.70 4.60 80.5 13.5 31.5 0.89 0.47 0.34
Acy 15.7 5.17 5.44 2.82 0.84 1.62 25.9 11.6 10.2 2.31 2.14 0.89
Acp 15.9 4.31 5.49 2.40 0.87 1.38 21.2 10.4 8.30 6.89 3.97 2.67
Fle 10.9 2.22 3.78 6.28 1.49 3.62 16.4 7.59 6.43 0.96 0.42 0.37
Phe 11.8 3.15 4.08 27.7 13.1 16.0 16.2 8.36 6.34 26.2 6.19 10.2
Ant 9.98 3.39 3.44 5.12 1.92 2.95 16.4 6.63 6.44 31.1 15.8 12.0
Flt 17.6 3.99 6.08 11.4 3.62 6.59 13.5 4.13 5.31 47.3 20.6 18.3
Pyr 11.0 2.94 3.81 11.7 3.34 6.75 8.46 2.99 3.31 27.9 12.2 10.8
BaA 11.3 2.46 3.92 10.4 2.24 6.04 8.47 2.75 3.32 14.5 3.49 5.62
Chr 11.9 4.60 4.12 21.6 5.28 12.5 8.27 2.76 3.24 39.1 11.7 15.1
BbF 16.9 3.20 5.82 9.24 2.19 5.32 11.7 4.36 4.60 13.6 2.73 5.26
BkF 10.8 2.20 3.73 9.54 2.32 5.50 4.90 1.38 1.92 5.80 1.19 2.24
BaP 13.3 3.01 4.58 11.5 2.11 6.67 6.43 1.83 2.52 8.73 1.86 3.38
BghiP 19.7 6.60 6.82 15.4 3.74 8.93 8.25 2.45 3.23 17.6 3.95 6.80
DBA 32.4 24.8 11.2 12.9 3.60 7.43 2.29 0.70 0.90 0.99 0.23 0.38
IndP 13.9 2.81 4.81 7.13 1.94 4.11 6.22 2.06 2.44 14.7 2.56 5.69
2-3Ring 50.7 30.0 23.2 37.4 13.6 25.8 50.7 28.4 41.3 53.9 17.2 26.6
4Ring 45.9 10.9 21.0 50.9 9.35 35.1 29.2 9.65 23.8 97.0 26.1 47.5
5Ring 37.9 7.60 17.3 25.3 4.02 17.5 19.5 5.91 15.9 25.2 4.99 12.4
6Ring 44.2 22.0 20.2 26.6 7.22 18.3 11.7 4.04 9.6 27.5 5.41 13.5
L-PAHs 91 30.0 41 42 13.6 29 62 28.4 51 54.0 17.24 26.6
H-PAHs 128 31.7 59 103 18.7 71 61 14.7 49 149 33.8 73.4
7PAHs 88 25.2 40 71 14.7 49 38 10.4 31 89 19.2 43.6
16PAHs 290 46.4 100 174 25.6 100 255 37.2 100 259 46.6 100
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with elevated PAH contamination are found in the east 
zone are in Dhanbad (Roy et al., 2017), Kolkata in West 
Bengal (Gupta et al., 2007; Karar & Gupta, 2007; Saha 
et  al., 2017), and Jharsuguda in Orissa (Devi et  al., 
2014; Ekka et  al., 2021). While, relatively elevated 
PAH levels reported in the west/central zone are Pune 
(Roy et  al., 2019), Akkalkuwa (Salve et  al., 2015a, 
2015b), and Raipur (Giri et  al., 2013; Ramteke et  al., 
2018), in Chhattisgarh. In the south zone, Coimbatore 
(Mohanraj et  al., 2011a), Chennai (Mohanraj et  al., 
2011b) and Tiruchirappalli (Mohanraj et al., 2012) cit-
ies were reported for significant levels of atmospheric 
PAHs (Table S1). Comparatively lower levels of atmos-
pheric PAHs were reported at locations along hillsides 
(2.22–47 ng/m3, Ray et al., 2017; Sharma et al., 2018), 
coastal areas (6.70–15 ng/m3, Saxena et al., 2014; Sam-
path et  al., 2015; Sharma et  al., 2018). The dominant 
PAHs in various zones were Nap, DBA, Phe, Chr, Acy, 
Acp, Flt, Ant, and Pyr. (Table 1, Fig. 1).

Toxicity of atmospheric PAHs in India

IARC categorized seven PAHs namely; BaA, Chr, 
BbF, BkF, BaP, DBA, and IndP (7PAHs) as prob-
able human carcinogens (IARC, 2010). This review 
concluded that concentration of atmospheric 7PAHs 
is comparatively low in the west/central zone (38 ng/
m3) than other zones (south, 89 ng/m3, north, 88 ng/
m3, east, 71  ng/m3). The contribution of 7PAHs in 
the north, east, west/central, and south zones, respec-
tively, accounted for 40%, 49%, 31%, and 44% to 
∑PAHs (Table  1). According to Table  1, the aver-
age BaP concentration in the north, east, west/central, 
and south zones is 13.3  ng/m3, 11.5  ng/m3, 6.43  ng/
m3, and 8.73  ng/m3, respectively. The national ambi-
ent air quality standard (NAAQS) for BaP in ambient 
air in India is 1.0 ng/m3; these values are beyond that 
threshold (MoEFCC 2009). The toxic equivalence fac-
tors (TEF) (Table 2) for additional PAHs in relation to 
BaP have been employed (Tsai et al., 2004) for calcula-
tion of carcinogenic toxicity in terms of BaP toxicity 
equivalency (BaPeq) by multiplying individual PAH 
concentration (C) in ambient air (ng/m3) and TEF as:

In comparison to the east (29.1  ng/m3), south 
(15.6 ng/m3), and west & central zone (12.4 ng/m3), 

(1)BaP toxicity equivalency (BaPeq) = C × TEF

the measured BaPeq of ∑PAHs was relatively greater 
in the north zone (51.9 ng/m3) (Table 2). Combined 
contribution of 5 ringed (5R) and six ringed (6R) 
PAHs to total BaPeq is 90–96%, however, contribu-
tion from 2-3 ringed (2-3R) and 4 ringed (4R) PAHs 
is less than 10% to ∑BaPeq (Fig.  2 and Table  2). 
H-PAHs, including 7PAHs, were the predominant 
contributors to BaPeq and made up > 97% of the total 
BaP toxicity equivalency. Where, BaP and DBA were 
the major contributors, with 25–55% and 6–63%, 
respectively. Other PAHs included BbF, BaA, BkF 
(3.28%) and IndP were other important contributors 
to ∑BaPeq in different zones. It may be concluded 
that H-PAHs, particularly 5- and 6-ring PAHs, had a 
significant potential for carcinogenesis.

Distribution of potential sources of PAHs in the 
atmosphere in India

Identification of prospective and appropriate sources 
of PAHs with their individual contributions is essen-
tial for control measures of PAHs emissions to reduce 
environmental and human health concerns. There 
are numerous techniques that can apportion between 
different types of sources, such as pyrogenic sources 
(coal, wood, biomass, or oil combustion) and petro-
genic sources (petroleum products) (Abdel-Shafy 
& Mansour, 2016). Among available methods, cor-
relation, molecular diagnostic ratios (MDRs) of cer-
tain PAHs and principal component analysis (PCA) 
are typically used for the identification of possible 
sources of atmospheric PAHs (Abdel-Shafy & Man-
sour, 2016; Dat & Chang, 2017; Famiyeh et al., 2021; 
Katsoyiannis et al., 2011; Tobiszewski & Namiesnik, 
2012). In this review, group homolog composition, 
MDRs, PCA and Pearson’s correlation coefficient 
were utilized to identify potential sources of atmos-
pheric PAHs in India.

Priority 16 PAHs with various aromatic rings 
were separated and are divided into two groups based 
on their molecular weights: L-PAHs ( < four aro-
matic rings) and H-PAHs (≥ four aromatic rings). It 
is reported that L-PAHs emissions are linked from 
petrogenic sources including petroleum products, 
and burning of plant, grasses and biomass, whereas 
H-PAHs are dominant in pyrogenic sources includ-
ing coal combustion and vehicular emissions (Elzein 
et  al., 2020; Khalili et  al., 1995; Marr et  al., 1999; 
Ravindra et al., 2008; Singh et al., 2012; Wilcke, 2007; 
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Yunker et al., 2002). Comparatively, higher fraction of 
H-PAHs in east and south zones are indicative of pyro-
genic sources including coal combustion and vehicular 
emissions (Fig.  3). The predominance of 2-3R PAHs 

in the north (23.2%) and west/central (41.3%) zones 
(Table  1) showed petrogenic sources, and burning 
of plant leaves, grass, wood and industrial oil (Elzein 
et al., 2020; Khalili et al., 1995; Wilcke, 2007; Yunker 
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et al., 2002). The evidence for petrogenic origins was 
supported by the ratio of L-/H-PAHs (Wilcke, 2007) 
in the north (range, 0.02–36.4, mean 2.10) and west/
central (range, 0.04–4.20, mean 1.06) zones. How-
ever, their ratios showed pyrogenic sources in the 
east (range, 0.01–3.82, mean, 0.64) and south (range, 
0.01–1.38, mean, 0.42) zones (Fig.  4 and Table  S2). 
The relative greater fractions of 4R PAHs and 2-3R 
PAHs (in the east zone and south zone) (Table 1 and 
Fig.  1) indicating mixed pyrogenic sources including 
combustion of woods, grass and industrial oil (Khalili 
et al., 1995; Marr et al., 1999; Wilcke, 2007). Vehicle 
emissions are reported as the source of 4-6R PAHs, 
while petrol combustion as source of 5-6R PAHs 
(Elzein et  al., 2020; Ravindra et  al., 2008). Diesel 
engines (Singh et  al., 2012, 2013) and coal combus-
tion (Elzein et  al., 2020) are reported as the sources 
of L-PAHs and 3-4R PAHs, respectively. These simi-
lar patterns indicated many sources of PAHs in the 
Indian environment, including biomass combustion 
and vehicle emissions (Singh et al., 2012; Cheng et al. 
2012, Saxena et al., 2016). H-PAHs predominated dur-
ing the study, in the east (71%) and south (74%) zones 
(Fig. 3) being attributable to pyrogenic sources of pet-
rol and oil combustion (Elzein et  al., 2020; Ravindra 
et al., 2008) in the proximity of emissions (Wang et al., 
2009), which is supported by lower ratios of L-/H-
PAHs in the east (0.64) and south (0.42) zones (Fig. 4 
and Table S2). This review came to the conclusion that 
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the main sources of H-PAHs are pyrogenic activities, 
such as industrial, vehicular emissions and coal com-
bustion (ATSDR, 1995; Ravindra et  al., 2008; Singh 
et  al., 2012). While the sources of L-PAH emissions 
in the Indian atmosphere are petrogenic and biomass 
combustion (grass, leaves and wood) (Khalili et  al., 
1995; Marr et al., 1999; Wilcke, 2007), combined with 
long-range atmospheric transport (LRAT). These find-
ings are in line with prior results for sources of a simi-
lar nature (ATSDR, 1995; Khalili et  al., 1995; Marr 
et al., 1999; Ravindra et al., 2008; Saxena et al., 2016; 
Singh et al., 2012, 2013; Wilcke, 2007).

The MDR of certain PAHs have been used world-
wide by several authors to identify possible PAH emis-
sions (Dvorská et al., 2011; Katsoyiannis et al., 2011; 
Kaur et  al., 2013; Khillare et  al., 2008; Kulshrestha 
et  al., 2019; Shivani et  al., 2018; Sofowote et  al., 
2010). During review, MDR of certain PAHs is com-
puted and utilized for attribution of probable sources 
of atmospheric PAHs in India (Fig.  4 and Table S2). 
BaP/(BaP + Chr) ratios indicated diesel, coal, vehi-
cles and gasoline combustion (Khalili et  al., 1995). 
As reported (Dickhut et al., 2000), BbF/BkF indicated 
vehicular sources in the north and east zones as well as 
coal combustion in the west & central and south zones. 
The BaA/(BaA + Chr) ratios indicated automobile 
emissions (Yunker et  al., 2002). IndP/(IndP + BghiP) 
ratio values of > 0.50 for the north, east, and west/
central zone supported biomass and coal combustion, 
whereas lower values ( < 0.50) for the south zone for 
petroleum combustion and gasoline sources (Dickhut 
et al., 2000; Yunker et al., 2002). Burning biomass and 
fossil fuels is indicated by Flt/(Flt + Pyr) ratios in the 
south zone, while coal, diesel engines, and gasoline 
were the sources in the north, east, and west/central, 
respectively (Simcik et al., 1999; Yunker et al., 2002). 
Diesel engines are linked to Pyr/BaP values (Ravindra 
et  al., 2008). The Fle/(Fle + Pyr) ratio ( < 0.5) for the 
north and south zones showed gasoline, petrol emis-
sions, and biomass burning, whereas the value > 0.50 
for the east, west/central zones suggested diesel emis-
sions (Ravindra et al., 2008; Yunker et al., 2002). The 
BaP/BghiP ratios indicate automobile emissions in the 
north zone, while coal combustions for the east, west/
central, and south zones indicate (Simcik et al., 1999). 
The Ant/(Ant + Phe) suggested burning of biomass 
and petroleum products (Ravindra et  al., 2008; Yun-
ker et al., 2002). Flu, Pyr, BaA, BbF, BkF, BaP, DBA, 
BghiP, and IndP are specimens of combustion PAHs 

(Comb-PAHs), which are also an indicator of com-
bustion and non-combustion sources (Ravindra et  al., 
2008). The projected values of Comb-PAHs/∑PAHs 
for all zones (~ 1) point to the combustion PAHs as 
predominating. (Table S2, Fig. 4). Based on the MDR 
of selected PAHs, it may be concluded that combustion 
PAHs basically from diesel engines, gasoline combus-
tion, biomass burning, coal combustion and vehicular 
emissions are overwhelming in Indian environment. 
Be that as it may, coal combustion, vehicle and gaso-
line emissions in north zone; vehicles, diesel engines, 
and coal combustions in east zone; gasoline, diesel 
engines, biomass and coal combustion in west/central 
zone; and petroleum combustion, gasoline, fossil fills 
combustion, and biomass burning within the south 
zone are the major predicted sources of PAHs in differ-
ent zones of India.

Based on the characteristics of the data set, a 
principal component (PC) analysis was carried out 
(Fig.  5, Table  S3). Factor loading > 0.3 was chosen 
as the lowest level of significance since loading val-
ues were low. Three PC with Eigen values > 1 were 
selected, with > 70.0% of the total variance for dif-
ferent zones (Table  S3). For the north zone, PC1 
had a high concentration of L-PAHs and 4R PAHs, 
accounting for 45.3% of the variance. PC2 (variance 
of 29.6%) was loaded with 5R and 6R PAHs. Nap 
and Acy were loaded into PC3 (8.11% variance). 
These PCs for the north zone showed combustion of 
biomass and coal, as well as emissions from vehicles 
and industries (Ravindra et al., 2008). LRAT has been 
documented for northern India (Kaur et  al., 2013, 
2022) and includes regional transport of ambient air 
with higher PAHs (Kalim et  al., 2015, 2018, 2020) 
and PAH emissions from agricultural residue burning 
(Chen et al., 2008; Fakinle et al., 2022).

Among the three PCs for the east zone, PC1 
(41.16% of the variance) suggested for pyrogenic 
sources (vehicle, industrial, and stationary source 
emissions) (Kaur et al., 2022; Cheng et al. 2012, Wil-
cke, 2007). According to Khillare et  al. (2008), Yun-
ker et al. (2002) and Dickhut et al. (2000), BaP, BaA, 
BbF, Pyr, IndP, and BghiP have been proposed as trac-
ers of automobile emissions. While, car tires have been 
linked to the release of BghiP, IndP, and BaP (Famiyeh 
et al., 2021). PC2 (24.5% of variance) with load of Phe, 
Ant, Flt, and Pyr indicating combustions of biomass 
and coal, and diesel exhausts (Khalili et al., 1995; Marr 
et  al., 1999; Ravindra et  al., 2008). PC3 (with 17.9% 
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of variance) with presence of L-PAHs is suggestive 
of petrogenic origins (Ravindra et  al., 2008; Wilcke, 
2007). For the west/central zone, PC1 with 47.7% of 
the variance loaded both L-PAHs (Nap, Acp, Acy, & 
Fle) and H-PAHs (Flt & Pyr) suggested petroleum 
product and emissions from biomass and wood com-
bustions (Kaur et al., 2022; Khalili et al., 1995; Sarkar 
& Khillare, 2013). The combustion of coal and diesel 
fuel may be the reason for the occurrence of Fle, Flt, 
and Pyr (Ravindra et  al., 2008; Sampath et al., 2015; 
Wang et al., 2009). Additionally, it is reported that Fle 
and Pyr are pyrogenic by-products of the high-temper-
ature burning of L-PAHs (Yang et al., 1998). In PC2 
(with 31.9% of variance) H-PAHs are concentrated, 
and Ant, Flt, and BaP are concentrated in PC3 (10.1% 
of variance), suggesting pyrogenic origins from indus-
trial emissions, automobile emissions, and biomass 
burning (Kaur et al., 2013, 2022; Khalili et al., 1995). 
Dominance of Flt, Pyr, Phe, Chr, Ant, Phe, BaA, and 
BbF have been proposed for coal combustion (Khalili 
et al., 1995; Ravindra et al., 2008). For the South zone, 
PC1 is loaded with both L-PAH (Phe) and 5R-6R-PAH 
(BbF, BkF, BaP, BghiP, and IndP). According to Marr 

et al. (1999), BaP, BghiP, and IndP are linked to traf-
fic and gasoline emissions, whereas Kavouras et  al. 
(2001) has linked BbF and BkF to the combustion of 
fossil fuels. PC2 with L-PAHs (NaP, Acy and Fle) was 
associated with oil-producing and pyrogenic sources 
(biomass, gasoline, fossil fuel combustion) in com-
bination with LRAT (Ravindra et  al., 2008; Wilcke, 
2007; Khalili et  al., 1995). Coal and diesel combus-
tions are responsible for PC3’s (11.6% variance) with 
high Flt and Pyr content (Ravindra et al., 2008; Sarkar 
& Khillare, 2013; Wilcke, 2007).

Result of PCA demonstrated the distinct PAHs 
sources from petrogenic (surface runoff discharges 
from auto service centers and petroleum spills) (Raj-
para et  al., 2017) and pyrogenic activities (burning 
of coal, biomass, and emissions from transportation 
and diesel engines) in India (Kaur et al., 2013, 2022; 
Ravindra et al., 2008; Saha et al., 2009, 2012; Sarkar & 
Khillare, 2013).

Results of Pearson’s moment correlation coeffi-
cients (two tailed, p < 0.01, p < 0.001), shows a sub-
stantial association between various molecular weight 
PAHs (Tables 3, 4, 5 and 6). A significant association 

Fig. 5   Principal component 
plot of Factor loadings of 
PAHs
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between 2-3R PAHs and 4R PAHs in the north zone 
pointed to industrial emissions, diesel engines and 
biomass burning (burning crop residue and wood) 
(Kaur et  al., 2013; Singh et  al., 2013). Association 
between 4 and 5R PAHs suggested pyrogenic sources 
including coal combustion and vehicular emissions 
(Khalili et  al., 1995; Marr et  al., 1999; Singh et  al., 
2012, 2013; Kaur et  al., 2013). Additionally, a sig-
nificant link between the 5R and 6R PAHs pointed 
to the combustion sources from fossil fuels, gaso-
line, and traffic emissions (Kavouras et  al., 2001) 
(Table  3). A relationship between Nap, Acy, Acp, 
and Phe in the east zone showed petrogenic inputs 
from biomass burning, which is a prevalent method 
for meeting energy needs (Ekka et  al., 2021). An 
association between Ant, Flt, and Pyr suggested coal 
combustion (Khalili et al., 1995). According to a sig-
nificant link between 5 and 6R PAHs, mixed pyro-
genic sources may include coal combustion, indus-
trial and vehicle emissions, and vehicle and industrial 
emissions (Kaur et  al., 2013, 2022; Wilcke, 2007). 
The main sources of PAHs in the east zone include 
petroleum and pyrogenic sources, such as coal and 
biomass burning, as well as vehicle emissions (die-
sel + gasoline) (Devi et  al., 2014; Ekka et  al., 2021; 
Kumar et  al., 2020a, 2020b; Ray et  al., 2019). Traf-
fic emissions, diesel engines, and coal combustion 
were strongly significantly correlated with 3R and 
4R PAHs in the west/central zones (Elzein et  al., 
2020; Singh et al., 2012, 2013). Correlation between 
L-PAHs indicated biomass burning and petrogenic 
activity. A substantial correlation between 4 and 
5R PAHs, and burning of crop residues and wood 
was suggested by a link between Pyr, BaA, and Chr 
(Singh et  al., 2013). Exhaust from heavy engine 
was indicated by the strong connection of 5R and 

6R PAHs (Kaur et  al., 2013; Kavouras et  al., 2001; 
Marr et al., 1999) (Table 5). These connections sug-
gested that the thermal power plant, cars (which use 
both diesel and gasoline), and biomass burning are 
the most likely sources of PAHs in west/central zone 
(Gune et al., 2019; Roy et al., 2019, Gosai et al. 2017; 
Rajpara et  al., 2017; Giri et  al., 2013). Strong cor-
relations between Fle and Nap, Acy, and Acp in the 
south zone suggested petrogenic origins (Sampath 
et  al., 2015). There is a strong association between 
Phe and Ant, BaA, Chr, and BbF with H-PAHs sug-
gested pyrogenic sources of biomass combustion and 
high temperature combustion processes (Marr et  al., 
1999; Saha et al., 2012; Singh et al., 2013) (Table 6). 
According to Kalaiarasan et al. (2017), Sampath et al. 
(2015), and Mohanraj et al., (2011a, 2011b), the main 
sources of PAHs in the south zone are emissions from 
gasoline, diesel, and petroleum products.

According to this review, both pyrogenic and 
petrogenic activities are the sources of PAH emis-
sions to the Indian environment. The burning of solid 
fuels (such as coal and biomass), diesel, industrial 
pollutants, and vehicle emissions are the main pyro-
genic sources of PAHs in India. The main petrogenic 
sources include surface runoff, discharges from auto 
shops, and unintentional spills (Singare & Shirodkar, 
2021; Singh et  al., 2013). According to Rengarajan 
et  al. (2015), solid fuels used in home and indus-
trial settings are a major source of PAHs in India. 
Prior to this, burning coal and burning biomass have 
been identified as the main sources of PAH in India 
(Khillare et  al., 2008). Biomass is said to make for 
about 94% of the energy used in rural India (Singh 
et al., 2013). Compared to LPG and kerosene, wood 
and coal emit more PAHs (WHO, 2000); accord-
ing to IARC (2010), biomass alone is the source of 

Table 7   Summary of input parameters used in calculation for cancer risk assessment

Symbol Parameter Unit Value References

C Concentration of PAH ng/m3 – Present review data
IR Inhalation rate m3/day Children, 13.5; Adult, 13 ATSDR (2005)
EF Exposure frequency days 365 ATSDR (2005)
ED Exposure duration years Children, 12; Adult, 70 ATSDR (2005)
UCF Unit conversion factor – 10–6 –
SFO Slope factor mg/kg/day 7.3 (BaP) USEPA, (2019)
BW Body weight kg Children, 35; Adult, 60 Nair and Augustine, (2018)
AT Averaging time (EF × ED) days Children, 4380; Adult, 25,550 ATSDR (2005)
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more than 50% of all global PAH emissions. The 
main causes of the poorer air quality in develop-
ing India are the rise in automobiles, the demand for 
more energy, and the country’s increasing industry to 
support population growth. Vehicle, industrial, coal, 
and gasoline combustions have been described as the 
main sources of PAHs (Hassan & Khoder, 2012; Lee 
et al., 1995; Wild & Jones, 1995).

Prediction of cancer risk

Equations  2 and 3 were used to estimate chronic 
daily intake (CDI) of PAHs and subsequent cancer 
risk (CR) (Zhang et al. 2009; ATSDR 2005; USEPA, 
2019), since the inhalation pathway was taken into 
account for human exposure for this review.

Summary of input parameters used for CDI and 
CR assessment are presented in Table  7. Accept-
able limits of CR values of 10–6–10–4 are for pos-
sible CR, values of > 10–4 is for high possible 
risk (WHO, 2000). Further, various values of CR 
have been categorized by various agencies such 
as ≤ 10−6 for very low; 10−6 <—< 10−4 for low, 
10−4—< 10−3 for moderate, 10−3 ≤—< 10−1 for 
high and ≥ 10−1 for very high CR (USEPA, 2019; 
NYS DOH 2007; ATSDR 2005).

For adults, the estimated CDIs (Table  S4) of 
PAHs was used to estimate CR, which was shown 
to be higher in the north zone compared to other 
zones (Table  8 and Fig.  6). In the north, east, 
west/central, and south zones, the mean values for 
adults and children were, respectively, 4.89 × 10–5 
and 1.64 × 10–5, 3.13 × 10–5 and 1.05 × 10–5, 
1.07 × 10–5 and 3.68 y 10–6, and 1.39 × 10–5 and 
4.85 × 10–6. The order of CR’s 90th percentile is 
for East > north > west/central > south (Table  8)., 
the estimated CR due to H-PAHs to humans is low 
(< 10–4), and for L-PAHs, it is very low (< 10–6) 
(Fig.  6). The 25th and 50th percentiles are low 
(< 10–4) and the 5th percentile is very low (< 10–6) 
respectively. The CR to human adults and chil-
dren caused by atmospheric PAHs in various 

(2)CDI

( mg
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geographical zones of India is therefore extremely 
low to low, according to this analysis of the data 
that is currently available (Table 8).

Conclusions

Data on atmospheric distribution of PAHs in India 
that have been collected from several research data-
bases have shown that the distribution varies geo-
graphically. Despite this fact, this analysis identified 
the main sources, levels of exposure, and cancer 
risk for people in different regions. According to the 
assessment, there are differences in the atmospheric 
concentrations of BaP and ∑PAHs in different 
regions, with BaP surpassing the national ambient air 
quality standard (NAAQS) in India. The review war-
rants further investigation of atmospheric PAHs in 
India.

Commonly used methods, i.e. MDR, PCA and 
correlation coefficients have been used as diagnostic 
tools to find potential sources of atmospheric PAHs 
in India. Source analysis indicates that atmosphere 
in India has a mixture of sources including pyro-
genic and petrogenic activity. The central and north-
ern areas are dominated by petrogenic sources. Vari-
ous sources of petrogenic emissions of L-PAHs have 
been reported in India, including petroleum products 
and burning wood, grass and industrial oils. The main 

sources of pyrogenic PAHs recorded in India include 
the combustion of solid fuels (such as coal and bio-
mass), diesel, industrial pollutants and vehicle emis-
sions. Vehicle and industrial emissions from using 
diesel, fossil fuels and biomass as energy sources for 
various activities dominate this list.

In India, the estimated CDI of inhaled PAHs in 
adults is higher than in children. Estimated CDI are 
less than 1  µg BaP/kg/day (1 × 10–3  mg/kg/day), 
which may pose CR of 7.3 × 10–3 (USEPA 2017). 
According to the CDI, the northern region is more 
likely to have a potentially greater CR for humans 
than other regions, with H-PAH as the main contribu-
tor. The CR to human adults and children caused by 
atmospheric PAHs varied from very low (L-PAH) to 
low (H-PAH) for the Indian population. The Indian 
government has taken several measures to reduce 
air pollution (MoEFCC, 2019). These approaches 
include switching over industries and coal based 
power plants to gasoline, enforcing strict regulations 
on industrial emissions, and reducing the amount of 
benzene in gasoline.
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