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Abstract Polycyclic aromatic hydrocarbons (PAHs) associat-
ed with the inhalable fraction of particulate matter were deter-
mined for 1 year (2009–2010) at a school site located in
proximity of industrial and heavy traffic roads in Delhi, India.
PM10 (aerodynamic diameter ≤10 μm) levels were ∼11.6
times the World Health Organization standard. Vehicular
(59.5 %) and coal combustion (40.5 %) sources accounted
for the high levels of PAHs (range 38.1–217.3 ng m−3) with
four- and five-ring PAHs having ∼80 % contribution. Total
PAHs were dominated by carcinogenic species (∼75 %) and
B[a]P equivalent concentrations indicated highest exposure
risks during winter. Extremely high daily inhalation expo-
sure of PAHs was observed during winter (439.43 ng day−1)
followed by monsoon (232.59 ng day−1) and summer
(171.08 ng day−1). Daily inhalation exposure of PAHs to
school children during a day exhibited the trend school
hours>commuting to school>resting period in all the sea-
sons. Vehicular source contributions to daily PAH levels
were significantly correlated (r=0.94, p<0.001) with the
daily inhalation exposure level of school children. A con-
servative estimate of ∼11 excess cancer cases in children
during childhood due to inhalation exposure of PAHs has
been made for Delhi.
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Introduction

Children represent the largest subgroup of the population
susceptible to adverse health effects of air pollution
(Dockery et al. 2005).Chronic exposure to outdoor air pol-
lution is associated with increased respiratory symptoms in
children (Hoek et al. 2012) along with respiratory hospital
admissions, school and kindergarten absences, reduced
lung function, and increased medication use in children
with asthma (American Thoracic Society 1996). Children
have a higher rate of ventilation per minute, spend more
time outdoors than adults, and therefore have increased
exposure to outdoor air pollution (Tuntawiroon et al.
2007). Epidemiological and experimental data indicate in-
creased cancer risks following childhood exposure to car-
cinogens as compared with exposure occurring at a mature
age because of the significant amount of time after exposure
at childhood for the possible manifestation of resultant
health effects later in life (Anderson et al. 2000).

Of the various constituents of ambient particulate matter
contributing to health concerns, polycyclic aromatic hydro-
carbons (PAHs) are among the most ubiquitous combustion-
derived organic contaminants. PAHs are known for their
carcinogenic, mutagenic, and teratogenic effects on organ-
isms (Perera 1997). Various adverse health effects such as
decline of lung function, retardation of growth in infants, and
delay in child's neurodevelopment from prenatal exposure
have been reported among children residing near a known
PAH source (Northridge et al. 1999; Dejmek et al. 2000;
Perera et al. 2006).

Outdoor air quality ranks sixth among various risk factors
in South Asia (including India, Pakistan, Bangladesh, and Sri
Lanka) according to Lancet’s 2010 Global Burden of
Disease (Lim et al. 2012). The World Health Organization
(WHO) has declared 1,68,601 deaths attributable to outdoor
air pollution in 2008 as against 1,40,937 in 2004 in India,
which is second to China. However, in children under
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5 years, India ranks first in number of deaths attributable to
outdoor air pollution during 2004 and 2008. Delhi, the
capital of India, is one of the worst affected cities in terms
of air pollution. A recent study has estimated an excess
mortality of ∼10,500 persons/year due to air pollution in
Delhi (Gurjar et al. 2010) while the incidence of respiratory
ailments in the city is known to be as high as 12 times the
national average (Pandey et al. 2005). Alarmingly, according
to the Harvard International Review, two out of every five
residents of Delhi suffer from a respiratory disease (Sequeira
2008). Despite the awareness, there has been comparatively
little work done in estimating the effect of school location
and exposure during commuting to and from the school on
child health, with most of the studies focusing instead on
residential locations (Rickwood and Knight 2009).

In light of the above, the present study seeks to assess the
potential health risks of exposure to carcinogenic air pollut-
ants in children studying in a school located in close prox-
imity of an industrial area and high traffic roads in Delhi,
India.

Materials and methods

Study area

Delhi (28°24′E to 28°53′E, 76°20′N to 77°20′N; mean ele-
vation ∼216 m a.m.s.l.) is spread over an area of 1,483 km2.
It is the most populous metropolis in India with a population
of around 17 million and also has the highest population
density of 11,297 persons per square kilometer in India
(Census 2011). The region is characterized by semi-arid
climate, with intensely hot summers (monthly mean temper-
atures of 32–34 °C in May–June) and cold winters (monthly
mean temperatures of 12–14 °C in December–January). The
mean annual rainfall is 714 mm, of which around 80 % is
received during the monsoon months (July to October). Low
temperatures, ground-based temperature inversions, and
calm atmospheric conditions are a regular feature of winters
in the region that restricts the mixing height to low levels that
in turn impedes pollutant dispersion. The predominant wind
direction is from the north and northwest except during the
monsoon season that is characterized by easterly or south-
easterly winds.

Delhi houses around 155,000 industrial units in 32 indus-
trial estates or flatted factories complex. The vehicular pop-
ulation of Delhi (6.9 million) is the highest in India and has
grown at a rate of 105 % between 2000–2001 and 2010–
2011 with an average annual increase of approximately
7.3 % from 2008–2009 to 2010–2011. In addition to indus-
trial and vehicular sources, air quality in Delhi is faced with
challenges from emissions from two coal-based power plants
(Badarpur thermal power station, 720 MW; and Rajghat

power station, 135 MW). It also houses four gas-based
power plants [Pragati Bawana combined cycle gas turbine
(CCGT) power station, 1,000 MW; Indraprastha (Delhi)
CCGT power station, 282 MW; Pragati CCGT power sta-
tion, 330 MW; and Rithala CCGT power station, 108 MW].
Liquefied petroleum gas (LPG)/piped natural gas (PNG) is
the most commonly used cooking fuel (82.7 %) followed by
kerosene (6.4 %) and biomass (7.2 %) in households of Delhi
(Census 2011). Another anthropogenic source includes burn-
ing of wood, charcoal, kerosene, cow dung, paper, or other
solid wastes by population dwelling in the city slums (∼3.6
million) to keep themselves warm during cold winter nights
and for cooking (Ganguly et al. 2006). A recent study by Sahu
et al. (2011) estimated 34 %, 29 %, 26 %, and 11 % relative
contributions from residential, transport, industry, and power
sectors, respectively, to PM10 emissions (excluding road dust)
in 2010 in the National Capital Region of Delhi.

Sampling site

Location of the sampling site is shown in Fig. 1. Sampling
was carried out on the rooftop (∼12 m from the ground) of
Kulachi Hansraj Model School, Ashok Vihar Phase-1 in
North Delhi. This particular campus houses the primary
section (classes I–VI) and the “Manovikas Kendra”, a center
for children with special needs, of the school. In the imme-
diate proximity of the school is a residential colony.
However, the school lies just ∼400 m south east of Wazirpur
Industrial Area which is one of the major industrial estates in
Delhi that houses activities such as pickling, annealing and re-
rolling of stainless steel sheets, electroplating, steel fabrica-
tion, dyeing, rubber and plastic goods manufacturing, copper
and brass sheets with casting and melting, re-treading of tires,
automobile spare part manufacturing, metal casting, etc.
Additionally, Mangolpuri Industrial Area, Lawrence Road
Industrial Area, Badli Industrial Area, Jahangirpuri Industrial
Area, and Dr Lohia Industrial Area are present within a radius
of about ∼7 km. The heavy-traffic ring road (∼600 m) and the
grand trunk road (∼1.2 km) pass nearby the sampling site.

Sampling protocol

PM10 samples were collected at the site for a period of 1 year
(December 2009–November 2010). The sampling frequency
was once a week and sampling duration for each sample was
24 h. A number of samples were lost due to logistical
problems such as electrical failure and blower malfunction.
A total of 38 samples were collected over the course of this
study. PM10 was trapped on Whatman GF/A (8″×10″) glass
fiber filters (GFFs) (precombusted at 450 °C for 12 h) using
high-volume samplers (Respirable Dust Sampler, Model
NPM-HVS/R; Netel India Ltd.) having a constant flow rate
of 1.2 m3 min−1. The combination of high volume sampling
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with GFFs has been used widely for estimation of particulate
PAHs (Delgado-Saborit et al. 2010; Tan et al. 2006). Filters
were transported to and from the field in sealed polyethylene
bags and were desiccated for 48 h before and after use. Utmost
care was taken to avoid handling losses. PM10 loads were
determined gravimetrically by weighing the filters twice in a
microbalance (sensitivity of 0.0001 g, Model AE163; Mettler,
Switzerland) after proper conditioning. Samples were stored
in a refrigerator (4 °C) until chemical analysis.

Chemicals and reagents

Standard mixture containing 16 PAHs (16 compounds
specified in EPA Method 610) and deuterated PAHs inter-
nal standard mixture (naphthalene-d8, acenaphthene-d10,
phenanthrene-d10, chrysene-d12, and perylene-d12) were
procured from Supelco (Bellefonte, PA, USA). All solvents
(toluene, n-hexane, and acetonitrile) were purchased from
Merck (India) Ltd. and were of high-performance liquid
chromatography (HPLC) grade. Water used in the analyses
was high-purity deionized water (18.2 MΩ cm−1) taken
from the Milli-Q system (Millipore, USA).

PAHs determination

Analysis of PAHs was carried out based on the protocol
described in Sarkar et al. (2010). Briefly, PAHs were
extracted using ultrasonication with toluene as solvent
(Sonicator 3000; Misonix Inc., USA) and were subsequently

concentrated to 0.5–2 ml by rotary evaporation (Büchi
rotavapor, Switzerland). This was followed by silica gel
column cleanup and final analysis using a HPLC system
(Model 510; Waters, USA) equipped with a tunable absor-
bance UV detector (254 nm) and a PAH C18 column (4.6-
mm×250 mm, particle size 5 μm;Waters). Quantification of
PAHs was done by internal calibration method and their
identification was carried out by comparing their retention
times with those of analytical standards. Filters were spiked
with internal standard solution prior to extraction in order to
check procedural performance and matrix effects. Surrogate
compounds were represented for the analyses as follows:
phenanthrene-d10 for fluoranthene (Flan) and pyrene (Pyr),
chrysene-d12 for benz[a]anthracene (B[a]A) and chrysene
(Chry), perylene-d12 for benz[b]fluoranthene (B[b]F), benz
[k]fluoranthene (B[k]F), benz[a]pyrene (B[a]P), dibenz[a,h]
anthracene (DB[ah]A), benz[ghi]perylene (B[ghi]P), and in-
deno[1,2,3-cd]pyrene (IP).

Although all of the 16 US EPA priority PAHs were ana-
lyzed, the low molecular weight species (two- and three-
ring) were not considered for calculating total PAHs, diag-
nostic ratios, source apportionment by principal component
analysis–multiple linear regression (PCA–MLR), and risk
assessment. The high volatility of these PAHs and the use
of high volume sampling might impose uncertainties in the
measured concentrations.

The focus of the present study rests on addressing the
particulate mass fraction of PAHs and the associated health
risks. The two- and three-ring PAHs are known to exist

Fig. 1 Map showing the
sampling site in Delhi
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almost exclusively in the gaseous phase in the atmosphere
while a considerable fraction of the four-ring PAHs are also
known to partition to the gaseous phase (Finlayson-Pitts and
Pitts 2000; Masih et al. 2012). The five- and six-ring PAHs,
on the other hand, are known to exist predominantly in the
particulate phase in the ambient air. Estimation of particulate
PAH fractions is important because high molecular weight
PAHs associated with particles are known to possess higher
toxic equivalence factors and are widely regarded as carci-
nogenic and/or mutagenic (Xue and Warshawsky 2005).
Studies have shown that inflammatory reactions due to par-
ticles in lung tissues are likely to increase the carcinogenicity
of PAHs associated with inhaled particulates (Bonn and
Driscoll 1996). It must, however, be mentioned at this point
that PAH levels reported in this study correspond to their
particulate mass fractions only and are not representative of
their total atmospheric levels. It is noteworthy that the gas-
eous fractions of these PAHs contribute to an additional
health risk which is not addressed here. Besides gas–particle
partitioning, the study is also limited to some extent by the
fact that same total PAH levels but under different conditions
(temperature, nature of aerosol matrix, etc.) might lead to a
different phase equilibrium and, therefore, a different risk.

Analytical quality control

The HPLC system was periodically calibrated using at least
five standards covering the range of concentrations encoun-
tered in ambient air work. The calibration curves were linear
in the concentration range with linear regression coefficients
(R2) >0.99 for linear least-squares fit of data. Samples were
analyzed in triplicates (RSD<10 %) to ensure precision.
Field blanks (around 10 % of total number of samples) and
reagent blanks (one for each batch of samples) were analyzed
to determine analytical bias. PAHs in blank samples were
<2 % of real sample concentrations. Detection limits (3σ) of
analyzed PAHs varied from 0.01 to 0.11 ng m−3 while their
recoveries ranged from 77 to 94 %.

Results and discussion

Levels and profiles of PM10-bound PAHs

Mean annual concentration of PM10 at the study site was
222.2±111.3 μg m−3. The observed value is ∼3.8 times the
Indian National Ambient Air Quality Standard (NAAQS) of
60 μg m−3 (MoEF 2009) and ∼11.6 times the WHO air
quality standard (20 μg m−3) for PM10. The 24 h PM10

standard by NAAQS (100 μg m−3) and WHO (50 μg m−3)
were exceeded on all the sampling days. Seasonal variation
of PM10 at the study site was statistically significant
(ANOVA, F=3.6, p<0.05) with highest mean concentration

in the summer followed by winter and monsoon. High con-
centration of PM10 in summers can be explained by the
frequent occurrence of dust storms in Delhi, carrying ap-
proximately 500–800 tons per square mile of coarse partic-
ulates from the Thar Desert into Delhi (Khillare and Sarkar
2012). Crustal resuspension during the hot dry season is also
responsible for the elevated summertime PM10 levels in
Delhi. Wintertime concentrations, though not significantly
different (p=0.11) from summertime PM10 concentrations,
exhibit high levels because of the lower mixing height of the
atmosphere along with relatively calm atmospheric condi-
tions. The monsoon season, marked by high humidity and
precipitation scavenging, is expected to record lower ambi-
ent PM10 concentrations.

Individual concentrations of the studied PAHs are provid-
ed in Table 1. The annual mean of Σ10PAHs (the sum of
four-, five-, and six-ring PAHs among the 16 USEPA priority
PAHs) at the study site was 103.3±50.4 ng m−3 with a range
of 38.1–217.3 ng m−3. The observed value is found to be an
order of magnitude higher than the ones reported from
European countries (Saarnio et al. 2008), South America
(Quiteiro et al. 2007; Mugica et al. 2010), USA (Park et al.
2002), and UK (Lee and Jones 1999). Chinese studies (Wang
et al. 2008; Shi et al. 2009) have reported higher concentra-
tion of PAHs, and comparable levels have been reported
from Turkey (Akyüz and Çabuk 2009). Overall, it has also
been reported that India ranks second to China in terms of
PAH emissions (90 Gg/year in 2004) and high emission of
PAHs from Indian cities has been attributed to rapid growths
of population and economy, and less energy utilization effi-
ciency (Zhang and Tao 2009).

Winter time PAHs at the study site was significantly
higher (F=63.37, p<0.001) than monsoon and summer time
concentrations (Fig. 2). Figure 3 shows the monthly varia-
tion of PAH concentrations at the site along with monthly
mean temperatures observed during the study period.
Average winter time PAHs concentration was ∼2.6 and ∼2
times higher than those observed during summer and mon-
soon months, respectively. Summer and monsoon levels of
PAHs did not exhibit significant differences (p=0.16).
Higher concentration of organic pollutants in winter period
is associated with lower ambient temperature, slower rate of
photolysis, and lower dispersion (Li et al. 2006; Caricchia
et al. 1999). PAH emission from vehicles is also reported to
be higher during the winter because of low ambient tem-
perature and increased cold start impacts (Ludykar et al.
1999). Traffic congestion, rampant in Delhi, especially
during winters due to poor visibility resulting from fog
and haze, is also reported to be responsible for increased
level of PAHs in the winter time atmosphere (Rajput and
Lakhani 2010). Wintertime space heating is not very con-
spicuous in Delhi; instead, biomass and wood burning in
suburban and slum areas is usually observed. Summer
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concentrations are influenced by high temperature, high
rate of photolysis, better dispersion, and gas–particle
partitioning. Humidity and precipitation play a scavenging
role during the monsoon period. However, sparse precipi-
tation during the monsoon might have resulted in higher
mean concentration during the season than summer.

The five-ring PAHs that include B[b]F, B[k]F, B[a]P, and
DB[ah]A accounted for ∼42 % of theΣ10PAHs followed by
four-ring PAHs (Flan, Pyr, B[a]A, and Chry) accounting
for ∼38 % and six-ring (B[ghi]P and IP) PAHs accounting
for ∼19 % (Fig. 4).

Sources of PAHs

PAH isomer diagnostic ratios

Characteristic PAH isomer ratios have been used to distin-
guish and trace source types of PAHs in the environment.
The observed PAH isomer ratios along with the correspond-
ing source signatures from published literature are provided
in Table 2. B[a]A/B[a]A+Chry ratio indicated towards com-
bustion sources of PAHs. Flan/Flan+Pyr ratio indicated coal

or wood combustion. Ratios of IP/B[ghi]P and IP/IP+B[ghi]P
indicated gasoline emissions from vehicular sources. B[a]
A/Chry ratio suggested coal or coke combustion while B[b]
F/B[k]F ratios indicated vehicular emissions. B[a]P/B[ghi]P
ratio indicated a coal combustion source of PAHs. Overall,
PAH isomer diagnostic ratios indicated vehicular and coal
combustion as the source of PAHs at the study site.

Principal component analysis

Principal component analysis coupled with multiple linear
regression (PCA–MLR) performed with SPSS 14 was used
to identify and quantify sources of PAHs. Details of the
PCA–MLR procedure can be found in Larsen and Baker
(2003). The results are shown in Table 3.

Seventy-five percent of the variance in the data was
explained by two components. PC1 was loaded with
B[a]A, B[b]F, B[k]F, B[a]P, DB[ah]A, B[ghi]P, and IP.
PC1 was assigned to vehicular sources since high loadings
of B[a]A, DB[ah]A, B[ghi]P, and IP have been associated
with gasoline emissions (Guo et al. 2003) while B[b]F and
B[k]F are known to be markers of diesel emissions (Khalili
et al. 1995). Vehicular traffic impacts at the site is evident by
its immediate proximity (∼600 m northwest) to the high-
traffic inner ring road. The two ring roads (outer and inner)
carry a major portion of traffic movements in Delhi and
surround the study site in north and northwestern directions.
Several studies have concluded that there is a pollution
gradient trend with respect to distances from major roads
(Beckerman et al. 2008). Particularly for particles, levels in
upwind sites are known to drop off to background levels
within 100 m whereas the same does not equate with the
background levels until 300–800 m downwind (Zhou and
Levy 2009; Reponen et al. 2003). In this context, it is
important to mention that around 55 % of Delhi's population
lives within 50 m of major roads and is exposed most to high
air pollution levels (Rajarathnam et al. 2011). PC2 was
loaded with Flan, Pyr, and Chry that are tracers of coal
combustion (Khalili et al. 1995) possibly originating from
domestic coal combustion in surrounding low income group
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residential colonies and JJ clusters (shack settlements that
have the attributes of sub-standard housing, unsanitary condi-
tions, and poverty of the slums but are not notified under the
Slum Areas Act are called JJ clusters; abbreviated colloquial
Hindi term Jhuggi jhopdi) of Pitampura, Azadpur, Shakurpur,
and Wazirpur. It is worth mentioning that Delhi houses ∼2.8,
3.6, and 2.4 million people in JJ clusters, slums, and re-
settlement colonies, respectively, as of 2011 (Planning
Department 2011), and coal/coke combustion is rampant in
these areas for domestic cooking as is winter time heating by
wood and biomass combustion. These PAH tracers could also
be sourced from coal combustion in small-scale boilers used
in industrial units ofWazirpur Industrial Area that is located in
close proximity to the sampling site.

The PCA–MLR model apportioned the following annual
percentage contributions of the identified sources to∑10PAHs:
vehicular emissions, 59.5 %; and coal combustion, 40.5 %.
Observed and model-predicted ∑10PAHs agreed strongly
(R2=0.994), indicating that the variations in the PAHs level
were very well explained by the apportioned sources (Fig. 5).

Time evolution of source contributions (ngm−3) toΣ10PAHs is
shown in Fig. 6.

Health risk assessment

Carcinogenic PAHs

The International Agency for Research on Cancer (IARC)
has classified seven PAHs as human carcinogens (group 1)
and probable and possible human carcinogens (group 2A
and 2B) (IARC 2012). These include B[a]A, Chry, B[b]F,
B[k]F, B[a]P, DB[ah]A, and IP. The sum of these seven
PAHs (Σ7PAHs) at the site was 77.5±38.6 ng m−3 (annual
mean) while mean contribution of Σ7PAHs to Σ10PAHs was
∼75 %. Σ7PAHs were highly correlated (r=0.96, p<0.001)
to Σ10PAHs suggesting that Σ10PAH distributions at the
study site were heavily influenced by the distribution of
carcinogenic PAHs. Importantly, the overall exposure to
carcinogenic compounds in atmosphere is also increased by
aromatic ketones and quinones, often more carcinogenic
than the parent PAHs, produced by atmospheric photooxida-
tion and/or photolysis of PAHs (Saarnio et al. 2008).

B[a]P equivalents

B[a]P equivalent concentrations of a mixture of PAHs is useful
in assessing carcinogenic risk from exposure to PAHs. Toxic
equivalent factors (TEF) for each of PAHs, with respect to
B[a]P, themost potent human carcinogen, developed byNisbet
and LaGoy (1992) have been used to calculate the B[a]P
equivalent concentrations as follows:B[a]Peq=ΣiCi*TEF i;
where Ci is the concentration of ith species

The mean annual B[a]Peq concentration at the site was
found to be 30.8±16 ng m−3. This implies a potentially strong
exposure to the children when compared with B[a]P levels of
0.99, 2.13, 1.29, 2.48, and 6.27 ng m−3 from provinces of
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Table 2 Diagnostic ratios of PAHs observed at the study site along with corresponding source signatures obtained from existing literature

PAH diagnostic ratio Observed value Literature values

B[a]A/B[a]A+Chry 0.61±0.05 Petroleum (<0.2)a, petroleum/combustion (0.2–0.35)a, combustion (>0.35)a

Flan/Flan+Pyr 0.53±0.07 Petroleum (<0.4)a, gasoline (0.4)b, coal/wood (>0.5)a

IP/IP+B[ghi]P 0.30±0.12 Gasoline (0.22)c, diesel (0.5)c, petroleum (1.3)c

B[a]A/Chry 1.61±0.38 Vehicles (0.53)d, smelters (0.6)d, wood (0.79)d, coal/coke (1.11)d

IP/B[ghi]P 0.48±0.32 Wood (0.29)d, gasoline (0.4)e, diesel (1)e, coal/coke (1.09)d

B[b]F/B[k]F 1.43±0.49 Wood (0.92)d, vehicles (1.26)d, smelters (2.69)d, coal/coke (3.7)d

B[a]P/B[ghi]P 1.10±0.51 Vehicles (0.3–0.78)d, coal (0.9–6.6)d

a Yunker et al. 2002
b Simcik et al. 1999
c Yassaa et al. 2001
d Dickhut et al. 2000
e Caricchia et al. 1999
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Thailand, Bangkok, Nagasaki, Rome, and Copenhagen, re-
spectively (Pengchai et al. 2009; Norramit et al. 2005; Wada
et al. 2001; Menichini et al. 1999; Nielsen et al. 1996).

Additionally, the relative potency factor (RPF) approach,
as given by USEPA (2010), was applied to calculate the
B[a]Peq concentrations as follows:

E ¼ ΣRPFiCi þ X

where E is the benzo[a]pyrene equivalent exposure
presented by the mixture, RPFi is the relative potency factor
of the ith PAH detected in the mixture, Ci is the dose or
concentration of the ith PAH detected in the mixture, and X is
the dose or concentration of benzo[a]pyrene in the mixture.

B[a]Peq concentrations by the RPF method was found to be
165.7±118.1 ng m−3 which is more than five times the value

deduced from the approach adopted by Nisbet and LaGoy
(1992). Therefore, in order to have a conservative estimate of
B[a]Peq concentrations, the values obtained by using TEF
values of Nisbet and LaGoy (1992) were subsequently used
for calculating daily exposure levels and health risk assessment.

Mutagenicity of individual PAHs relative to B[a]P has
also been assessed using the mutagenic equivalency factor
(MEF) (Durant et al. 1996, 1999; Jung et al. 2010).
Mutagenic activity may have implications for other non-
cancerous adverse health effects, such as pulmonary dis-
eases, if not always cancer (Zeiger 2001; DeMarini et al.
2004). B[a]P-MEQ (mutagenic equivalents, ng m−3) for the
sum of nonvolatile PAHs (∑8PAH; molecular weight ≥ 228)
were calculated by multiplying the concentrations of each
PAH with its MEF relative to B[a]P as follows:

B a½ �P�MEQð Þ∑8PAH ¼ B a½ �Að Þ � 0:082þ Chryð Þ � 0:017þ B b½ �Fð Þ � 0:25þ B k½ �Fð Þ � 0:11þ B a½ �Pð Þ � 1
þ IPð Þ � 0:31 þ D ah½ �Að Þ � 0:29 þ B ghi½ �Pð Þ � 0:19

The B[a]P-MEQ∑8PAH at the site was 26.4±11.9 ng m−3.
B[a]P equivalent concentrations through both TEF and MEF
approach exhibit exposure risks in the seasonal order of
winter>monsoon>summer at the study site. Similar trend of
higher B[a]P equivalent PAH exposure in heating period
rather than non-heating period has been reported in young
children of New York city (Jung et al. 2010).

Occupancy probability and daily exposure level in children

This section describes a simplified PAH inhalation exposure
risk model for children in the study area by using a quanti-
tative risk assessment method for PAHs based on B[a]Peq

concentrations. Occupancy probability (OP), as described by
Chen and Liao (2006) for estimating daily PAHs exposure in
a particular setting for infants, children, and adults of
Taiwan, was used to quantify the likelihood of the time spent
by children in a specific setting during a day. Briefly, the 24-
h period was divided into five time intervals as j=1 (spent in
home), 2 (spent in commuting), 3 (spent in school), 4 (spent
in commuting), and 5 (spent in home) representing the time
periods from 00:00 to 07:00, 07:00–09:00, 09:00–17:00,
17:00–19:00, and 19:00–24:00, respectively. Daily exposure
level through inhalation (EI) for children can be calculated as
summation of daily exposure levels in various settings ( j=1,
2, 3, 4, and 5) in which children spent the entire day. The
formula takes into account the B[a]Peq concentrations asso-
ciated with an age-specific inhalation rate in a particular
setting and occupancy time. It can thus be represented as
follows:

EI ¼ ∑OP j � a � Cð Þ � 1=24 � OT j

� � � IR j

where EI is the daily exposure level for inhalation, a=1.5 is
the average PAHs indoor/outdoor (I/O) ratio, OPj is the OP
value in the jth time interval ( j = 1, 2, 3, 4, and 5), C is the
mean B[a]Peq concentration (ng m−3), OTj is the occupancy
time for the jth time interval (h), and IRj is the inhalation rate
in the jth time interval (m3 day−1) when j=1 and 5 are the
resting activity and j=2, 3, and 4 are the active activity. Due
to the absence of measured indoor PAH concentrations in the
present study, we considered I/O ratios from published liter-
ature. It was found that PAH I/O ratios vary considerably
between geographical locations with reported values of 0.9
for Boston, USA (Levy et al. 2003); 1.2 for Taipei, Taiwan

Table 3 Results of
principal component
analysis of PAHs at the
study site

Loadings of ≥0.5 are
shown. Extraction
method: principal com-
ponent analysis. Rota-
tion method: varimax
with Kaiser normaliza-
tion. Rotation con-
verged in three iterations

PAH species Principal components

PC1 PC2

Flan 0.93

Pyr 0.97

B[a]A 0.72

Chry 0.53 0.66

B[b]F 0.72

B[k]F 0.83

B[a]P 0.65

D[ah]A 0.9

B[ghi]P 0.57

IP 0.84

Eigen values 4.29 3.16

% of variance 42.92 31.58

Cumulative % 42.92 74.5
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(Li and Ro 2000); 1.3 for Hangzhou, China (Liu et al. 2001);
1.9 for Houston, USA (Naumova et al. 2002); and 3.4 for
Los Angeles, USA (Naumova et al. 2002). In order to ensure
that the chosen PAH I/O ratio is representative of the present
study, we decided to adopt the value of 1.5 reported byMasih
et al. (2010, 2012) from Agra, a city at a distance of ∼250 km
from Delhi in northern India with a similar climate and PAH
emission pattern as Delhi.

The daily inhalation exposure level in children during
school hours, commuting time, and resting time in home
was calculated to be 283.93 ng day−1 (Table 4). The inhala-
tion exposure levels during school hours was the highest
followed by the same during commuting from school to
home. The least exposure was found during resting time in
home. The trend is explained by greater susceptibility of
children to combustion-related pollutants because they
spend more time outside, where combustion sources are
generally higher (Schwartz 2004). Interestingly, since India
is a tropical country, most of the buildings are naturally
ventilated and their air exchange rates are higher than

heating, ventilation, and air conditioning (HVAC)-equipped
buildings, resulting in a significant impact of outdoor air on
indoor air quality (Kolokotroni et al. 2002). In the apparent
absence of any indoor PAH sources, outdoor concentrations
and in turn air exchange rates (that are specific for infiltration
and natural ventilation pathways) play a key role in assessing
PAH exposure. In this context, Zhou and Zhao (2012) re-
ported a median contribution of 78 % by outdoor sources to
indoor PAH exposure in the overall population of Beijing,
China. Moreover, Goyal and Khare (2011) have concluded
that a higher indoor level of PM10 in a school located near
high traffic roads in Delhi is due to prevalent natural venti-
lation in Indian schools/buildings and higher ambient out-
door concentrations. They also attributed the high concen-
tration of indoor PM10 to occupant activities in the school
premises. A school environment is marked by intense indoor
activities and movements of school children resulting into
resuspension or delayed deposition of PM10. Similarly, me-
chanical and aero-electrical forces from human activities
have been shown to incur significant resuspension in indoor
environment (Hu et al. 2007). Furthermore, a study by
Chithra and Shiva Nagendra (2012) indicated that school
location and building ventilation rate in Indian schools as
well as other factors such as high population density in
schools, unlike offices and homes, and the associated indoor
classroom activities are reasons for poor indoor air quality in
a school in Chennai, India. However, it is important to
quantify the air exchange rates and have extensive informa-
tion on ventilation rates in Indian schools, having predomi-
nant natural ventilation.

Commuting to and from the school has been correlated
with not only a rush hour traffic peak but also a generally
lower mixing height that inhibits pollution dispersion in the
morning hours leading to highest exposures to traffic-related
air pollution during the morning walk/ride to school (Spira-

y = 0.994x + 0.6191
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Cohen et al. 2010). Studies have also shown appreciable
association of traffic-generated particulate matter air pollution
and both personal and indoor pollutant exposure (Koistinen
et al. 2001; Lanki et al. 2007; Baxter et al. 2007). In this
context, the present study has apportioned vehicular emissions
as the major source of observed PAH levels. Interestingly,
vehicular source contributions exhibited excellent association
(r=0.94, p<0.001) with daily inhalation exposure levels in
school children. This strongly supports our previous hypoth-
esis that vehicular emission is the chief source of PAHs
inhalation exposure for school children. The two ring roads
in Delhi, outer ring road (ORR) and ring road (RR), carrying
heavy traffic lie in close proximity to the study site. Portions of
these roads adjacent to the study site have a number of
congested intersections due to very heavy traffic on ORR
and RR (Delhi Govt. 2012). The disproportionate growth of
vehicles and available road network has resulted in heavy
traffic congestions in Delhi in recent years (Planning
Department 2008). Also, Kumar and Tyagi (2006) have re-
ported that markers of vehicular emissions such as benzene
and toluene register high concentrations in the morning and
evening peak periods than the noon lean period in Delhi.

Foster and Kumar (2011) have observed that although
radical interventions to improve the air quality of Delhi
resulted in considerable improvements in respiratory
health of its citizens, the effect varied significantly by
gender, income, and, most importantly, from a causal point
of view among those individuals who spend a dispropor-
tionate share of their time out-of-doors, such as school
children. However, it is important to note that health haz-
ards posed by various sources such as vehicular pollution
are born disproportionately by children attending certain
schools based on the location of the school (Rickwood and
Knight 2009).

Seasonal differences in daily exposure level of total PAHs
in school children were characterized by extremely high
exposure levels during winters (439.43 ng day−1) followed
by monsoon (232.59 ng day−1) and summer (171.08 ng-
day−1). However, the contribution during school hours, com-
muting time, and resting time in home to daily exposure level
exhibited the same trend in all the seasons as exhibited in the
mean annual levels. Similar highest winter time exposure
levels to PM10, PM2.5, and PM1 in school children have been
reported by Goyal and Khare (2011). Chithra and Shiva
Nagendra (2012) also reported poorest indoor air quality
during winter in classrooms.

Incremental lifetime cancer risk (ILCR) for inhalation
in children

ILCR was calculated for the school children of Delhi with
the observed mean daily exposure level of all the seasons
(283.93 ng day−1). T
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ILCR for inhalation exposure in children was calculated
as follows:

R ¼ EI � CSF � BW=70ð Þð Þ1=3 � EF � ED
� ��

= BW � ATð Þ � 1=CFð Þ

where R is the incremental individual lifetime cancer risk, EI

is the daily exposure level for inhalation (ng day−1), CSF is
the inhalation carcinogenic slope factor (mg kg−1 day−1)−1,
EF is the exposure frequency (day year−1), ED is the expo-
sure duration (14 years for children), AT is the averaging
time for carcinogens (day), BW is the body weight (kg), and
CF is the conversion factor (10−6) (Chen and Liao 2006).

The estimated ILCR for inhalation exposure of PAHs in
school-going children was found to be 3.18×10−6. ILCR be-
tween 10−6 and 10−4 indicates potential risk. The value of ILCR
in the present study fell within the range of 10−6–10−5, being
higher than the acceptable risk level (10−6) and lower than the
priority risk level (10−4). This risk transforms into ∼11 extra
cancer cases every year in school children of Delhi (calculated
by multiplying individual ICRs by Delhi’s school children
population, i.e., 3.5 million; Planning Department 2011) due
to inhalation exposure to the observed PAHs concentrations
during childhood days. The estimate is considered to be con-
servative because, apart from inhalation, dermal and ingestion
routes are also potential pathways for exposure and consequent
risk in children during childhood days. Further, if the observed
concentrations of PAHs are inhaled by 17 million people of
Delhi for lifetime (70 years), then for a unit risk of 8.7×10−5

(ng m−3)−1 (WHO 2000), an estimated 652 excess cancer cases
due to inhalation exposure of PAHs was calculated as
follows:Annualnumber of cancer cases(persons per million)=
(Unit risk*sum B[a]P*Resident(million)/(Life expectancy)
(Pengchai et al. 2009).

Conclusions

High levels of PM10 and associated PAHs were observed at a
school site located in close proximity of industrial areas and
high traffic roads. Significantly higher wintertime PAHs was
observed. Source apportionment of PAHs indicated vehicular
(59.5 %) and coal combustion (40.5 %). Atmospheric distri-
bution of total PAHs were heavily influenced by the carcino-
genic species and the B[a]P equivalent concentrations,
through both TEF and MEF approach, exhibited highest ex-
posure risks during winter. Extremely high daily inhalation
exposure was observed during winter>monsoon>summer.
Furthermore, exposure during school hours was the highest
in all the seasons followed by same during commuting to
school and least during resting period. Also, good correlation
(r=0.94, p<0.001) between daily vehicular source contribu-
tions to PAHs levels and daily PAHs inhalation exposure

levels in school children pointed towards the risks imposed
by vehicular emissions to school children in commuting to
and from the school. A conservative estimate of ∼11 excess
cancer cases in children during childhood and ∼652 cases for a
lifetime inhalation exposure of PAHs at the observed concen-
tration have been calculated in Delhi.
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