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Chapter 1 Introduction



Chapter 1 Introduction

In the present scenario, due to continuous growth of urbanization and industrialization
processes, the trend of increasing pattern of pollution have been given importance for their
crucial role in the global environment. Pollutants of various form cause diverse health effects on
human. This peril has got attention of various governmental/non-governmental agencies and
other sectors and/or organizations. The economic growth and consumers are responsible for
increasing pollutants of different categories. As far as concerning air pollution, the International
Agency for Research on Cancer (IARC); a cancer agency of the World Health Organization
(WHO), declares outdoor air pollutant as group | carcinogen (IARC, 2013). Although, natural
processes are responsible for negligible amounts of particulate emission but, anthropogenic
activities have a crucial role in the emission of pollutants. In 20™-21% centuries, some air
pollution episodes provide a valuable attention among the civilizations such as Belgium in 1930
(Meuse Valley fog; resulted from industrial pollution and climatic condition), US in 1939 (severe
smog at St. Louis due to coal burning), Los Angles in 1940 (Photochemical smog), US in 1948
(Donora smog, an air inversion phenomena), London in 1952 (Great smog, due to the emission
of sulphur dioxide from coal fired power stations), China in 2013 (dense wave of smog, where

fine particles rose to 1000 pg/m®), India in 2016 (Great smog in Delhi) etc.

Public participation regarding understanding air pollution was raised in most of the
developing and developed countries (Valavanidis et al., 2008). Environmental degradation due to
anthropogenic activities plays an important role in India also. It is also reported that most of the
populations living in urban environment face some diseases (non-communicable diseases).
Vineis et al., (2014) reported a commentary on non-communicable diseases behind the
responsible environmental factors and their impacts on epigenetic over globalization.
Environmental exposures, which have a major contribution on human health, have under-
recognized contribution toward non-communicable diseases too (Norman et al., 2013). Non-
communicable diseases results 60% of all death across the world, where women are more prone
to death (http://www.wecf.eu). 60% of the 31.3% Indian population living in urban areas
suffered from non-communicable diseases such as cardiovascular complications, chronic lung
diseases, stroke, injuries, accidents, cancer and diabetes during the period 2000 to 2012 (WHO,
2014). But, all of these non-communicable diseases are not basically related to environmental

condition in nature. About 8 to 10% cardiovascular diseases have been established to link with



air pollution and occupation (Norman et al., 2013). In India, about 5.8 million inhabitants die
every year due to non-communicable diseases, where one in every four persons is below the age
of 70 years (WHO, 2015). Cardiovascular diseases, due to various factors over the two decades
on the National Capital Region, India have been well reported by Prabhakaran et al., (2017).

The deterioration of environment related to the pollution and global warming are one of
the consequences of climate change. Major evidences of climate change are global warming as a
result of greenhouse effects, temperature rising, sea-level rising, melting of glacier/polar ice
caps, and other drastic changes of weather. The other seasonal events linked with climatic
phenomena such as El Nifio, La Nifia and El Nifio-Southern Oscillation (ENSO) associated with
equatorial pacific have also covered a global history. The Intergovernmental Panel on Climate
Change (IPCC) produces reports on climate that supports the United Nations Framework
Convention on Climate Change (UNFCC). According to the United States Environmental
Protection Agency (US EPA), regarding the greenhouse gases emissions; China contributes the
highest followed by United States, European Union, India, Russia, Japan and the rest of other
countries. Similar trend was also observed for the emission of CO, of the countries from China
to Japan in 2016 (https://www.statista.com). Though various factors contribute the changing
environment, the major global environmental issues which are faced by the civilizations are
related to diverse aspects of climatic phenomena such as pollution, degradation of environment
and resource depletion etc. As far as the Environmental Performance Index (EPI) is concerned in
2016, India ranks 141 with score 53.58 out of the total 180 countries, where Finland ranks first in
this index released at the World Economic Forum. According to the report of the Germanwatch
and Climate Action Network, Europe in 2017; the climate change performance index (CCPI) of

India possesses 20" rank.

In case of air pollution, gases and the particulate matters suspended in various
forms/phases such as solid, liquid etc. play a major role. The distribution of particulate pollutants
in the atmosphere are called aerosol, is defined as suspended particulate matters. These
particulate pollutants may be primary or secondary and cover a broad size ranges (from ultrafine
to super coarse). Secondary particles which are newly formed can be in diameter < 1x107 to 2x
10" um, while re-suspension of dust (coarse dust) and sea salt particles can be > 100 pm. But,
very large particles have short existence in the atmosphere (WHO, 2006). Primary air pollutants
are emitted directly into air from factory (chimney) or the vehicle exhaust pipeline and through

the re-suspension of contaminated dust by wind. But, the secondary air pollutants are formed in
2



the atmosphere itself. Ambient air pollution take place on a spatial scale ranges such as local
(they are encountered only in appreciable concentrations close to the place where they are
emitted, e.g., from specific industrial sources), urban (by vehicular/road traffic), regional (fine
particles, i.e., < 2.5 um which transport long range) and hemispheric/global scale (such as
greenhouse gases). Source wise, a more useful categorization of air pollutants are point sources
(power stations), line sources (road vehicles and railways) and area sources (emissions from
boilers). The emissions of particulate pollutants are related to the industrialization and vehicular

transportations in urban areas.

The ambient (outdoor) particulate matters (PMs) ranges from 0.001 to 100 pm in
aerodynamic diameter, where the deposition pattern of particulate matters is different according
to their size ranges such as nuclei mode (< 0.1 pum), accumulation mode (between 0.1 and 1.0-2.5
pm) and coarse mode (> 1.0 to 100 um) respectively (Brook et al., 2003). The size segregated
aerosols which can also be fractionated into fine (< 2.5 um) and coarse particles (> 2.5 pm), can
help in inference of emission sources and relative impacts on environment. In general, complex
burning or combustion processes (fossil fuel, wastes and biomass burning) and industrial
activities are responsible for the emission of fine particles whereas, mechanical processes govern
coarser particles (Pant et al., 2016). It is believed that inhalation of fine fraction of aerosol (< 2.5
pm or PM35s) is responsible for cardiopulmonary effects (Churg & Brauer, 1997; Brook et al.,
2003; Pope & Dockery, 2006). US EPA’s report represents that there are likely causal
relationship between suspended particles with respiratory, cardiovascular morbidity and
mortality (Laden et al., 2000; Russel & Brunekreef, 2009). Inhalable fine particles may travel
deep into lungs whereas coarser particles may deposit on the upper respiratory tract (Lin et al.,
2005). Besides fine and coarse fractions, attention on ultrafine particles (< 0.1 um) and their
exposure issues have been given importance (Lin et al., 2005; Sioutas et al., 2005; Russel &
Brunekreef, 2009; Delfino et al., 2010). Vehicles (mainly diesel operated) are responsible for
emission of ultrafine to fine particles in the urban environment (Shirmohammadi et al., 2016).
Finer particles possess specific higher surface areas and toxicity than the corresponding coarse
particles (Lu et al., 2012).

Air pollutants that are major concern throughout the global scenario are the suspended
particulate matters, NOx, SOx, CO, Os (ground level), polycyclic aromatic hydrocarbons
(PAHS), volatile organic compounds (VOCs), hazardous air pollutants (HAPS) etc. The emission

inventories as well as the air quality guidelines have been updated for the major components of
3



pollutants such as PMs, Oz, NOx (mainly NO;) and SOx (mainly SO;). The outdoor pollutants
are responsible to cause premature deaths due to the exposure of PMj, which cause
carcinogenicity, cardiovascular and respiratory diseases (WHO, 2016). It has also been reported
that PM, 5 are measured widely and routinely in the high-income countries whereas in the middle
and low income countries the measurements are still to be taken (WHO, 2016). In India, the
National Air Quality Monitoring Programme (NAMP), under the Central Pollution Control
Board (CPCB, Government of India) measures the trends and status of ambient air quality in
major town and cities. The four air pollutants namely: PMjy, SPM, SO, and NO; have been
regularly monitoring by NAMP at all the major locations/stations. Again, the National Ambient
Air Quality Standards (NAAQS), under the CPCB (CPCB, 2009; Government of India) sets the
standard levels of 12 major ambient air pollutants regarding industrial, rural, residential,
ecologically sensitive and other areas. According to the NAAQS, the average concentration of
PM, 5 in annual and 24 hr standards are 40 and 60 ug/m3while, in case of PMyg it is 60 and 100
ng/m®. A total of 8 major ambient air pollutants are included in the Air Quality Index (AQI) of
India, which are categorized from good to severe (from 0-50 to 401-500) based on their likely
health impacts.

The US EPA sets NAAQS for six major air pollutants (criteria pollutants), out of which
particulate matters (such as PM;s and PMjo) are one of the major consideration. The important
aspect of aerosol is urban and rural air quality and its associated health impacts. Size of PMs
determines the chemistry of air quality and impacts on human health followed by making
heterogeneous chemistry of mechanism in the environment (EPA, 1996; Seinfeld and Pandis,
1998, 2006). PMs results from short term (e.g. respiratory symptoms, lung inflammatory
disorders, adverse effects on cardiovascular system, hospital admissions, mortality rate and
increase in medication usage etc.) to long term health effects (e.g. reduction in lung function,
increase in chronic obstructive pulmonary diseases, increase in lower respiratory symptoms, life
expectancy reduction etc.) on human throughout the consequences of degradation of
environment (WHO, 2006; Gurjar et al., 2010; Jimoda, 2012). According to the WHO in 2014,
the air quality models reveals that about 92% population of the world lives at places where the
level of air quality exceeds the prescribed limit of the annual mean concentration of PM,5 (10
ng/m®) (WHO, 2016). The carcinogenic nature of pollutants associated with particulate matters

in the size ranges < 2.5 and < 10 um (PM,5 and PMyg) has covered a large chapter in the



chemistry of environment. It is also important to note that, the mechanism of PM,5 and PMyg in

relation to the human health is still unclear in the atmospheric chemistry (Harrison & Yin, 2000).

In case of the investigation of carbonaceous aerosol, particulate samples and their
analyses have been carried out by researchers through various analytical methods/protocols.
Research on carbonaceous species represents a vast diversity in the particulate aerosols, because
they possess the largest fraction of the atmospheric aerosol (Gelencsér, 2005). The total carbon
content (TC) is the composition of organic and elemental carbon (OC and EC). It is important to
note that EC possess minor fractions of TC. As far as the thermal methods are concerned, the
determinations of carbonaceous aerosols have been carried out in major pollution hot-spot cities.
TC can be determined by elemental analysis. In the process of cloud nucleation, there is an
important role of organic aerosol. The thermal method for the measurements of TC and EC was
developed by Cachier et al., (1989), and later it was modified for low level aerosol samples by
Lavanchy et al., (1999). Moreover, some thermal methods/protocols have been applied for the
evaluation of particle bound carbonaceous species by various researchers so far (Megido et al.,
2016).

Carbonaceous aerosols such as OC, EC fall in the classes of major air pollutants of
interest associated with PMs of various form (TSP, PM,s and PM;g) emitted from dust storms,
fuel burning (fossil fuel and biomass), biogenic sources, use of fertilizer and the conversion
processes from gas to particle phases (IARC Monograph, 2016). In urban environment, PAHs
and other carbonaceous pollutants are comparatively higher than rural inhabited area. It has also
been reported that the dominant component of particulate matters emitted from diesel are EC and
OC, whereas the PAHSs can be considered as small quantity of OC emitted from diesel engine but
are carcinogenic in nature (Lima et al., 2005; Ramanathan et al., 2007; Cheung et al., 2009; Bisht
et al., 2015). Although, the carbonaceous materials disturb the earth radiation budget, the EC has
the characteristic of positive radiative forcing by absorbing the incoming solar radiation (Xu et
al., 2013; Panda et al., 2016), whereas the OC has the characteristic of scattering the Sun’s
radiation and responsible for negative radiative forcing which in turn affects the properties of
aerosol and microphysical properties of clouds too (Jones et al., 2005). Although; the emission
sources of carbonaceous components are different with respect to region and site specifications,
but the fossil fuel combustion, incomplete combustion of biomass (such as wood, biogenic
materials etc.) are the major responsible sources. Non-fossil related sources associated with

particulate matters normally exceed 30% if biomass burning is not a responsible factor (Heal,
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2014). The comparative studies of abundances of carbonaceous aerosols (mainly EC and OC
fractions) in urban and residential sites have been conducted by various researchers where,
significant change in concentration with season was observed (Vodicka et al., 2015). The
visibility and the air quality affected by aerosols are also a major concern these days (Kitmal et
al., 2015). Tiwari et al., (2013) and Behera & Sharma (2015) reported that the overall
contribution of carbonaceous aerosol regarding the PM mass possess 20% to 50% in urban

atmosphere.

The chemistry of carbonaceous aerosol associated with particulate matters covers the
global importance due to its crucial role comprising about 20% to 70% of atmospheric
composition, which in turn affects the visibility by forming haze, and also causes environment
heating and adverse health effects. Carbonaceous aerosols originating from man-made activities,
biomass burning and forest fires in the south Asian atmosphere affects the air quality and
climate, which further contributes about 50% of the total suspended particulate matters (TSPM)
over the mid-latitude continental ambient atmosphere (Ram et al., 2008). EC leads aerosol
induced global warming and also responsible for melting the Himalayan glaciers by depositing
over ice/snow packs, while OC (can also be a mixture of organic compounds, e.g., PAHSs,
polychlorinated compounds, di-benzo derivatives/furans etc.), some of which are considerably
carcinogenic in nature (Pachauri et al., 2013; Bisht et al., 2015).

PAHSs or polyarenes and their derivatives represent major classes of organic compounds
(Harvey, 1991). Probably, PAHs are the most widely distributed organic compounds which are
potent carcinogen present in the environment. We expose daily to significant levels of PAHSs in
air we breathe, the food and water that we eat and drink. These ubiquitous compounds present in
nature are thought to be having suspected carcinogenic and mutagenic characteristics (Ravindra
et al., 2006). Determination of PAHSs in the environmental particulate samples have been carried
out for long through the extraction of appropriate organic solvents (by using organic solvents
such as dichloromethane, hexane, acetone etc.) as according to the US EPA prescribed
methods/protocols. After the extraction of PM filters, the observation made for PAHs estimation
through various chromatographic techniques such as GC/MS (Gas Chromatography/ Mass
Spectrometry), GC/FID (Gas Chromatography/ Flame lonization Detector), HPLC (High
Performance Liquid Chromatography) etc. have been well defined so far (Liu et al., 2001; Chang
et al., 2006; Okuda et al., 2006; Liaud et al., 2015; Yan et al., 2015; Alves et al., 2016).



Both the natural and anthropogenic processes are responsible for the emission of PAHSs in
the environment. As far as the natural sources are concerned; volcanic eruptions, forest fires,
erosion from ancient sediments and oil seeps from crude oil are the source contributors (Wang &
Stout, 2010) whereas fossil fuel burning through various activities such as vehicular sources
(diesel and gasoline combustion), industrial activities and coal burning; and biomass burning
(wood burning) are the major anthropogenic sources of PAHs. Again, as according to
temperature and the source of origin, PAHs can be classified into pyrogenic (hydrocarbons
associated with combustion of fossil fuels such as petroleum, coal, coal tar and also from
biomass burning), petrogenic (e.g., hydrocarbons emitted from rock deformation; hydrocarbons
associated with petroleum including fuels, crude oil, lubricants and their derivatives) and
biogenic (biological processes governed by microorganisms, phytoplankton/algae and plants or
digenetic processes) respectively (Boehm, 2010; Wang & Stout, 2010; Stogiannidis & Laane,
2015; Abdel-Shafy & Mansour, 2016).

Spatial and temporal variations of particle phase carbonaceous load and PAHSs have been
carried out by various researchers throughout the globe (Narvéez et al., 2008; Minguillén et al.,
2008), some studies have focused the variation of size segregated particles with sites and season
while some other studies have focused the variation in urban and rural areas respectively. Studies
carried out for spatio-temporal variation of size differentiated particles (PM, s and PMjo) showed
that OC and EC concentration were higher in PMyq (Querol et al., 2008; Salvador et al., 2011).
On the contrary, PM, s was also found to be dominated by organic carbons than PMyg in some
cases (Chow et al., 1998). In most cases, the relative concentration of OC and EC were found to
be higher in urban sites than rural (Chou et al., 2010; Zhang et al., 2012). Cao et al., (2007)
observed the seasonal variation of OC and EC (ng/m®) in summer and winter, and found winter
season to be possessed with higher carbonaceous concentration than summer season. In case of
PAHSs also, efforts have been made to observe the spatial and temporal variation in the major
cities across the world like Zaragoza, Spain (Mastral et al., 2003), Menen, Belgium (Ravindra et
al., 2007), Quito, Ecuador (Brachtl et al., 2009), Mexico City (Thornhill et al., 2008), New York
City (Narvaez et al., 2008). It was observed that the temporal variation of particle phase PAHs
represented seasonal trend (Mastral et al., 2003). In comparison to the total concentration of
PAHSs, the monthly average concentration of PAHSs in the winter months (December, January and
February) was found to be higher (Ravindra et al., 2007). PAHs were observed in different

concentrations with sites along with the significant diurnal variations (Brachtl et al., 2009).
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Spatio-temporal variations of concentration of particulate PAHs (or atmospheric pollutants) not
only represent its sources but also the trend of atmospheric processes that the particles undergo
(Thornhill et al., 2008). Narvéez et al., (2008) observed the spatial distribution of PAHs across
the stationary sites and found decrease in concentration over the time period of the analyses.

The spatial distribution of particle bound species can be mapped through interpolating the
software Geographical Information System (GIS) version (Briggs et al., 1997). In this regard,
spatial and/or temporal variation of the species associated with PMs (such as PM,s and PMy)
have been observed to be reported from different cities/locations (Yu et al., 2004; Querol et al.,
2008; Pistocchi et al., 2010; He et al., 2011; Anastasopoulos et al., 2012). In case of PAHSs also,
GIS based spatial distribution has been carried out on particulate samples at various cities (Noth
et al., 2011; Inomata et al., 2013; Lee et al., 2016; Xu et al., 2016). The dynamic behavior of
pollutants can be obtained by determining their spatial and temporal variations. This provides a
very decisive approach in the major cities and sensitive sites, to prevent upcoming pollution, to
assess health risks and to obtain good air quality (Cetin et al., 2017).

Particle bound species carried out for two years or more have been reported by various
researchers so far (Halsall et al., 1994; Dab et al., 1996; Moon et al., 2008; Wang et al., 2010;
Yang et al., 2010; Yang et al., 2011; Blanchard et al., 2014; Dubey et al., 2015; Xu et al., 2015b).
PM bound species such as elements, PAHs and some other organic compounds are found to be
carcinogenic. Toxicity or health risks are not only constraint with PMs, but the probable risks
associated with humans have been observed to be linked with other species (such as Oz, NO,
SO, etc.) also (WHO, 2016). The toxicological risk can be divided into two groups: non-
carcinogenic and carcinogenic. The chronic health risks (in terms of hazard quotient; HQ) of
species can be obtained by measuring the daily intake dose and from the chronic reference dose
as according to the US EPA guidelines. IARC has established a programme on the evaluation of
carcinogenic risk of individual chemicals to humans in 1969 (IARC Monographs, 2010). As far
as PAHs are concerned, it has been observed that PAHs have potential risk on other species
including animals and plants apart from humans (Kim et al., 2013). The carcinogenicity
associated with PAHs has been developed by various organizations such as the WHO, Integrated
Risk Information System (IRIS) under the US EPA, Agency for Toxic Substances and Disease
Registry (ATSDR) etc. IARC has categorized the chemicals according to their carcinogenicity in
different groups such as 1, 2A, 2B and 3; as carcinogen, probable carcinogen, possible

carcinogen and not classified respectively. The categorization of carcinogenicity has also been
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incorporated in the sixteen priority PAHs under the US EPA (IARC Monographs, 2016). As far
as the priority PAHs are concerned, the compound Benzo(a)pyrene belongs to the group 1
carcinogen and Benzo[a]anthracene belongs to the group 2A under the IARC. Some of the US
EPA priority PAHs are categorized into 2B group (Naphthalene, Chrysene,
Benzo[b]fluoranthene, Benzo[k]fluoranthene, Indeno[1,2,3-cd]pyrene, Dibenzo[a,h]anthracene),
and some compounds are not discovered as carcinogenic hence are not incorporated into the
IARC groups such as Acenaphthylene, Acenaphthene, Fluorene, Phenanthrene, Fluoranthene,
Pyrene, and Benzo[ghi]perylene. The compound Anthracene is kept in group 3. There are three
different exposure pathways of chemicals in human such as inhalation, ingestion and dermal
respectively. Among all the exposure routes with respect to airborne PAHs, inhalation exposure
has appeared to be the most potent and thus may cause lung cancer (Kim et al., 2013).
Benzo(a)pyrene is the first PAHs discovered as carcinogen, which has potential to cause cancer
in animals (Abdel-Shafy & Mansour, 2016).

In this study, from the literatures survey, excluding other species only the brief findings
of results of the carbonaceous fractions (mainly TC, OC, and EC) and PAHSs are highlighted. So
far, many studies have been carried out pertaining to carbonaceous species and PAHSs across the

world some important are as follows:

Carbonaceous aerosols and PAHs associated with ambient atmosphere from rural and
traffic sites of Ping Tung (Southern Taiwan, China) was studied by Chen et al., (1997) during
September 1994-December 1995. They found ambient air of the traffic site, average
concentration of OC and EC was 55.7 and 39.8 pg/m®. Concentration ratios OC/EC and TC/EC
were decreased as the sampling height increased (height with 1.5 and 17 m at the traffic
intersection point, 12 m at rural site respectively). Samplings carried out at height 1.5 m
possessed with relatively higher concentration of both OC and EC. In PMyy, the contribution of
TC (TC = OC+EC) and PAHSs found to be > 93 %.

Fromme et al., (1998) carried out a study on carbonaceous species and PAHSs in fine dust
samples (< 10 pum) in Berlin during summer in 1995 and winter in 1996, emitted from inside a
car and a sub-way train. From the car, during the sampling campaigns, the concentration of
PAHs were 10.2 and 28.7 ng/m®, TC were 27.1 and 27.0 ug/m?, and EC were 14.1 and 8.2 pug/m®
in summer and winter respectively; while, in the sub-way train during the seasons, the

concentration of PAHs were 30.2 and 67.5 ng/m®, TC were 31.6 and 33.3 pg/m®, and EC were
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10.9 and 6.9 pg/m? respectively. Among PAHSs, in winter, the concentration of Benzo[a]pyrene

was three to four folds higher than the summer season.

In view of practical importance due to the potential penetrating effects of fine particles in
human health as well as its role in global climate, a winter time aerosol samples were collected in
Albuquerque by Currie et al., (1999). In this study, the isotopic (unique), elemental/organic
tracers and molecular markers were used for sources of aerosol. Koeber et al., (1999) carried out
a study on carbon fractions and PAHs from PMs collected at Grosshadern and Luise-
Kiesselbach-Platz, Germany during summer and winter in 1997. In his study, the derivatives of
Benzo[a]pyrene diones (concentration ranges observed from 8.00 to 605.00 pg/m®) were
observed. Average concentration of TC (20.85 pug/m®) and EC (9.70 pg/m®) were found higher at
Luise-Kiesselbach-Platz, than Grosshadern (TC; 5.99 pug/m®and EC; 2.09 ug/m?).

Characterization of organic content associated with suspended particles of PMy, fraction
from an urban environment of Chile (Santiago) was carried out by Didyk et al., (2000) in 1991.
They found average contribution of organic content (38%) was lower than other urban sites of
pre regulatory levels (71%). PAHs of pyrogenic origins were formed by combustion processes
such as petrochemicals and wood. The detection limit or precision for EC and OC was 0.2 and
0.1 pug/m® in the accuracy range of 4+6%. Total average suspended particles in PMyo fraction
were 250488 pg/m?, where EC and OC concentrations were 30.6+20 and 52.4+20 pg/m®. These
results confirmed that the values of EC and OC were higher by a factor 4-6 times of Los Angles

and in some urban areas of USA.

Distribution and concentrations of carbonaceous aerosols (EC and OC) associated with
PM,5 and PMyo were carried out at Kaohsiung, Taiwan by Lin & Tai, (2001) for the samples
collected from November 1998 to April 1999. They observed that on average 21.2% of
carbonaceous species were found in PM,s and, while 18.1% was found in PMy,. It was also
observed that OC dominated the carbonaceous load, which contributed 70.4 and 72.2 % for TC
in PMyo and PM,s. OC/EC ratios throughout the study were 2.6 (PM,s) and 2.4 (PMy). This
indicates the formation of secondary organic carbon (SOC) due to the gaseous precursor of the
gas to particle conversion. In urban area of Kaohsiung, the minimum OC/EC ratios (1.53 and
1.61 for PM,sand PMyp) in all the samples were also used to obtain the SOC formation.

A study on carbonaceous species (EC and OC) in the atmospheric particles PM, s and

PMy, in the Hong Kong city was carried out by Ho et al., (2002) for the samples collected during
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the period from November 2000 to February 2001. In this study, mass ratios of PM,s/PMyq at
three sites in Hong Kong were 0.53 (at Hok Tsui), 0.61 (at PolyU station) and 0.78 (at Kwun
Tong station), which indicated the dominance of PM; 5 concentrations at rural and urban areas in
Hong Kong. Maximum mean concentration of OC and EC (12.02 and 6.86 pg/m®) was found at
PolyU station in PMo among the sites; while in PM,s, maximum mean concentration of EC
(7.95 pg/m®) at PolyU station and OC (10.16 pg/m®) at Kwun Tong station was observed.
OC/EC ratio of PM, 5 and PMjp was < 2 at the Kwun Tong and PolyU stations, while the ratio
found to be exceeded at Hok Tsui station. Chemical characterization of fine particles emitted
from wood of fireplace combustion in the southern US was carried out by Fine et al., (2002). In
this study, OC and EC (wt %) were found higher in softwoods than hardwoods, and PAHs were
not a major contributor of the combustion source. Fraser et al., (2002) carried out a study on
particulate emission regarding fine particles from diesel operated heavy vehicle at Texas. In this
study, significant variations was observed for particulate emission with respect to EC to TC, and

the variation regarding PAHs was also found for petroleum biomarkers.

Total carbon content in terms of OC and black carbon (BC) associated with < 2.5 and >
2.5 um in 1999 and 2000 were carried out at urban and rural sites in Nairobi, at two towns of
Meru and Nanyuki, Kenya by Gatari & Boman, (2003). Throughout the analyses showed that
mean TC concentration was found higher two times in Nanyuki (14+2 pg/m®) than Meru (7+1
ug/m®), whereas observed BC concentration was found two times in Meru (1.40.1 pug/m?®) than
Nanyuki (0.72+0.06 pg/m®). Major sources of carbonaceous aerosols in Nairobi were the
vehicular emission and burning of wastes. Similar interpretation were also drawn from the ratios
of fine carbonaceous fractions such as BC/TC (0.05, 0.14 and 0.20 for the sites Nanyuki, Nairobi
and Meru), OC/BC (4.3, 5.7 and 18 for the sites Meru, Nairobi and Nanyuki) and OC/TC (0.81,
0.86 and 0.93 for the sites Nairobi, Meru and Nanyuki) throughout the study.

The long term characterization of PMy, PM, s and PMy, was carried out for a span of 10
years (1993-2002) from the down wind of Leipzig, Melpitz in Germany by Spindler et al.,
(2004). In this study, an additional instrument/sampler was used weekly as PM; collector for the
determination of OC and EC content using a thermo-graphic processes. They observed that TC
was 30% of the total PM; mass. In this study, it was also observed that EC to TC percentage
increased in summer during the period 1999-2002. TC was reduced in 2002 and the
concentration of OC was heavily degraded than EC. During the period of summer, the weakly

trend of the ratio of coarse to fine particles was higher by a factor 1.4 than winter (~ 0.3).
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OC and EC were measured by different methods and/or techniques by various researchers
from different institutions and organizations so far. Thermal Manganese Dioxide Oxidation and
Thermal Optical Transmittance (TMDO and TOT) methods were applied by Park et al., (2005)
for the determination of OC and EC in PMys from an urban site of Gwangju, Korea in 2001.
Throughout this study, a good correlation was observed for TC between the said methods but, in
case of EC, the observation made by TMDO was lower than the TOT method by about 20%,
where relative bias and precision were 49.1% and 37.6% respectively. Air mass pathway and its
effects during the sampling were found different from northwestern, western/southern and
northeastern sites. Meanwhile, the different pathways of air mass were found responsible factor

for variation of concentration of EC and OC levels.

Chemical characteristics and concentration variation PM bound species (such as
elements, ionic species, oxides of N, S and C, and OC/EC) were studied at a down town and
semi residential site in Beijing during August 2001 to September 2002 by Duan et al., (2006).
Results of this study showed that the concentration of OC and EC were found higher during the
winter (32.23 and 11.34 pg/m®) than other seasons. Average concentration of OC and EC at the
down town site were 22.86 and 10.26 pg/m?, while at semi residential site the concentration of
OC and EC were 28.80 and 9.58 pg/m?® respectively. Average ratio of OC/EC was found higher
at both the sites in the winter and fall, but was comparatively lower in spring and summer.
Comparatively, higher contribution of OC at the residential site represented residential cooking

and heating.

Dry deposition of atmospheric aerosols in fine and coarse size range particles in relation
to wet environment was carried out from different sites of Banyuls sur Mer, (Barcelona) during
2002-04 by Del Vento & Dachs, (2007). They found aerosol associated OC, EC and PAHs were
measured in a particular months (March 2003) of the said period, where concentration of OC was
in the range 5-11% when aerosols were deposited with sea water and other chemicals (Octanol,
Linear alkyl benzene sulphonate etc.). The maximum deposition of EC was found 0.2%. In this
study, the role of surface tension of water on aerosol deposition and PAHs was also covered.
Aerosol (mgm2d™) and PAHs (ngm™d™) deposition with respect to octanol and surfactant (mg/I)

was observed. Maximum concentration of PAHs was found 1500 ng/g in December-2003.

Contribution of sources of carbonaceous aerosols of particulate matters (PM,5 and PM)

from three locations in the Tennessee valley region were studied by Ke et al., (2007) during
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2001-2004. After analyses throughout this study, a total of eight sources were found with the
help of chemical mass balance. Diesel emission (0.18 pg/m®), gasoline (0.35 pg/m®) and
combustion of wood (0.92 pg/m®) were the main contributor of primary OC, where primary
sources contributed 14%, 43% and 71% from the three sites respectively. In case of EC, wood
burning (37£33%) and diesel emission (66+32%) was the major contributor. The concentration
of PAHSs (represented in ng/m®) was very low in comparison to EC and OC throughout the

region.

To characterize chemical species (carbonaceous load, elements, ionic species and PAHS)
adhered in PM,s from a background site of East Asia (Jeju Island), source apportionment
through positive matrix factorization was carried out by Moon et al., (2008) during November
2001-August 2003. A total of fourteen probable sources were estimated for PM mass in this
study. Natural sources contributed 20% of PM mass whereas, other primary man-made activities
contributed approximately 34% particulate mass. Formation of secondary aerosol was
responsible for major ionic and organic carbon which contributed approximately 39% of
particulate mass. Carbonaceous (anthropogenic contribution) and secondary sources contributed
> 50% of total particulate mass over all the seasons. Contribution of all the sources was highest
in winter of February 2002 (~76%).

An investigation of PM,5 bound organic species (OC, EC, n-Alkanes and PAHSs) was
carried out for the samples collected from the central eastern part, Golden town in Biritish
Columbia (due to numerous reported health effects of PM,s) for a period of fifteen months
during December 2005-February 2006 by Ding et al., (2009). They observed that PAHs
contributed 1-65% mass of organic composition and its daily trend was 0.27 to 100.24 ng/m?®.
OC/EC ratio and trend was also similar to PM,s. Though, no seasonal variation was observed for
the organics, but significant levels during winter were observed. Good correlations between
EC/petroleum biomarkers and EC/PAHs suggested a uniform source of emission such as

vehicles (mainly motor vehicle) and space heater.

The chemical reactivity (redox potential) of OC/EC and PAHs associated with particulate
matters (PM2 s and ultrafine particles) was studied from an urban and a rural site of USA by Jeng
(2010). It was observed that OC/EC and PAHSs associated with ultrafine particles was higher than
PM,s. Percent contribution of OC in ultrafine and PM,s were 59.7% and 22.8% respectively.

Comparatively, higher redox potential of ultrafine particles was observed than PM,s. OC was the
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abundant species in both the PM,5 and ultrafine mode particles after EC. Overall conclusion
revealed that ultrafine particles were organic dominated, whereas PM,s was dominated with

inorganic species (elements).

Organic components along with sources, behaviors, temporal and spatial patterns were
studied for the particulate matters confined to PM,s from five sites of Metropolitian zones
(Mexico valley) in 2006 by Amador-Mufioz et al., (2011). It was found throughout this study that
organic matters (solvent extracted) and PM,s were uniformly distributed regarding mass
concentration (gravimetric) at all the valley sites. Concentration of targeted compounds was
highest in dry period in comparison to rainy period. Fireworks and bonfires were the probable
inputs of highest concentration of PM,s, organic matters (OM) and PAHs. Among PAHS;
Benzo[ghi]perylene was the dominant PAHSs, but Fluoranthene and Anthracene were the most
abundant nitro-dominated PAHs. OC, EC and Benzo[ghi]perylene were observed to be
correlated with respect to dithiothreitol. OC determined by thermal analyses can be compared
with solvent extracted OMs if it is divided by a factor 1.4 (Turpin and Lim, 2001).

Comparative study on carbonaceous species and PAHSs in urban, rural and roadsides were
carried out for size-segregated aerosols using low pressure impactor (LPI) from the three regions
in Beijing, China by Duan et al., (2012). In this study, all the PAHs were observed to be enriched
in fine size ranges of particles, i.e., in the accumulation mode, but in the nucleation mode the
PAHSs was absent due to the coagulation and higher concentration associated with fine particles.
Correlation among OC, EC and PAHs was carried out for the estimation of related sources.
Molecular Diagnostic Ratio (MDR) showed vehicular activities and burning of coal was the
major emission sources of winter time PAHs. Grinding of debris of biomass was the probable
sources of coarse OC. Fine EC were the output of pyrolysis of OC, but both man-made and

natural processes were linked to EC.

Carbonaceous portion in size-differentiated particulate matters (viz., PM;, PM;s and
PMjp) have been studied widely so far. Godec et al., (2012) studied the richness of carbonaceous
load on the said fractions of particulate matters during the winter season in 2009 at Croatia. In
this study, the average concentration of EC and OC were observed in the following trend of
variation: PMy, > PM, 5> PM;. The overall results revealed that in particle fraction average mass
contribution of OC, EC and TC were PMyg > PM5y5 > PMy, PMy5 > PMyy > PM; and PMyg >
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PM,5 > PM;. Again, overall OC/EC ratio in the particulate fractions PM;, PM;s and PMjo was
5.4, 6.9 and 7.4 respectively.

The carbonaceous species associated with the TSPM from different urban and sub-urban
sites of Dhaka, Bangladesh was observed by Salam et al., (2013). In this study, the average
concentration of TC, OC and EC were found 81.2, 55.4 and 25.4 pg/m® in greater Dhaka,
whereas the concentration of TC, OC and EC were less by a factor 52.25, 55.5 and 43.2 %
respectively at suburban site than greater Dhaka. Here, OC contributed about 68% of TC, which
might cause regional climate change and serious health impacts. In urban Dhaka, OC/EC ratio
2.17 represented the SOC formation rather than primary OC, whereas the ratio of sub-urban
Dhaka (1.86) indicated primary source of OC.

The study of carbonaceous aerosols on size-differentiated particles has been playing an
important role for the researchers in the atmospheric sciences. Spindler et al., (2013) carried out
an investigation on PM;, PM,s and PMyo as well as its chemistry with season, and associated
inflow of air mass from a rural site (Melpitz), Germany during the period 1992-2012. In this
study, TC (component of OC and EC) were analyzed by two steps method (thermographic)
through carbon analyzer. OC portion was vaporized at 650°C under nitrogen gas and was
converted catalytically into CO,. The retaining part (EC) was then converted into CO; in
presence of O,. They observed that in PM;o EC concentration (along with calcium and sulphate)
was decreased by 50%, 70% and 30% after 2003. In the north west and south east side of the

region, different concentration of PMy, PM, s and PMj, was observed due to wind direction.

Emission of PM, s bound organic species was investigated at three sites in the southern
US during 2006-10 by Blanchard et al., (2014). They observed significant correlations among
OC, EC and non-polar organic compounds throughout the period of analyses. Among the organic
species, a total of 32 PAHs were observed. All these observed/measured species were associated
with specific types of emission that serve as tracers. Taiwo et al., (2014) reported a that fine
particles emitted from industrial processes. In this study, besides elemental species, the major
emission sources of OC/EC and PAHSs were also reported. Carbonaceous pollutants (OC and EC)
have been reported to be emitted from industrial activities, but PAHs are minor contributor of

industrial emissions and also observed differ in various countries such as in UK, EU etc.

Atmospheric aerosols (TSP, PM,5s and PMjg) were collected for the observation of

elemental loads, ionic species, OC and EC during heating and non-heating periods from August
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2010 to June 2011 in Harbin, China by Huang & Wang, (2014). OC was found 2-5 times higher
in heating period than the non-heating period, but EC was not found differ in these periods. In
this study, during heating period the range of OC/EC ratio was 8 to 11; which was found much
higher than the other Chinese cities (which was found 4 to 6). The major responsible sources
concluded based on the Chemical mass balance (CMB) model were: vehicular traffic, coal
burning, secondary organic carbon etc. It was also observed that before and after the heating
period, crustal dust and industry (petrochemical) were predominant, whereas in the heating
period coal burning and secondary sulphate were higher.

PM, 5 bound carbonaceous aerosols (OC, EC) during regional biomass burning at Gosan,
South Korea was observed by Nguyen et al., (2015). It was observed through the analyses that
the concentration of EC and OC level was found higher and similar in trend in the pollution
period than the strong Asian dust period, but the OC level was found reverse during the dust
period. The concentration of OC in the strong Asian dust period was related to the biomass
combustion (smoldering burning/combustion), but, in this period EC was decreased, OC and the
ratio OC/EC were increased. OC/EC ratio confirmed biomass burning as a major factor of OC in
the strong dust period. The SOC formed through long range atmospheric transport was also an

important factor for OC at Gosan.

Effects of residential combustion processes on chemical species of particulate matters
(collected on PMyp) were carried out by Vicente et al., (2015) in Portugal. The analyzed OC and
EC fractions in PMy showed that TC represented with weight 54-73% of mass regardless the
types of wood and operating conditions throughout the study. OC was dominated in PMjo, when
higher loads were used into the chamber of combustion for two different fuels, i.e., pine (name:
Pinus pinaster), and a beech (name: Fagus sylvatica). EC represented weight 8 — 35% of mass.
Range of OC/EC was from 1.1 to 3.4 and 1.1 to 6.9 for beech and pine combustion respectively.

Vojtisek-Lom et al., (2015) carried out an analysis on polycyclic aromatic hydrocarbons
(PAHSs) emitted from diesel engine during the operation of bio-diesel and diesel fuels in Czech
Republic. The relative contribution of carbonaceous loads was also covered, where genotoxicity
associated with PAHs was observed on diesel and bio-diesel operated engines. In these analyses,
it was concluded that the neat biodiesel had lower genotoxicity/carcinogenic PAHSs than diesel
under all operations. Emission of PAHSs, carcinogenic PAHs and Benzo[a]pyrene were higher on

diesel in comparison to bio-diesel operated engines under all conditions and/or operations.
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Chemical characterization of particulate matters (in terms of OC, EC, PAHSs, elements
and ionic parameters), deposited from biomass fuel and ashes in the households from four
villages of Nepal (southern central Himalaya of the Mt. Everest region) in June 2012 was carried
out by lelpo et al., (2016). In this study, outdoor deposited PMs was also analyzed. Biomass
burning, residential cooking and ashes (chimney) were the major sources of indoor PMs. But,
these emission sources significantly affected the outdoor PMs. Residential cooking and biomass
burning were the major contributor of PAHs. OC concentration in indoor environment was found
higher (two times) than the outdoor. PAHs were also found higher in indoor samples (particles

and ashes) than outdoor. Biomass burning was the main source of PAHSs at outdoor.

Source apportionment of PAHs in ambient atmosphere and concentration of OC and EC
levels (ug/m®) in the particulate matters of size ranges PM,s and PMy, from the urban and traffic
sites of northern Greece (Thessaloniki) was observed by Manoli et al., (2016) during the warm
and cold periods of 2011-12. Here, average concentration of PM;o bound PAHs was in the range
5.8 ng/m° (in the urban site) to 9.3 ng/m? (traffic site). CMB apportionment on OC revealed that
diesel vehicle, gasoline and wood burning were the important factors of emission. PM,s bound
Benzo[a]pyrene associated with wood burning was in the range between 7.0 x 107 to 8.0 x 107
ng/m® in the traffic and urban background sites respectively. A study on the estimation of
carbonaceous part (EC and OC) along with PAHs confined in PM,5 in the summer and winter
seasons from Guangzhou, China in 2012-13 was carried out by Wang et al., (2016). In this study,
the source identification of carbonaceous portion was carried out through the CMB model; where
vehicular transportations, combustion of coal and SOC were observed to be main factor of OC
emission. Further, quality assurance (QA) and quality control (QC) processes were also followed

for the quantification of PM;s.

The distribution pattern of carbonaceous species in PM,s and PMyo from three districts
covering a total of six urban locations of the industrial city Baotou, northern China in 2014 was
studied by Zhou et al., (2016). They observed that, the OC and EC content were observed in the
same trend of variation in both the particles PM, s and PMyo, where a reverse trend was observed
in the months of April and September in 2014. In this study, it was confirmed that the emission
source of OC was same as SO,, whilst the emission sources of EC was from vehicular exhaust
and combustion processes. Correlations of EC and OC along with meteorological consequences
implied that low relative humidity and high wind speeds were only the reducing factors of OC

and EC in the months of January and November.
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Cai et al., (2017) reported emissions of particulate constituents (OC, EC, PAHs and other
organic parameters) associated with PM,s from the Chinese vehicles. In this study, OC was
found 55.4 + 15.5% mass of PM,s. PAHs with > 5-rings were found to differ in diesel and
gasoline vehicles, which distinguished the higher ring PAHs [Benzo(ghi)perylene and coronene]
emitted from different types of fuels. In an another study, PMs collected on quartz fiber (used for
TC and particulate phase PAHSs estimations) and organic membrane (used for the observation of
elemental load) filters emitted from heavy duty diesel engine were simultaneously carried out in
China by Jin et al., (2017). In his study TC was found 90% of the total diesel particulate matter.
It was also observed that the 3-rings PAHs contributed 66% mass of total PAHs followed by 4-
rings (18%) and 2-rings PAHs (16%). Mitchell et al., (2017) reported the residential fuel
combustion aspects between the UK and New Zealand; but models assumed that consumption of
residential fuel to decrease (slightly) from 1990 to 2030 in New Zealand whereas, to increase in
UK by a factor ~ 14 in the same period. Xiong et al., (2017) carried out a study on PM,s
(associated carbonaceous constituents, ionic parameters, elemental load, PAHS), its source
contributions along with the spatial and seasonal variations at three sites in Wuhan, China in
2011 and 2012. In this study, OC was observed to be emitted from different local emissions.
Average total concentration of PAHs was found 16.81 + 11.51 ng/m® in Wuhan, but in winter
PAHs concentration was higher (26.92 + 12.34 ng/m®) while it was lower in summer (5.08 +
3.44 ng/m®).

Besides the literatures discussed so far, a brief summary of carbonaceous aerosols (TC,
OC and EC) and PAHSs reported by various researchers from the international scenario are given
in the tabulated form (Tables 1.1 & 1.2). Only carbonaceous fractions and PAHs were
highlighted from the literatures throughout both in the Tables 1.1 & 1.2.
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Table 1.1 Brief summary of carbonaceous aerosols from few literatures published in the international scenario (2000 to 2017).

Sample types Observations Methods Country/city Factors References
TSP TC, EC, OC Carbon particulate monitor Rome Vehicular traffic Avino et al., (2000)
PM_s OC, EC TMO Korea Anthropogenic and meteorological Park et al., (2001)
PM;s TC, EC, OC Elemental analyzer Taiwan Formation of SOC Lin, (2002)
PM_5 & PMyg OC, EC *TOR China Motor vehicle Cao et al., (2003)
PM;s OC, EC Thermal/optical carbon analyzer Hong Kong Indoor/outdoor Ho et al., (2004)
PM;5 OC, EC *IMPROVE, ‘SEARCH USA Temporal and geographic variability Yu et al., (2004)
PM;s OC, EC, WSOC thermal/optical carbon analyzer Nanjing Coal combustion, vehicle, secondary aerosol, road/sea Yang et al., (2005)

salt
PMo.110 TC,BC Elemental analyzer, Integrated sphere  Austria, Slovenia Diesel exhaust, Hitzenberger et al., (2006)
Soot-EC, Char-EC EC, OC TOR USA Diesel exhaust, gas, wood Han et al., (2007)
Size-segregated TC, OC, EC Thermographic method China Transportation processes, industrial, domestic sources Gnauk et al., (2008)
particle
PM,s, PMyo TC, EC, OC TOT Spain Industrial and domestic emission De la Campa et al., (2009)
TSP, PMys OC, EC CHNS/O analyzer Gdynia Traffic intensity, industry, domestic heating Lewandowska et al., (2010)
PM;s EC, OC Carbon analyzer China Haze, domestic emission, transport mechanism Hou et al., (2011)
PMyq TC, EC, OC ToA Nordic Anthropogenic, natural sources Yttri et al., (2011)
PM,5 TC, EC, OC TOR China Atmospheric processes, downwind region Huang et al., (2012)
PM;, PM_s OC, EC, BC 9AMS-PMF, OC/EC ratio method China Biomass burning, local sources Huang et al., (2013)
PM,5 OC, EC/BC "PMCAMX Europe Wood combustion, pellet stoves Fountoukis et al., (2014)
PM_s OC, EC TOC/TOR China Biomass, coal, vehicle Wang et al., (2015a)
PM,5 OC, EC T/OCR Italy Vehicle, biomass, wood Pietrogrande et al., (2016)
PM_s OC, EC Thermal analysis, IMPROVE Hong Kong Anthropogenic sources, personal activities Fan et al., (2017)

*TMO: Thermal Manganese Dioxide Oxidation. "TOR: Thermal Optical Reflectance. IMPROVE: Interagency Monitoring of Protected Visual Environments. SSEARCH: Southeastern Aerosol Research
and Characterization project. “TOT: Thermal—optical transmission method. ‘TOA: Thermal Optical Carbon Analyzer. SAMS-PMF: Aerosol mass spectrometer- positive matrix factorization method.
"PMCAMX: a three dimensional regional chemical transport model
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Table 1.2 Summary of PAHs carried out throughout the international scenario with covering few literatures published from 2000 to

2017.

Sample types Sampler used Extraction process Methods XPAHs Country/city ~ Responsible factors References

PM<o32526 Cascade, rotary CeHs(CHs) GC-MS 10 Germany Biogenic material, combustion sources Kaupp & McLachlan,
impactor, (2000)

Aerosol High volume sampler  CH,Cl, GC-MS 16 Macao Vehicular traffic and residential heating Shihua et al., (2001)

Aerosol High volume sampler ~ (CH3),CO+C¢Hys+ CH,Cl,  GC-MSD 20 Corpus Christi Dry/wet deposition, air-water gas Park et al., (2002)

Bay exchange
PM;s, PMyo Universal air sampler ~ CH,Cl,, petroleum ether GC-MS 14 Chicago Vehicular emission, industries Vardar & Noll, (2003)
(PE)

PMos>74 High volume sampler ~ CH,Cl, GC-MS 14 Gran Canaria Vehicular emission, industries Cancio et al., (2004)

PMyq High volume sampler ~ CH3CN HPLC/FLD 13 Athens Vehicular emission Mantis et al., (2005)

PM<g.49<10 Andersen Hi-Vol CH.CI, GC-MS 16 Guangzhou Vehicular emission Tang et al., (2006)
pumping

PM;5 MOUDI CH.CI, GC-MS 16 Korea Vehicular activities, air stagnation. Park et al., (2007)

PM_s, TSP Annular denuder, CH,Cl, HPLC 18 Korea Vehicular traffic, industry, residential Lee & Lee, (2008)
high volume sampler heating

TSP Medium-volume CsHio+CsH1g GC-MS 16 Beijing Coal,, industry vehicle and gas Zhang et al., (2009)
intelligent sampler

PMyq High volume sampler ~ CH3CN, CH30H, *UPLC-APCITOFMS 21 France Seasonal Mirivel et al., (2010)

Aerosol GPS-11 (Thermo- (CH3),CO+CeHy4 GC-MS 14 Turkey Dry/wet deposition, air-soil gas Demircioglu et al., (2011)
Andersen Inc.) exchange

Aerosol Graseby Anderson (CH3),CO+CgH14 GC-MS 11 Taiwan Seasonal factors Fang et al., (2012)

TSP Air sampler CH;3CN HPLC 16 Portugal Seasonal and meteorological Augusto et al., (2013)

PM;, PM;s, PMyo Dekati PMjgimpactor ~ CH;CN HPLC 16 France Indoor emission Liaud et al., (2014)

PMi, PM;s, PMyg GRIMM monitor CH30H+CH,Cl, GC-MS 16 Tehran Mobile sources and gas Hassanvand et al., (2015)

PMyo Air sampling Multistage separation GC-MS 17 Portugal Diesel vehicle, coal, wood Albuquerque et al., (2016)
apparatus process

PM,s PM,s sampler, PQ200  CH,Cl, GC-MS 20 Taiwan Unburned petroleum and traffic emission ~ Yang et al., (2017)

dUPLC-APCIToFMS: Ultra-performance liquid chromatographic atmospheric pressure chemical ionization time-of-flight mass spectrometric method
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Study of PM bound carbonaceous species and PAHs, some of which have been carried
out in the national scenario are discussed below. In this discussion, more emphasis are given on
the studies carried out in northern India (mainly in the Delhi region) depending on the selected

sites in this work.

Chemical species associated with PMjq in urban (Cossipore) and rural (Kasba) sites of
Kolkata during the period November 2003-November 2004 was studied by Karar & Gupta,
(2007). In this study, PM;o concentration was found higher at industrial site (maximum 401
pg/m®) than the residential site (maximum 281 pg/m®). Quantitative estimation carried out
through PCA for the species (carbonaceous load, PAHs, metallic and ionic species) indicated
that in the residential site; dumping of solid waste, vehicular activities, coal burning, cooking and
crustal dust were the major emission factors of PMyp; while in the industrial site, the sources of
PMjyo was vehicular activities, coal burning, industry (electroplating), tyre wear and minor
contribution of secondary aerosol formation. Approximately, 13% and 7% sources contributed

from rural and industrial sites could not be linked due to source marker limitations.

Sources and temporal variations of carbonaceous species (OC and EC) from two sites of
high altitude, western India (Mt. Abu) and north India (Manora Peak) were carried out by Ram et
al., (2008). Throughout this analyses, abundances of both the species were observed two to three
times higher in Manora Peak than Mt. Abu, where minimum concentration was found during
April-August and maximum in winter (December to March). OC/EC ratio at both the sites was
also compared and found higher than the urban sites. Low EC and higher OC/EC ratio were due
to the dominance of OC derived from crop waste burning. Total average carbonaceous aerosol
contribution to TSP was approximately 24% at Manora Peak and 15% at Mt. Abu. SOC
contributed to OC focused its significant role related to the absorption and scattering of

carbonaceous species on the regional scale.

The fine and coarse mode particulate carbonaceous fractions were carried out in urban
atmosphere covering three sites from south, west and north parts of Delhi for the monsoon and
post-monsoon period during June 2003-November 2003 by Singh et al., (2008). It was found
that, the concentration of OC (pg/m®) in fine particles was found in the range from 25.61 (south)
to 33.31 (north), while in coarse particles it was 31.11 (south) to 36.31 (west), and PMg
contributed 56.73 to 68.55 pg/m®. In case of EC (ug/m°), in fine particles it was in the range
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from 6.24 to 14.83 and in coarse particles it was 7.63 to 23.67, but PMj, contributed 13.87 to
38.49 pg/m®. In this study, the average concentration of PM;, was found 247.1+126.0 pg/m®
throughout the study.

PAHs emitted from diesel fuel exhaust was carried out at service stations in Agra, India
by Rajput & Lakhani, (2009). In this study, after investigation it was found that PAHs of low
molecular weight were higher (4.40 x 10° — 1.70 x 10° mg/l) and found dominant than other
PAHs of high molecular weight in diesel fuels. On the contrary, high molecular weight PAHs
were observed to be dominant in exhaust emissions. From this study, it was concluded that the
emission of PAHs was found different with respect to both the diesel and exhaust emissions due
to combustion processes. The ratio of PAHs in terms of output/input was observed from
emission factors and fuel concentration. Carcinogenicity associated with PAHs were also
observed through Toxic Equivalency Factor (TEF), where Benzo[a]pyrene and (Indeno[1,2,3-
cd]pyrene + Dibenzo[a,h]anthracene) possessed significant contribution in the exhaust among

the PAHs. Among fuel PAHSs and the emission factors, a negative correlation was found.

EC and OC associated with PM,s and PMj, at the major urban environments,
characterized by heavy vehicular activities were studied during May 2005-January 2006 by
Kumar & Deshmukh, (2010). In this study, the range of EC (14.4 to 48.8 ug/m®) was found
higher than OC (1.7 to 9.2 ug/m®). The ratio of OC/EC varied in the range 0.09 — 0.31. Average
range of concentration of PM,s and PMy, was 87 to 160 and 133 to 492 ug/m?® respectively.
During the months May to July, PMyo concentration was higher (425 to 520 pg/m?®), but the PM, s
percentage in PMjo was lowest, whereas a reverse trend was observed in August. Higher PMy 5
percent could be linked with diesel emission. Concentration of PM, s was in the range 140 to 180
ug/m? during winter but, PM1o was sharply rose which could be due to the crustal dust and other
commercial activities. OC and EC accounted a total of 3.6 to 9.2% and 20 to 48% of PMs

respectively.

Chemical species and their abundances associated with PM;, were studied from three
urban residential sites of Delhi in 2009 by Sarkar et al., (2010). Here, it was found that the
concentration of EC level was found 41 pg/m®. Peak level of OC was due to the secondary
processes of aerosol transportation. During the day of firework event of this study, the highest
contribution of PMyg, TC, OC and EC were 616.8, 117.87, 74.74 and 45.0 pug/m®, and while
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PAHs were 44.3 ng/m® respectively. Except OC in the site Mayur Vihar, the other species (PMo
TC and EC) were dominated in the site Mithapur on the firework day. PAHs were correlated
with transportations which represented vehicular emissions as the primary source. PMy values
observed to be 3-6 times higher than the standard level of the NAAQS but, it was 6-12 times
higher than 24 hr air quality standards (50 pug/m®) of the WHO.

Carbonaceous species emitted from biomass burning adhered with PM, s at Patiala in the
Indo Gangetic Plain was investigated by Rajput et al., (2011). Throughout this study, mass
concentration due to burning of wheat residues for EC, OC and PAHs was 4 pg/m?, 15 pg/m®
and 7 ng/m® whereas; from burning of paddy residues it was 7 pg/m?, 92 pg/m* and 40 ng/m?,
which was 4 to 5 times higher than wheat residues. Concentrations of EC and OC during burning
of paddy residues varied from 3.8 — 17.5 pg/m® and 34 - 188 pg/m®, but significantly the
concentration ranges of EC (2.3 to 8.9 pg/m®) and OC (9.0 to 58.0 pug/m®) was lower when bio
and fossil fuel burnings were dominated. Decrease of OC/EC ratio suggested the emission of EC
from fossil fuel. Total PAHSs varied from 3.3 to 47.9 ng/m® due to the combustion of bio- and
fossil fuels. Particulate bound 5-ring PAHs were higher in concentration (ng/m®) than the
corresponding 6, 4 and 3-ring PAHs. PAHSs isomer ratios suggested distinct pattern of emission

from burning of paddy, wheat residues and fossil fuel.

Satsangi et al., (2012) reported the concentration variation of OC and EC in TSP from a
sub-urban site of Agra (Dayalbagh), in a one year investigation in the Indo-Gangetic Plain. In
this study, EC and OC contributed to TSP was 1.5% and 11.8% respectively. Average
concentration (annual) of EC was lower in comparison to OC, while average OC/EC ratio was
also higher. The trend of EC and OC was found highest in winter followed by post-monsoon,
summer and monsoon seasons. Correlations between OC and EC were also found excellent in
the range from 0.92 to 0.97 at all the four seasons of the study period. Concentration of OC was
approximately three times higher in all other seasons than monsoon. Total carbonaceous load

contributed about 20.8+17.2%, where winter contributed highest than rest of other seasons.

Sources, variability and characterization of OC and EC were measured during winter
2010-2011 in Delhi by Tiwari et al., (2013). This study revealed that mass concentration of EC,
OC and PM, 5 was 1045, 54+39 and 210+146 ug/mg. Total carbonaceous mass load to the PM, 5
was approximately 46%, where OC/EC average ratio was 5+2. Secondary organic aerosol
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accounted 37 pg/m® in December, and it was 14.6 pg/m? in February. Correlation of significant
value 0.71 for both OC and EC implied common emission sources. Variation of concentration of
OC in the winter season was found highest, namely in the month of December; followed by
November, January and February. While, in case of EC; the highest concentration was obtained
in November; followed by December, January and February. Biomass combustion and evening
vehicular loads were the major emission factors for higher contribution of EC and OC in the

months November and December.

Chemical characterization, abundances of carbonaceous load and PAHSs associated with
PM s in the northeast Himalayan region was carried out in the period 2009-2010 by Rajput et al.,
(2013). This study showed that the concentration variation of PM; s over the region was observed
to be varied in the range from 39 to 348 pg/m®. The corresponding ratio of OC/PM, 5 was found
exceeded than the upwind region of Indo Gangetic Plain. Total concentration of PAHs ranged
from 4 to 46 ng/m®, with highest trend of variation. The ratio of OC/EC was also found higher
with factor 10 to 15 in the region in comparison to the fossil fuel origin. The ratio of PAHs
isomer reaffirmed that biogenic emission in the form of biomass combustion was the dominant
sources over the region. Overall concentrations of PAHs (ng/m®); and OC, WSOC and EC
(g/m®) over the northeast Himalayan region were 14.1; and 35.4, 23.3 and 5.3 respectively. The
transport mechanism of carbonaceous species (EC, OC and PAHSs) was related to the cloud

condensation nuclei and radiative forcing.

Rajput et al., (2014) carried out an investigation on carbonaceous aerosols adhered into
PM 5 originated from biomass burning and compared the ratio of isomers in the Indo Gangetic
Plain of northern India. In this study, burning activities (poor and open burning) of the
agricultural residues were the main source of emission of carbonic pollutants in the atmosphere.
Isomer ratios of PAHs were observed for a period of two years in the site “Patiala”, which were
accounted from two different activities of biomass burning. PAHs with heavier rings (4 to 6 ring
PAHSs) were dominated the lighter rings (2 to 3 ring PAHS). Including the radio-carbon and
molecular markers; diagnosis ratios were also used for the characterization of origin of sources
such as: isomer of PAHs, K*/EC, K*/OC, OC/EC and WSOC/OC. Chemical proxies, WSOC/OC
and OC/EC was significantly higher due to different combustion processes of biomass burning.
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Variation of organic, inorganic and/or ionic compositions associated with PMj, was
carried out in urban environment of Delhi in 2010 by Sharma et al., (2014). This study showed
that maximum chemical constituents and variation of strong PM;o mass concentration was found
in the winter season (36.1+11.6 pug/m?® of OC, 9.64+2.56 pg/m® of EC and 213.1+14.9 pg/m? of
PMs), whilst it was lower in the rainy season (14.72+6.95 pug/m?® of OC, 3.35+1.45 ug/m?® of EC
and 134.7+39.9 pg/m® of PMs). The ratio of CI7/EC and K*/EC with the corresponding values
0.59 and 0.28 indicated the role of biomass burning of PMo. The average contribution of the
total mass concentration of PMjowas found as: 21.7% secondary aerosol, 20.7% soil dust, 17.4%
fossil fuel burning, 17% vehicular activities and 14.3% biomass combustion revealed by positive

matrix factorization.

Emission sources of PMjy bound particulate species were carried out in six Indian
megacities/cities covering the sites Delhi, Kanpur, Mumbai, Chennai, Bengaluru and Pune by
Gargava & Rajagopalan, (2015). In this study, CMB8 model was used to observe the
contribution of sources for the major chemical species namely: carbonaceous portions,
metals/metalloids and ions. PMj, concentration was found in the order: Delhi > Mumbai >
Bengaluru > Pune > Chennai > Kanpur. From 13.5 to 37% TC associated with PM;o was related
to burning and paved road dust. Delhi and Kanpur had the highest carbonaceous fractions; while
in Kanpur, industrial monitoring sites recorded maximum carbonaceous load and PMyq. In this
study, it was concluded that PMj levels was found to exceed the limits of the NAAQS under the
CPCB in 2009. Variation of carbonaceous load and its relative contribution with source can also
be obtained and/or compared from other sites of the Indo Gangetic Plain, which has been
observed so far (Rajput & Sarin, 2014; Ram & Sarin, 2015; Sharma et al., 2015; Singh et al.,
2015).

Chemical characterization of PM;s, at a polluted site in New Delhi was carried out by
Pant et al., (2015a), in the winter and summer time 2013. Along with other species (elements,
anhydrosaccharides, ions, and molecular markers); EC, OC and PAHs concentrations were
compared in both the summer and winter seasons throughout this study. All the observed species
were found to be dominated in winter season. In winter season, concentration of PM; s exceeded
the 24 hourly recommended limits of NAAQS, but in summer also the concentration was found
higher in some occasions. EC and OC observed to be emitted from common sources such as

biomass burning and vehicular traffic in both the season. The mean concentration of EC and OC
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in summer season was 7.77 and 17.6 pg/m?, while in winter season it was 46.3 and 104.4 pg/m®
respectively. Comparative study on chemical species adhered with suspended particulates have
been carried out between the megacities New Delhi and Xi’an (Li et al., 2014a), and New Delhi
and Birmingham (Pant et al., 2015b). Xi’an registered higher amount of suspended pollutants
than New Delhi, whereas Birmingham experienced relatively higher elemental concentration and
source contribution (in %) in comparison to New Delhi. Similarly, comparative results of dust
originated chemical species have also found between the countries like India (at New Delhi and

Bangaluru) and Vietnam (at Duong Kuang and Hanoi), carried out by Tue et al., (2014).

A study of carbonaceous pollutants associated with PM, s in two polluted cities of north
India (Kanpur and Agra) was carried out during the year 2011-2012 by Villalobos et al., (2015).
In this study, in the winter and summer seasons, average concentration of carbonaceous aerosols
was found 3321 and 23+16 pg/m? in the sites Kanpur and Agra respectively. Strong seasonal
variation was observed in winter and summer seasons, where winter had the highest level of
carbonaceous pollutants. Five predominant sources were found to be responsible for
carbonaceous aerosols through organic tracers by applying CMB model. Monthly average
concentration of PAHs was higher in Agra than Kanpur for the months December to April,
whereas the carbonaceous portion (EC, OC and WSOC) contributed same pattern of variation

which accounted highest in winter and lowest in summer throughout the study.

Coal mine area is also one of the major contributors of particulate emission in Indian
environment. Roy et al., (2016) carried out a study on carbonaceous load, metals/metalloids and
anionic species adhered into PMyy at the coalfield of Jharia, India during 2011-12. In this study,
monitoring of air has been carried out as according to the prescribed protocol/methods available
in CPCB/NAAQS, India. Average concentration of PMjo was highest in winter followed by post
monsoon and summer season. Concentration of EC, OC and total carbonic aerosol (TCA) were
238.0, 19.5 and ~279 pg/m® respectively. During the study period, OC/EC ratio was obtained
0.08. PAHs were analyzed through GC-MS, which contributed 2.45+0.82 pg/m®. Meanwhile,
mean concentration of organic OM (in pg/m?) and TCA/PMyowas 41 and 0.78 respectively.

Carbon rich aerosols namely: EC, OC, WSOC and along with the water soluble inorganic
ionic species in PM, s and PM;o were measured from two cities of the western India (Jodhpur and

Ahmedabad) in 2011 by Sudheer et al., (2016). In PM;o samples, carbon isotopic composition
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(8"C) was determined to obtain TC. In Ahmedabad, 80% EC was confined in PM,s, whereas in
Jodhpur, 70% EC of PMjo was confined in PM,s. In Ahmedabad, an average concentration of
52% OC was associated with PM s, but in Jodhpur, 80% OC was associated with PMyg. Both the
organic carbon parts showed correlation with K, but not with EC, which in turn indicated
biogenic contribution of OC. TC content in PM;5, PM;5.10 and PMyg in Jodhpur was 7.5, 32.6
and 40.1 pg/m®; while in Ahmedabad it was 4.2, 3.3 and 7.5 ug/m® respectively. It was
concluded that, a total of 80% OM in Jodhpur was associated with PM; .10, Whereas it was about
48% in Ahmedabad.

The air quality of the capital of India (Delhi) has been degraded and recorded as one of
the most polluted cities in the world. Besides the sensitive and urban sites of the capital, the
neighboring satellite towns/cities (National Capital Region) have also experienced higher
atmospheric pollution due to industries, vehicular transportations as a result of complex
anthropogenic activities (Hazarika & Srivastava, 2017). Though the exposure of PMs in terms of
fine (Pant et al., 2017; Tyagi et al., 2017), and fine and coarse particles (Kumar et al., 2017a)
have been studied throughout the capital region, the pollution scenario regarding carbonaceous
load (Jaiprakash & Habib, 2017; Tyagi et al., 2017) and PAHs (Hazarika et al., 2017) have also
been investigated. The implementation of odd-even trial on car also showed that the average
hourly concentrations of PM,s and PMyo was reduced by ~ 74% during the major trial hours;
whereas daily mean concentrations of PM, s and PM;o was observed to be increased three times
than the non-trial days (Kumar et al., 2017b).

In view of the literatures published throughout the world so far, the present investigation
was an attempt to understand and estimate the carbonaceous aerosols and PAHSs adhered into the
particulate matters of different size ranges (fine and coarse particles). Required
techniques/protocols were followed to determine the carbonaceous fractions (e.g., Lin and Tali,
2001; Dan et al., 2004; Duan et al., 2004; Duan et al., 2006; See & Balasubramanian, 2008;
Sarkar et al., 2010; Sachdeva et al., 2013; Huang & Wang, 2014; Padhi et al., 2016) and PAHs
(Li et al., 2014b; Liu et al., 2014; Wang et al., 2015b; Yan et al., 2015; Hazarika et al., 2017)
from size differentiated particulate matters. In the light of the above discussions, to carry out the
chemical characterization of PM bound carbonaceous load and PAHSs, for the samples collected
from five different sites in the National Capital Region, Delhi were undertaken with the

following objectives:
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1. To determine the carbonaceous load and their spatio-temporal variation on the
proposed sites of locations.

2. To determine the contribution of carbonaceous load and PAHSs in fine and coarse
mode aerosols.

3. To carry out the source apportionment of the carbonaceous material.

4. To determine the influence of meteorological parameters on organic pollutants using
appropriate statistical tool.

5. To determine the correlation between various fractions of organic aerosols.

The thesis is organized as follows: after introduction in the first chapter, the methodology
about the proposed work followed during the experiments and/or analyses is provided in Chapter
2. In Chapter 3, spatio-temporal variations of carbonaceous species and PAHSs are discussed. In
this chapter, seasonal variation of carbonaceous species, ring wise distribution PAHSs, relative
variation of the particulate species with fine and coarse particles, the role of meteorological
parameters on PMs, and regressions among the species are also covered. The source
identification of carbonaceous load and PAHSs are covered in Chapter 4. Health risk assessments
of PAHs are described in Chapter 5. In this chapter, the correlation matrices among PAHs and
carbonaceous species are also included. The conclusions part of the study are given after Chapter
5.
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Chapter 2 Materials and methods

[2.1] Study area

The present work was carried out in the National Capital Region (NCR) of India. NCR of
India comprises the whole National Capital Territory (NCT) of Delhi, which covers New Delhi as well as
the three adjoining states namely: Haryana (in the northwest of Delhi), Rajasthan (in the southwest of
Delhi), and Uttar Pradesh (in the southeast of Delhi). Delhi, the capital of India, is recognized as a
city of one of the major problems of pollution in the globe according to the researchers and
WHO, (2014). As far as the area is concerned, the capital (the National Capital Territory of
India) shares 0.04% area in the nation, having with almost equal length and width (32 and 30
miles respectively). According to the 2011 census, entire capital experiences a home of dense
populations, with growth of ~ 21% during 2001-11. The capital region is separated into the
following three parts; the ridge (Aravalli ridge part), flood-plain of Yamuna (alluvial soil is
covered throughout) and the part of plain. Latitudinal and longitudinal coordinates of the capital
are 28.60° N and 77.10° E with an elevation of approximately 216 m (mean) of the sea level.
Semi-arid climate is the characteristic of the capital, bears the sub-tropical belt with
approximately 714 mm of unreliable rainfall during the monsoon months (July and August). A
notable range of temperature variation in the capital has been observed in the winter and summer seasons.
In winter it is found the lowest in the month of January of approximately < 1 to 2°C (lowest ever recorded
-2.2°C on 11" January, 1967), and in summer the maximum temperature reaches from 45 to 48°C in June.
The capital experiences an annual average wind speed of 1-2 m/s (Srivastava and Jain, 2007a,b;
Srivastava et al., 2008, 2009). A total of five different seasons can be seen in Delhi within the
year, these are summer (April, May and June), monsoon (July, August and September), autumn
(October and November), winter (December and January) and spring (February and March)
respectively. Climate of Delhi is governed by two major winds: South west and western
disturbances. At most of the seasons, the wind direction predominantly prevails from the west to
the northwest, excluding the monsoon season, where it directs to the south west from the south.
A comparatively higher pollutant load has been found and/or recorded in the winter season due

to the temperature inversion and low mixing height (Hazarika et al., 2015).

The area of the NCR region covers approximately 58,332 km? at present; where
inhabiting populations of more than 46 million are established according to the census, 2011.

The rainfall pattern shows that the NCR have faced an average of three months in a year, the
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monsoon/rainy months are only the input of the recharge of ground water. As far as the whole
area is concerned, NCR covers two major geomorphic sections; these are the alluvial plain
(covered by quartzitic ridge, belongs to the Indo Gangetic plains) and the flood-plain covered by
passing across three major rivers: Yamuna, Ganga and Hindon. Southern and the south-western
parts of the NCR are absence of any eternal rivers. Average rainfall of the NCR region varies in
the range from 300 mm (western parts) to 850 mm (in the parts of north and north-eastern).
Regarding the total area of the NCR, maximum temperature of the region has been found about
47°C in the summer months (from May to June), while the minimum temperature varies in the
range from 7 to 21°C in the winter months (mainly January). In general, air is dry in majority of
the NCR parts within the year, where dust induced aerosol originated due to rapid
industrialization in some of the capital region, e.g., Faridabad (Pathak et al., 2013). Winds are
light in winter and post-monsoon seasons whilst, these are strengthening during the months of
monsoon and summer seasons, but prevailing winds of southeasterly and easterly are

predominated in the monsoon season, again winter is associated with western disturbances.

[2.1.1] Sampling sites description

The required samplings of size-differentiated particulate matters were done at five
different sites in the NCR. Two sites were covered from Delhi. First site, the Connaught Place
(characterized as urban/traffic site), is situated in the northern central part of Delhi, experiences
very frequent with dense vehicular transportation and a famous financial, business and
commercial locations of the capital, connects major busy roads such as Janpath, Panchkuian
road, Barakhamba road, Minto road etc. This site is pride of the capital and accounts top heritage
structure of New Delhi. Second, the Jawaharlal Nehru University is an urban, institutional cum
residential area in the southwest Delhi. This area can also be characterized as sensitive and
receptor site. It covers a broad acre of vegetation of natural origin. This site is located far away
from the influence of industrial and other anthropogenic activities, but it is bordered by the three
roads with enormous vehicular frequency. Ongoing building construction from 2009 onwards

contributed dust-induced aerosol inside the campus.

From other parts of the NCR, three sites were covered: Faridabad, Ghaziabad and

Gurgaon (also known as Gurugram). Faridabad is characterized by hub of major industrial site

30



leading one of the largest city (situated in the south east region of Haryana), in the vicinity of the

Yamuna river. This site has the characteristic climate of hot semi-arid with an average rainfall of

about 540 mm. Ghaziabad, is also popular as gateway of the state of Uttar Pradesh (situated in

the east of Uttar Pradesh), is an industrial site which is connected by periphery roads and the

network of railways. The meteorological parameters such as relative humidity (RH), temperature

variation and rainfall patterns are almost similar to the capital. Gurgaon, is situated in the south

west of Haryana, having annual average rainfall of about 710 mm. Day to day rapid growth of

urbanization lead the city prone to the industrial, commercial and financial hub. The proposed

sampling sites of the NCR are provided in Fig 2.1. Geographic locations along with code used

for the individual sites are given in Table 2.1.

Table 2.1 Details of sampling sites and its geographical coordinates

Monitoring sites Latitude Longitude Sites code Description of sites

Connaught Place 28.63°N 7721°E CPL Commercial, business, financial
Faridabad 28.40°N 7731°E FBD Commercial, industrial
Ghaziabad 28.66°N 77.45°E GBD Heavy transportation, industrial
Gurgaon 28.45°N 77.02°E GGN Business, heavy transportation
Jawaharlal Nehru University 28.54°N 77.16°E JNU Residential, Institutional, receptor
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Fig 2.1 Sampling sites of the National Capital Region (NCR), India

[2.2] Instrumentation

The instruments used for sampling were “Dekati PMjo impactor” (www.dekati.fi, Dekati
Ltd. Finland, a three-stage cascade impactor) and “Sioutas cascade impactor” (www.skcinc.com,
Cat. no. 225-370). The instruments were kept on the rooftop of the buildings of the respective
sites and run for twenty four hours. The samplers; Dekati PMo and Sioutas cascade impactors
have characteristics to differentiate the particles into various size fractions as according to their
design. The impactor “Dekati PMyy” was used to collect the size-differentiated particulate
matters: > 10, 2.5-10, 1-2.5 and < 1 um; whereas, the “Sioutas cascade impactor”, a five stage
sampler used to collect/deposit particulate matters of size ranges > 2.5, 1.0 to 2.5, 0.50 to 1.0,
0.25 to 0.50 and < 0.25 um. According to the specifications of the samplers, “Dekati PMjj
impactor” was run at a flow rate of 30 L/min and “Sioutas five stage cascade impactor”
optimized at a flow rate 9 L/min for twenty four hours at all the sites. The concentrations of the
carbons and quantified PAHs are shown by taking averages throughout the study periods.
Samples were collected on the recommended filters for both of the samplers/impactors.
Verification of some samples collected through the high volume sampler (for PM;o sampling)
was also employed in the carbonaceous analyses. The samplers outlook (Dekati PMjo and
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Sioutas cascade impactors), which were used simultaneously during the whole sampling
campaign and the deposition sizes are given in Figs 2.2 & 2.3. Brief specifications of these two

instruments are also provided in Table 2.1.

(@) (b)

Fig 2.2 (a) Outlook of Dekati PMj, impactor, (b) The stages of the impactor are shown
separately (from left-hand side: > 10, 2.5-10, 1-2.5, and < 1 um)

v

(@) (b)

Fig 2.3 (a) Outlook of Sioutas five-stage cascade impactor, (b) The stages of the impactor
are shown separately (from the left-hand side: < 0.25, 0.25-0.50, 0.50-1.0, 1.0-2.5 and > 2.5 um)
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Table 2.2 Brief specifications of the impactors:

Features Dekati PM,, impactor Sioutas five stage cascade impactor
Recommended filters Quartz/glass /aluminium/polycarbonate, teflon  Polytetrafluoroethylene

Flow rate 10/30 Lmin™* 9 Lmin*

Particle size ranges (um) <1, 1-2.5, 2.5-10, >10 <0.25, 0.25-0.50, 0.50-1.0, 1.0-2.5, >2.5
Cut points (um) 1,2.5and 10 0.25,0.50,1.0and 2.5

Filter size (mm) 25 and 47 25 and 37

Temperature (Max™) 200°C 240°C

Weight (Kg) 2.4 0.159

Dimensions 76x180 mm 8.6x5.6 cm

Materials of construction  Stainless steel Anodized aluminium, Buna-N, Acrylic

[2.2.1] Samplings

The size-differentiated samples of particulate matters were collected on pre-weighted
recommended Whatman glass/quartz fiber and PTFE filters, and preserved carefully in the
refrigerator for the investigation of adhered carbonaceous loads along with PAHs according to
the prescribed protocol. The size ranges of the impactors are grouped as fine or < 2.5 pm (the
size ranges 1-2.5 and < 1 um for Dekati PMy impactor and 1.0 - 2.5, 0.50 - 1.0, 0.25 - 0.50 and
< 0.25 pum for Sioutas cascade impactor) and coarse mode or > 2.5 pm (size ranges > 10 and 2.5-
10 pm for Dekati PMj, impactor and > 2.5 um for Sioutas cascade impactor) particles

respectively throughout the results.

The wind rose pattern during the sampling period of 2014-15 with season wise is also
given in Fig. 2.3 (a-f). Since, similar sampling protocol was followed in the second phase at all
the sites throughout the year 2015-16, hence the wind rose pattern for the first phase (2014-15)
was only shown in the present work. The meteorological parameters during the sampling period
were noted by using the Envirometer, from Fisher Scientific (Enviro-Meter™, 02-401-5) and,

were also taken from the website: http//wunderground.com.
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Fig 2.3 (a) Wind rose during the sampling period of Monsoon (July-Sept). Dates: 03-07-2014 to 30-09-
2014; Calm winds 12.09%; Avg. wind speed 1.24 m/s. Date: 11-08-2016 (WRPLOT view, Lakes
Environmental software).
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Fig 2.3 (b) Wind rose during the sampling period of Autumn (Oct & Nov). Dates: 02-10-2014 to 29-11-
2014; Calm winds 67.21%; Avg. wind speed 0.38 m/s; Date: 11-08-2016 (WRPLOT view, Lakes
Environmental software).
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Fig 2.3 (¢) Wind rose during the sampling period of Winter (Dec & Jan). Dates: 01-12-2014 to 31-01-
2015; Calm winds 46.77%; Avg. wind speed 0.73 m/s; Date: 11-08-2016 (WRPLOT view, Lakes

Environmental software).
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Fig 2.3 (d) Wind rose during the sampling period of Spring (Feb & Mar). Dates: 01-02-2015 to 31-03-
2015; Calm winds 30.51%; Avg. wind speed 1.09 m/s; Date: 11-08-2016 (WRPLOT view, Lakes

Environmental software).
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Fig 2.3 (e) Wind rose during the sampling period of Summer (Apr - Jun). Dates: 02-04-2015 to 30-06-
2015; Calm winds 17.58%; Avg. wind speed 1.22 m/s; Date: 11-08-2016 (WRPLOT view, Lakes
Environmental software).

Wind speed (m/s)

=101
8.5-10.1
7.0-85
5.5-7.0
39-55
3439
1.9-3.4
1419
1.0-1.4

RUEROORC

Calms: 31.57%

Resultant Vector

Fig 2.3 (f) Wind rose during the sampling period of 2014-15. Dates: 03-07-2014 to 29-07-2015; Calm
winds 31.57%; Avg. wind speed 0.98 m/s; Date: 11-08-2016 (WRPLOT view, Lakes Environmental

software). During the whole sampling campaign, precipitation was 0.0 mm.
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[2.2.2] Analyses

The analyses of TC and EC were carried out on the basis of the previous studies (Cachier
et al., 1989; Duan et al., 2004; Duan et al., 2006; See & Balasubramanian, 2008; Sarkar et al.,
2010). CHNS analyzer (Euro EA3000, Euro Vector and Thermo Scientific 2000 Flush) was used
to observe the TC from glass fiber filters afterwards another part of filters were treated by
heating at 350°C for about 100 min to remove the organic compounds/contents which thereafter
were used for the determination of elemental carbon (EC). Further, OC was calculated by
subtracting TC from EC throughout the analyses. Helium (He) was used as the carrier gas with
flow rate of ~ 100 ml/min. Evolved CO, was separated in a chromatography column and carried
out through a thermal conductivity detector. Standards used for calibration were Acetanilide and
L-cystine. Again, after proper handling and preserving of quartz/teflon filters; these filters were
used for the estimation of PAHs through the GC-MS (Shimadzu Gas Chromatograph-Mass
Spectrometry; GCMS-QP2010). Quantification of some samples were also carried out with Gas
Chromatography-Flame lonization Detector (GC-FID, 5700 Nucon Gas Chromatography) and
Agilent Gas Chromatograph (7890A) fitted with the mass spectrometry triple quadruple system.
The sampler, “Sioutas five-stage cascade impactor” could satisfactorily be used for the analyses
of PAHSs, but not for the carbonaceous loads whereas, “Dekati PM;o impactor” could be used for
both the carbonaceous fractions and PAHSs respectively. In case of Dekati PMy, impactor, only
the particle size range < 1, 2.5-10, and > 10 um (due to relatively homogeneous deposition in

comparison to the size range 1-2.5 um) gave good outputs of TC and EC.

Although various approaches have been made to study the carbonaceous loads and PAHs
from particulate emissions, the measurements made by these impactors are well defined for the
carbonaceous fractions using Dekati PMjo impactor (Kourtchev et al., 2005; Geng et al.,
2009a,b) and Sioutas cascade impactor (Ono-Ogasawara et al., 2011; Huboyo et al., 2011; Kam
et al., 2012; Hasheminassab et al., 2013). Similarly for PAHs also; Dekati PMj, impactor
(Booyens et al., 2015) and Sioutas five stage cascade impactor (Martins et al., 2012; Blomqvist
etal., 2014; Xu et al., 2015a) have been used.
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[2.2.3] Reagents and chemicals

The deuterated internal PAHs standard used in this study were Acenaphthene-D10;
Chrysene-D12; Naphthalene-D8; Phenanthrene-D10 and Perylene-D12. For the authentication of
results, EPA 610 Polynuclear Aromatic Hydrocarbons mixture was used as standard, these were
Naphthalene (Npth), Acenaphthylene (Acnp), Acenaphthene (Acen), Fluorene (Fluo),
Phenanthrene  (Phtn), Anthracene (Anth), Fluoranthene (Flun), Pyrene (Pyrn),
Benzo[a]anthracene ~ (BaAn),  Chrysene  (Chrn), Benzo[b]fluoranthrene  (BbFn),
Benzo[k]fluoranthrene (BkFn), Benzo[a]pyrene (BaPn), Indeno[1,2,3-cd]pyrene (lcdP),
Dibenzo[a,h]anthracene (DahA) and Benzo[ghi]perylene (BghiP). Solvents used in the
extraction processes were dichloromethane or DCM (CH.Cl,) and n-hexane (CgH14) from Fisher
Scientific  International Inc. The compound MSTFA [N-Methyl-N-(trimethylsilyl)

trifluoroacetamide] for GC derivatization was used for identification of silylated compounds.

[2.2.4] Analytical quality assessments

The instruments (carbon analyzer) were checked and calibrated routinely during the
analyses, and the field blank filters were run to obtain background accuracy. Analyses were
carried out for blank filters also, and the result was corrected for average concentrations of the
blanks, which was observed to be on an average 1.23 and 0.5 ug/m® for TC and EC respectively.

Relative standard deviations of the replicates were 7% and 9% for TC and EC respectively.

In case of PAHSs, the instruments used were calibrated using the standards. Linear
calibration curves with concentration range was observed, where linear regression coefficients R?
> 0.83 was found for data of least-squares fit. Analyses were carried out in duplicates to ensure
the precision of the samples. Relative standard deviations of the replicates were less than 12 %.
To determine the bias of analyses; field blanks and reagent blanks were also analyzed. Out of the
total peaks observed throughout the samples, only sixteen peaks of the priority PAHs were noted
for obtaining concentrations of PAHs by comparing the areas of the compounds. Recoveries of
PAHSs were observed by spiking the samples with the internal standards. Efficiency of recoveries

of the PAHs in the first phase was in the range from 75 to 86 %. In the second phase, the
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regression co-efficient R? > 0.97 was found for data of least square fit, while recoveries were in
the range of 77% to 102%.

[2.2.5] Extraction processes and PAHs determination

Methylene chloride or DCM (with minimum assay 99.5% for GC, from Fisher Scientific
International Inc.) was taken as solvent for the extraction of the particulate filters for the sample
in first phase. An aliquot of 10 ml of the solvent was added in each of the filters of different size
ranges (from “Dekati PM1o”; one portion from < 1 um, while a portion of deposition part from >
1 um of the filters was used, and from “Sioutas impactor”; only the particle deposition part was
used) followed by sonication for one hr at about 10°C. 10 ml of the solvent (CH,Cl,) was added
again into the supernatant solvent and the process was repeated to obtain the final volume 30 ml
for each of the sample extract. The volume was reduced to concentrate to become 2 ml using
speed vacuum (Thermo Fisher Scientific). Each extract of the particulate sample was further
divided into two parts. In the 1* part, a 3 pl out of 1.5 ml volume was injected to the GC-column
for the detection of apolar hydrocarbons/ compounds. Again, in the rest of 0.5 ml of the extract,
0.5 ml of neat MSTFA for GC derivatization, from Sigma Aldrich was added for the observation

of polar silylated compounds as according to Orasche et al., (2011).

In the first phase, PAHs analyses were carried out through the instrument Shimadzu Gas
Chromatograph 2010, attached with single quadruple MS (GCMS-QP2010; Shimadzu. Corp.),
and GC-FID, 5700 Nucon Gas Chromatograph. Fused silica column [low polarity phase;
products of Restek chromatography: Rtx®-5MS (30mx0.25mmx0.25um, crossbond ®diphenyl
dimethyl polysiloxane)] was used for the detection of PAHs. The extracts of the sample which
are consequently transferred into vials, were vortexed well for about 5 minutes and finally kept
for 1/2 hr in a water bath for at about 60°C. A volume of 3 pl sample was injected to the column.
Peaks of the PAHSs, and its identifications and calibrations were observed through retention times
and the areas with comparing the prescribed standard. The priority and/or targeted compounds
were identified with calibration and were also verified throughout the libraries available in the
GC-MS section namely; WILEY 8 and NIST 11. During the GC operation, oven temperature
(column) was set initially at 80°C, where the holding time was 2 min. Temperature of ramp was

first applied 5°C/min to reach 250°C of the ultimate temperature. Temperature of the column was
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set at 260°C for an interval of 5 minutes to remove all the weakly bound compounds and/or
derivatives. 10°C ramp was put to reach the final temperature of 280°C. At 280°C, a period of 15
minutes was set to diminish further any other strongly bounded compounds, derivatives and/or
reagents for the column. During the time of injection, the injector temperature in split less mode
was 260°C (i.e., linear velocity; flow control) with the split ratio 10.0 and the inlet pressure was
90.5 KPa. Total flow, column flow, linear velocity and purge flow (septum) were 16.3 ml/min,
1.2 ml/min, 40.9 cm/sec and 3.00 ml/min respectively. Again, for mass spectrometry (MS),
230°C was ion source temperature; 4.5 min was solvent cut time and the interface temperature
was 270°C. Micro scan width was 0 u. Scan was started at 5 minutes and continued till 49.99
minutes with the total program period of 50.75 min. Helium was used as carrier gas. MS was set
in fully scan mode and accordingly the detection results were noted and observed. Temperature
of quadruple was fixed at 200°C, and as detector the quadruple mass spectrum was applied.
Chromatogram obtained through Shimadzu GCMS-QP2010, after running PAHs standard
(external) is given below in Fig. 2.4 and the peak report total ion chromatogram (TIC) of the
standard is also given in Table 2.3 (Snapshot before running the samples in the first phase).
Again, for the samples of the second phase; chromatogram obtained after running PAHSs standard
is given in Fig. 2.5 and the peak report of the standard is also shown in Table 2.4. In this phase,
the solvents DCM/n-hexane (1:1) were used for the extraction of quartz fibre filters; PAHs were
analysed by using Shimadzu Gas Chromatograph attached with single quadruple MS (GCMS-
QP2010) and Agilent Gas Chromatograph (7890A) fitted with the triple quadruple mass
spectrometry. In the second phase, the following major programmes were followed: inlet pressure
95 KPa, injection volume 2.0 ul, GC programme time 55.00 min and scan was performed as acq. mode.
The peaks of the samples of the targeted/priority compounds were matched with the retention
times of the standard. Concentrations of the monitored compounds were obtained through the
area of the compounds, comparing with the area of the authentic standard. The monitored
compounds were identified with calibration and the verification was also carried out through the
libraries NIST 14, NIST 14s, and Wiley mass spectral databases.
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GC-MS Laboratory: AIRF Aralysis Report
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Fig 2.4 Chromatogram of the PAHSs standard (for the first phase samples)

Table 2.3 PAHSs standard (before the analyses of the samples in the first phase) along with

the parameters such as Retention time, Area, Area % etc.

Peak Beport TIC
Peak# FETme Arvea| Area%:|Mame
1 10,603 109634 3.50 |Maphthalene
2 11.122 196274 6.43 | Acenaphihylene
3 12684 106231 3.48 | Acenaphthene
4 15533 132853 435 |Fluorene
5 15.685 250289 7.54 | Phenanthrene
] 19.160 204364 6.71 | Anitbracena
7 19 B9 225000 7.37 | Fluoranthens
1 24001 335397 10.98 | Pyrens
2 24152 293188 9 60 | Benzo[a]anthracens
10 26088 19429 084 | Chrysene
11 27745 268763 3.20 | Benzo[b]fluoranthens
12 27873 453406 14 84 | Benzo[k]fluoranthens
13 290746 272133 3.9] | Benzo[alpyrene
14 29700 35020 1.15 |Indena] 1,2 3-cd]pvrens
15 35180 56654 1.25 | Dibenzo[a hlanthracens
16 36878 115549 3.78 | Benzo[zhilpervlens
3054689 100.00
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GC-MS Laboratory: AIRF Anafysis Report
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Fig 2.5 Chromatogram of the PAHSs standard (for the second phase samples)
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Table 2.4 PAHSs standard (before the analyses of the samples in the second phase) along with the
parameters such as Retention time, Area, Area % etc.

Peak Beport TIC

Paalks B Time Area Arvea¥s|Mame
1 2.576 24244 0.45 | Acenaphthvlena
2 12233 253105 4 69 | Acenaphthene
3 13090 325747 5.04 | Anthracene
4 15.581 310203 5.75 | Benzo[a]anthracens
5 200092 322410 5.98 | Benzo[b]flucranthene
[ 20,361 5123265 2 49 | Benzo[k]flucranthene
7 25739 324521 5.02 | Benzo[g h alperylena
B 26.731 343255 636 | Benzo[alpyvrens
) 32517 438870 5.10 | Chirysens
14 32664 260567 4 83 |Dhbenzo[a. h]anthracene
11 37280 268338 4 97 | Flnoranthene
12 37.430 424984 7.88 |Fluorens
13 38 546 546007 10,14 | Indenc[ 1.2 3 -cdlpyrens
14 43 668 3T0L7T0 5 86 | NMaphthalene
15 43 833 130523 2.42 | Phenanthrens
16 45168 541560 10,04 | Pyrens
5395830 100 00

In the present investigation, sixteen US EPA priority PAHs were targeted to be observed, all the priority PAHs were found to be
dominated throughout the proposed sites of the Delhi-NCR (except the compound Acenaphthene, which was abundant in the
second phase samples). Hence, in this study, the average concentrations of Acenaphthene could be considered primarily as the
representative of the samples of the second phase only. In lieu of these priority PAHSs, few other PAHs were also observed to be
associated with the size ranges < 0.25, 0.25-0.50, 0.50-1.0, and > 2.5 pm (for Sioutas impactor) and for Dekati PM 4 impactor (<
1and 1.0-2.5 pm).

[2.3] Software used in the analytical processes

The spatial and temporal distribution of carbonaceous load and PAHs were carried out
with the help of ArcGIS (Geographic Information System) software version 10.1. Some figures
were plotted with the software Graph Pad Prism 5.0 (Graph Pad Software, Inc., San Diego, CA,
USA) for PAHSs associated with fine and coarse particles to obtain the concentration variations
and risk assessments. Statistical software SPSS version 16.0 (SPSS, Inc., Chicago, IL, USA) was
used to observe the correlations (Pearson correlation) of PMs (ug/m® with meteorological
parameters. In the source apportionment section, the principal component analyses (PCA) was
applied through the statistical software XLSTAT version 7.5.2., where correlation matrices were

also obtained after running the PCA for PAHs and carbonaceous load.
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[2.4] Chronic health risk assessments of PAHs

To observe the chronic health risk of the PAHSs, the concentration of the PAHs were used
to determine the Chronic Daily Intake Dose (CDi, mg kg™day™), to quantify the Hazard Quotient
(HQ) of the individual species followed by the assessment of Hazard Index (HI) as according to
the prescribed methods provided by the Integrated Risk Information System (IRIS) under the
United States Environmental Protection Agency (US EPA, 1989; 1997; 1998; 2012). Though,
there are three different exposure pathways (inhalation, ingestion and dermal), only two
pathways such as inhalation and ingestion are considered for children (HQc) and adults (HQa) in

this study. CDi can be obtained by the following equation:

CDi = (C x IR x EFx ED) / (BW x AL x CF)

In this equation, C represents the concentration of the individual PAHSs, IR is the rate of
inhalation and/or the rate of ingestion (where, the inhalation rate for adult is around 20 m® day™
and for the children it is considered 10 m® day™). Again, the ingestion rate for adults is 100 mg
day™ and it is 200 mg day™ for children. EF is the frequency of exposure (day yr), which is
again considered as equivalent to 350 days yr™ (for adults) due to the fifteen official leave days
out of the year, i.e., 365 days. For children, EF is considered as 180 days yr™. ED is the duration
of exposure, which is considered as 40 yrs for adults and it is 6 years for children, BW represents
the average weight of body (in Kilograms), which is considered as 65 Kgs, since the adults
average body weight (male/female) was considered, for children it is 15 years. AL indicates the
average lifetime, which is 70 yrs for adults and 15 years for children. Here, the conversion factor
(CF) is used (mg ng™), since the concentrations of all the observed PAHs were expressed in ng
m™>. Similar types of observations have been carried out by various studies so far (Di Vaio et al.,
2016; Chakraborty & Mondal, 2017).

The minute health risk of the pollutants depends on HQ, which in turn depends on HI of
the observed PAHSs, and it can be considered to be minute risk if the HQ value exceeds one.
When HQ > 10.0 then there would be potential health risk associated with that particular species.

HQ can be calculated from CDi and RfD [chronic oral reference dose, (mg kg™ day™)]. RfD can
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also be obtained from RfC (chronic inhalation reference concentration, mg m™), inhalation rate
and the average body weight as according to the information available at www.rais.ornl.gov. HQ
depends on CDi of the species; which in turn also depends on the concentration of the species

and/or the RfD values.

HQ = CDI/RfD, and

RfD (inhalation) = (RfC x rate of inhalation) / body weight
HI = ZHQi

The higher contribution of HQ is generally having greater chronic health risk. In this
work, the prescribed/referred RfD values provided by the organizations such as: IRIS, and the
Risk Assessment Information System (RAIS) were considered for the quantification of HQ, but
not the calculated RfD value. Calculated RfD (inhalation) can be obtained only then, when the
prescribed RfC value is available and which is possible only for Naphthalene. The detailed
summary of physico chemical properties of the sixteen priority PAHSs listed according to the US
EPA are given in Table 2.5, whereas Table 2.6 covers the RfD (mg Kgday™), RfC (mg m™),
inhalation unit risk [(ug m®)?] and slope factor [(mg kgday™)'] of the priority PAHs.
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Table 2.5 Details of the sixteen US EPA priority PAHs and their some important physico chemical properties

PAHSs No. of Rings  Cas No. Molar mass (g mol) MP (°C) BP (°C) Density (gcm™®) Solubility(mg 1) *V.P (mmHg) *Group Structure
Naphthalene 2 91-20-3 128.17 78.2 21797  1.025 (at 20°C) 31 8.89 x 107 2B C1oHs
Acenaphthylene 3 208-96-8 152.2 91.8 280 0.8987 16.1 2.90 x 107 - CioHg
Acenaphthene 3 83-32-9 154.21 93.4 279 1.024 3.8 3.75x 10 - CH1o
Fluorene 3 86-73-7 166.22 116-117 295 1.202 1.9 3.24 x 10 - Cu3Hyo
Phenanthrene 3 85-01-8 178.23 101 332 1.18 llorl6 6.80 x 10™ - Ci4Hyo
Anthracene 3 120-12-7 178.23 215.76 339.9 1.28 0.045 2.55 x 107 3 Ci4Hyo
Fluoranthene 4 206-44-0 202.26 110.8 375 1.252 0.265 8.13 x 10° - CieH1o
Pyrene 4 129-00-0 202.25 145-148 404 1.271gml* 0.135 4.25 x 10°® - CieH1o
Benzo[a]anthracene 4 56-55-3 228.29 158 138 1.19 0.011 1.54 x 107 2A CigHiz
Chrysene 4 218-01-9 228.29 254 448 1.274 0.0015 7.80 x 107 2B CigHiz
Benzo[b]fluoranthene 5 205-99-2 252.31 168 - 1.286 0.0015 8.06 x 10°® 2B CyoH12
Benzo[K]fluoranthene 5 207-08-09 252.32 217 - 1.286 0.0008 9.59 x 10™* 2B CaoH1y
Benzo[a]pyrene 5 50-32-8 252.32 179 495 1.24 0.0002 - 0.0062 4.89 x 10°° 1 CyoH12
Indeno[1,2,3-cd]pyrene 6 193-39-5 276.331 161-163 536 - 0.062 1.40 x 107 2B CyoHip
Dibenzo[a,h]anthracene 6 53-70-3 278.35 262 - 1.232 0.0005 2.10 x 10™* 2B CooHay
Benzo[ghi]perylene 6 191-24-2 276.331 278 500 1.38 0.00026 1.00 x 107 - CyoHip

Density and Solubility (mg I'; in water) are represented at the standard state, i.e., 25°C and 100 kPa. *V.P (mm Hg) represents vapour pressure in mm Hg. *Group signifies the
categorization of carcinogenicity under the International Agency for Research on Cancer (IARC). Group 1 represents human carcinogen, 2A represents probable human
carcinogen, 2B represents possibility to the human carcinogen and the group 3 is not classifiable as human carcinogen. Two parameters namely; solubility and vapour pressure
can also be obtained at the Agency for Toxic Substances and Disease Registry (ATSDR, 2005), and also highlighted by Bojes & Pope, (2007). All these compounds are soluble
in alcohol, diethyl ether, acetone, benzene, chloroform, carbon disulphide etc, but the solubility in water is very low. Density, solubility, thermal conductivity, and viscosity of
majority of these compounds are also differ with different temperatures. Again, physical appearance and crystal structure are also different for majority of these compounds.
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Table 2.6 Summary of the sixteen US EPA priority PAHS, its RfD (oral), RfC (inhalation), slope
factor (oral) and inhalation unit risk as according to the IRIS, CalEPA and the WHO/TEF value
based on a toxicity equivalent factor from the WHO or US EPA

PAHs RfD (mg kg'day™)  RfC (mgm?®  Slope factor (mg kg*day™)?  Unit risk (ug m®)*
Naphthalene #2.00 x 107 ?3.00 x 107 - °3.40x 10”
Acenaphthylene - - - -
Acenaphthene %.00 x 10 - - -
Fluorene 24,00 x 107 - - -
Phenanthrene - - - -
Anthracene #3.00 x 10™ - - -
Fluoranthene %4.00 x 102 - - -
Pyrene #3.00 x 107 - - }
Benzo[a]anthracene - - €1.00 x 10™ °6.00 x 107
Chrysene - - €1.00 x 107 °6.00 x 107
Benzo[b]fluoranthene - - €1.00 x 10™ °6.00 x 107
Benzo[k]fluoranthene - - €1.00 x 1072 °6.00 x 107
Benzo[a]pyrene - - #1.00 x 10° %.00 x 10"
Indeno[1,2,3-cd]pyrene - - €1.00 x 10™ °6.00 x 107
Dibenzo[a,h]anthracene - - €1.00 x 10° °6.00 x 10

Benzo[ghi]perylene

®Source: Integrated Risk Information System (IRIS),

bSource: California Environmental Protection Agency (CalEPA),
“Source: World Health Organization/Recommended Toxicity Equivalence Factors (WHO/TEF),

[2.4.1] Cancer risk assessment of PAHSs

Attempts were made to carry out the Incremental Lifetime Cancer Risk (ILCR)

associated with inhalation exposure for adults and children, which represents the probability of

carcinogenicity for an individual over the lifetime (here, it is 70 yrs for adults and for children it

is 15 yrs) consequences of exposure potential of the carcinogen.

ILCR can be calculated as:

ILCR = CDi x SF,
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Where, CDi is the Chronic Daily Intake Dose (mg kg day™) and SF, is the oral slope factor (per

mg kg 'day™). Hence, ILCR is a unit less parameter.

Again, inhalation slope factor (SF;) can also be calculated as (RAIS, www.rais.ornl.gov; Vukovi¢
etal., 2014):

SF; = (UR x BW)/IR

Although, a large number of compound are estimated to be carcinogenic, but due to the
complexity for interpretation/estimation of the carcinogenicity, the risk for all species (such as
metals/metalloids and organic compounds) has not been confirmed by the IRIS. The information
concerning the carcinogenicity and unit risks can also be obtained from the website of the US
EPA through IRIS (www.epa.gov/iris/), CalEPA and WHO/TEF [informations are also available
at the RAIS (www.rais.ornl.gov). Majority of these informations regarding the carcinogenicity
are also found to be initially developed by the WHO/TEF (value based on a toxicity equivalent
factor from the WHO or US EPA). In this study, the cancer risks of PAHs are observed through

the inhalation unit risk of the respective compounds.

It is important to observe whether the carcinogenic risk of inhalation for the PAHs (Npth,
Chrn, BaAn, BaPn, BbFn, BKFn, IcdP and DahA\) fall in the range of ILCR, i.e., 10° to 10 The
risk of carcinogenicity, which is related to the value of ILCR, can be regarded as potential risk if
the values fall within the range of ILCR. If it is > 10™ then it indicates potentially high risk and
when it is < 10 then it is considered as virtual safety for that particular species. The excess risk
of inhalation of the PAHs: Npth, Chrn, BaAn, BbFn, BkFn, BaPn and DahA can only be
observed due to its availability of unit risk values. ILCR associated with particulate bound PAHs
have been carried out by various researchers so far (Bortey-Sam et al., 2013; Vukovi¢ et al.,
2014; Li et al., 2016a; Lu et al., 2016; Singh & Gupta, 2016). Level of risk of carcinogenicity
depends on concentration and on the prescribed unit risk of the individual compound and/or
species. Among the PAHs, BaPn come under group 1 carcinogen (according to the IARC
category) and the PAHSs such as Npth, Chrn, BbFn, BkFn, IcdP and DahA belong to 2B category
except BaAn, which is recognized as 2A category under the IARC.
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Chapter 3 Results and discussion



Chapter 3 Spatio-temporal variation of carbonaceous species and PAHs

[3.1] Spatio-temporal variation of carbonaceous species and PAHs through the application
of GIS software

Carbonaceous aerosols, and a total of sixteen priority PAHs as according to the United
States Environmental Protection Agency (US EPA) were targeted to observe the spatial and
temporal variations in the present work. Many approaches have been made to observe spatio-
temporal variation of PM bound pollutants (Wong et al., 2004; Denby et al., 2005; Noth et al.,
2011; Righini et al., 2014; Lee et al., 2016), similarly, in this study also, an attempt was made to
construct the spatio-temporal variation maps of the carbonaceous species (such as TC, EC, OC)
and PAHs with season, by taking the averages of the total concentrations throughout the periods,
which have been prepared by applying Inverse Distance Weighted (IDW) approach in Spatial
Analyst extension of ArcGIS software version 10.1 For pollution mapping, the spatial analyses
and overlays techniques from GIS provides powerful tool (Briggs et al., 1997). Different
approaches of spatial regression models also able to exploit pollutants data unlike interpolation
methods (Jerrett et al., 2005; Hoek et al., 2008; Martin et al., 2010). The advent of modeling and
GIS methods for the exposure assessment (intraurban exposure) has emerged at that time when
chronic health risks has become interested (Jerrett et al., 2005). GIS can be used to visualize the
spatially distributed concentrations of particulate bound species, which further can be used for
exposure models to identify the pollution variation within a small area (Jerrett et al., 2005). Both
the temporal and spatial variability were observed to be significant through this model. It has
been reported that PM and associated pollutants are dependent on various factors such as local
climatic conditions, topography, sources of emission etc. Thus, the representation of pollutants
with geo statistical model could improve the monitoring tool with wide range of applications
such as riskiness and epidemiological studies too (Lai et al., 2013). This strategy can build a
versatile and useful tool in the exposure of analyses and also the probable risks of pollutants (Lee
et al., 2016). In this study, the spatial and temporal changes of carbonaceous species and PAHs
carried out through GIS in the proposed sites of Delhi-NCR are explained below:

Variation of TC (pg/m3) showed that GBD site recorded the highest concentration
throughout the study, while JNU recorded the lowest (Fig 3.1). In monsoon season, it is clear that

GBD experiences higher load of TC followed by CPL, FBD, JNU and GGN. During autumn an
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opposite pattern of variation of TC was observed for the sites CPL, FBD, GGN and JNU except
the site GBD; where GBD possessed the highest abundances of TC and JNU possessed the
lowest. The overall pattern of spatial changes in the autumn revealed that GBD had the highest
contribution of TC followed by FBD, CPL, GGN and JNU. During winter, GBD was observed to
have high abundances of TC after FBD, GGN, CPL and JNU. In spring, again similar pattern of
relative abundances of TC was observed for all the sites as was in the autumn and winter
seasons. The order of relative contribution of TC in spring was found as: GBD > FBD > GGN >
CPL > JNU. In the summer season, again GBD had the highest concentration of TC followed by
FBD, CPL, GGN and JNU.

Spatio-temporal variation of EC (pg/m’) showed that GBD recorded the highest
concentration throughout the analyses followed by FBD, CPL, GGN and JNU (Fig 3.2). Similar
to TC, variation of EC showed that GBD region had the highest contribution all-round the years,
whereas at JNU the relative concentrations was found lowest. In the monsoon season, it is clear
from Fig. 3.2 that GBD experiences higher load of EC followed by CPL, FBD, GGN and JNU.
In autumn season, an opposite trend of EC was observed among the sites CPL, FBD and GGN;
where relative abundances of EC was found as: JNU < CPL < GGN < FBD < GBD. In case of
the winter season; CPL and JNU experienced comparatively lower amount of EC than the rest of
other sites. In this season, the relative contribution of EC was found highest for that of GBD,
whereas it was the lowest for JNU. The overall contribution of EC in winter showed that GBD
had the highest load followed by GGN, FBD, CPL ~ JNU. In spring, the relative abundances of
EC for CPL, FBD and GGN was observed almost equivalent, where JNU possessed lowest
amount among all the sites and GBD had the highest contribution. During summer season, JNU
and GGN possessed relatively lower abundances of EC than the other sites. In this season, the

following trend was observed: JNU < GGN < FBD < CPL < GBD.

Variation of OC (ug/m’) showed that GBD recorded the highest abundances of OC
throughout the seasons of the study period among all the sites (Fig 3.3). In monsoon season, the
trend of variation of OC was observed similar to EC, where GBD experienced relatively higher
abundances and JNU experienced lower abundances of OC. The order of spatial changes in the
monsoon season was: GBD > CPL > FBD > JNU > GGN. In case of the autumn season, GBD
and FBD experienced comparatively higher contribution of OC. In this season, the relative

contribution of OC was found highest for GBD followed by FBD, CPL, GGN and JNU. In
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winter, again GBD was observed to be highly abundant of OC after FBD, CPL, GGN and JNU.
The overall result of OC showed that GBD had the highest load and the rest of other sites
possessed lower amount. In spring, in comparison to winter an opposite pattern of relative
abundances of OC was observed between the sites GGN and CPL. Relative abundances of OC in
spring was found as: JNU < CPL < GGN < FBD < GBD. It was observed that GBD had the
highest contribution followed by CPL, FBD, GGN and JNU during summer, where relatively
lower contributions of OC were observed at JNU and GGN. GBD experienced the highest
contribution of OC and JNU experienced the lowest contribution of OC. The sites GBD, FBD
and GGN are dominated by vehicles which run mainly on diesel and petrol, while in Delhi,
Compressed Natural Gas (CNG) is widely used. The widespread use of diesel and gasoline
vehicles may be the reason behind higher carbonaceous aerosols. Again, the nearby industrial
activities have also been played an important role in the NCR sites, which in turn may also be the

reason of higher carbons than Delhi.

Seasonal variation for PAHs (ng/m’) showed that GBD site recorded highest abundances
throughout the periods followed by FBD, GGN, CPL and JNU (Fig 3.4). In monsoon season, a
reverse trend of PAHs was observed between the sites FBD and GGN (in comparison to other
seasons), where an overall order was found as: JNU < CPL < FBD < GGN < GBD. The spatial
changes in the autumn season was found as similar to the variation in monsoon season except the
sites FBD and GGN, where GBD experienced highest contribution of PAHs followed by FBD,
GGN, CPL and JNU. In the winter season, again GBD was observed to be highly abundant of
PAHs and JNU recorded the lowest. In this season, CPL was found to be with relatively lower
contribution of PAHs than the autumn, but the overall trend of variation of PAHs showed similar
to the autumn season with the following order GBD > FBD > GGN > CPL > JNU. In spring, a
similar trend of abundances of PAHs was observed as in the autumn and winter. The order of
PAHs in spring was found as: GBD > FBD > GGN > CPL > JNU. In the summer season, again
similar pattern of variation of PAHs was observed; where the site GBD loaded with the highest
amount of PAHs and JNU possessed the lowest. In this season also, the overall pattern of
variation of PAHs was found similar to autumn, spring and winter seasons. JNU is rich in
biodiversity in comparison to other sampling sites. Hence, effectively lower amounts of
particulate pollutants under such environmental conditions are facilitated. Again, lower levels of

pollutants in JNU might be due to the lack of anthropogenic activities than the other sites.
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Fig 3.1 Spatial variation of TC throughout the seasons of the study period
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Fig 3.3 Spatial variation of OC throughout the seasons of the study period
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[3.1.1] Contribution of TC, EC and OC at various sites and in different seasons

The carbonaceous load with respect to TC, EC and OC were investigated across the
season and sites associated with the size ranges of particles; fine (< 2.5 pm) and coarse (> 2.5
um). It was observed that the higher average concentration (ug/m’) of TC, EC and OC were
found in the fine particles, but in some cases coarse particles (> 2.5 um) was observed to be
associated with higher amount of carbons. In this study, higher fractions of carbon were found to
be associated with ultrafine, fine and coarse particles. Carbonaceous species have been studied in
different size ranges or size segregated particles across the world at various monitoring sites
(Kourtchev et al., 2005; Li et al., 2007; Geng et al., 2011). Studies carried out in different
countries regarding size segregated particles revealed that relatively lower concentration of
carbonaceous species have been observed to be associated with < 2.5 um than the corresponding
particles > 2.5 pm (Godec et al., 2012; Huang & Wang, 2014; Samara et al., 2014). On the
contrary, some studies also reported the carbonaceous species associated with smaller size ranges
(i.e., <2.5 um) exceeded than the corresponding coarse particles (Lin & Tai, 2001; Geng et al.,
2009; Zhou et al., 2016). Meanwhile, studies carried out in different seasons showed that winter
registered higher amount of carbons than the monsoon season (Duan et al., 2006; Cao et al.,
2007; Yang et al., 2011; Samara et al., 2014; Satsangi et al., 2012; Sharma et al., 2014; Pant et
al., 2015a; Villalobos et al., 2015; Roy et al., 2016), which is observed to be consistent with this

work.

In all the seasons and at all the sites, TC was observed maximum followed by OC and EC
throughout the study. In the monsoon season (Fig. 3.5), at the site GBD, the average
concentration of carbons (ug/m’) was higher than the rest of other sites. Though, TC in fine
fractions exceeded the corresponding coarse particles, but at the sites FBD and GGN; the
concentrations were found higher in coarse fractions. The mean concentration of TC, EC and OC

in the monsoon season was 7.26+2.29, 2.80+0.95 and 4.48+1.17 pg/m’ respectively.

In the autumn season (Fig. 3.6), in fine particles, the mean concentration of TC was
observed comparatively higher at all the sites except the site CPL; where higher concentration of
TC was found in coarse particles. It was found that, the overall carbon load in autumn season
was comparatively higher than the monsoon season. Mean concentration of carbon in this season

was observed 8.62+2.98, 3.15+1.04 and 5.33+1.55 pg/m’ for TC, EC and OC respectively
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From Fig. 3.7, in winter, it was found that average concentration (ug/m’) of carbon was
observed higher at all the sites than the monsoon and autumn seasons. Another major conclusion
could be drawn is that the relative contribution of carbonaceous load regarding both the particles
< 2.5 and > 2.5 pm was found higher in winter season than the rest of other seasons. In this
season, except the site JNU; all the sites possessed higher amount of carbons in fine particles
than the corresponding coarse particles. The mean concentration of TC, EC and OC were

11.26+3.07, 4.01+1.16 and 7.25+2.17 pg/m’ respectively.

In the spring season (Fig. 3.8), mean concentration (ug/m’) of carbon was observed as
9.15+2.83, 3.29+1.07 and 5.86+1.61 for TC, EC and OC respectively. Similar to other seasons,
the higher amount of carbon was observed at the site GBD; whereas it was comparatively lower
at JNU. In this season, at the site FBD, the concentration of carbonaceous load was found higher
in coarse particles than the fine. At FBD; the OC possessed equivalent concentrations at both the
fine and coarse fractions. At the site GBD, the average concentration of EC was found almost
similar regarding both the fine and coarse fractions. Again, OC was found similar at GGN and

JNU in coarse and fine particles respectively.

From Fig. 3.9, in summer season, it is clear that at sites CPL and GGN; coarse fractions
registered the higher amount of carbon than the fine fractions. Relatively, similar amount of EC
was observed in the coarse factions at CPL and in fine fractions at FBD. Similarly, TC
concentration was found similar at GGN in coarse fractions and at JNU in fine fractions. In this
season, dust-storm might be the responsible factor for higher particulate loads. The average

concentration of TC, EC and OC was 8.73+2.65, 2.75+0.86 and 5.98+1.73 pg/m’ respectively.

In Fig. 3.10, mean concentration of carbon was shown by considering concentrations of
all the seasons, which was observed 8.95+2.97, 3.18+0.93 and 5.76+1.86 pg/m’ for TC, EC and
OC respectively. Higher amount of carbon was found for GBD (TC 11.69+£3.11, EC 4.14+1.19
and OC 7.45+2.12 pg/m’) followed by FBD (TC 8.91+2.33, EC 3.14+0.94 and OC 5.76+1.98
pg/m’), CPL (TC 8.60+2.81, EC 3.11+0.52 and OC 5.47+1.83 pug/m’), GGN (TC 8.25+2.68, EC
2.99+0.71 and OC 5.27+2.02 pg/m’) and INU (TC 7.57+2.59, EC 2.62+0.67 and OC 4.95+1.83
pg/m’). GBD had the highest amount of all the carbons, while GGN and JNU possessed lower
concentration at all the seasons. Relatively, lower amount of carbons found at GGN than CPL

might be due to the far off samplings from the busiest roadways and other activities.
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[3.1.2] Seasonal variation of PAHs throughout the analyses

PAHs with seasonality have been reported at various monitoring sites (Li et al., 2006a;
Pengchai et al., 2009; Wang et al., 2010; Tobiszewski & Namiesnik, 2012; Hoseini et al., 2016),
where majority of studies have observed the significant seasonality between the winter and other
seasons (Guo et al., 2003; Fon et al., 2007; Sitaras & Siskos, 2008; Martellini et al., 2012; Singla
et al., 2012; Hasheminassab et al., 2013; Zhang et al., 2013; Wang et al., 2014; Dubey et al.,
2015; Finardi et al., 2015; Pozo et al., 2015; Kim et al., 2016). In areas; where PAHs are emitted
from industrial activities the concentration shows little seasonality, but significant seasonality is
observed in areas where PAHs sources are related to commercial and residential heating (Kim et
al., 2013). In this study, though relative seasonal variation of PAHs were observed, this might be

due to the invariable vehicular and industrial activities throughout the NCR.

In the monsoon season (Table 3.1), it was observed that the mean concentration (ng/m3)
of Npth (5.21£1.83), Phtn (4.87+1.16), Pyrn (5.10£1.68), BaPn (5.254+1.29), Chrn (4.15%1.18),
Flun (3.92+0.93) and BaAn (3.68+1.23) was found higher at all the sites in comparison to other
PAHs. Acen (1.05+£0.39) was found with minimum concentration for all the sites and in all the
seasons. The compounds BbFn (2.51+0.74) and BkFn (2.54+0.73) were distributed
approximately in equal concentrations. Similarly, BghiP (2.28+0.80) and DahA (2.24+0.96)
contributed almost equal concentrations. From Fig. 3.11; it could be inferred that the compounds
Npth, Phtn, Pyrn and BaPn had higher concentrations followed by Chrn, Flun and BaAn; where

the rest of other compounds possessed relatively lower concentrations with seasons.

In the autumn season, relatively higher trend of variation of concentration was observed
for all the compounds in comparison to the monsoon season (Table 3.1). BaPn (7.49+.2.46)
showed highest average concentration among all the PAHs and Acen (1.4+0.72) possessed
minimum average concentration (ng/m3) in the autumn season. Fig. 3.12 revealed that there was
a linear trend of decrease in concentration for the compounds from Pyrn to BhFn. Again, the

concentration of DahA was found higher than BghiP in this season.

During winter (Table 3.1), the mean concentration of PAHs was found higher than the
rest of all other seasons. In contrast to the other two seasons (monsoon and autumn); the

concentration of Phtn (6.53+2.18), and Pyrn (6.52+2.29), had almost parallel concentrations. In
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this season, the maximum mean concentration was observed for BaPn (8.64+2.92) followed by
Npth (6.65+£2.03), Phtn (6.53+2.18), Pyrn (6.52+2.29), Flun (5.14£1.42) and then rest of the
other PAHs. Similar to other seasons, the trend of decrease in concentrations were observed for

the compounds from Npth to Anth (excluding Acen), and from Pyrn to BkFn (Fig. 3.13).

In spring, the mean concentrations of Fluo (3.08+0.72), Anth (3.11+0.92) and BbFn
(3.10+0.98) were observed equivalent, where a similar trend of decrease in concentration for the
PAHs from BaPn (7.82+£2.95) to Acen (1.25+0.30) was observed (Table 3.1). But, the relative
concentration of Acen was found comparatively higher in spring (1.25+0.30) and winter
(1.55+0.44) seasons. In this season (spring), the average concentrations of Fluo, Anth, BbFn and
DahA were observed almost parallel (Fig. 3.14). The variation of concentrations of rest of other

PAHs was found to possess similar trend with other seasons.

In summer (Table 3.1), it was found that the concentration of Phtn (6.12+1.68 ng/m3)
exceeded slightly than Npth (5.91+2.10 ng/m’). Though mean concentration variation of PAHs
was observed to be following similar trend as observed in other seasons, but the overall PAHs
concentration was found similar to the spring and autumn seasons (Fig. 3.15). The concentration
of Acen (1.16+0.46 ng/m3) was also found almost constant in all the seasons. Meanwhile, Acen

possessed lowest average concentration at all the sites and season.

Fig. 3.16 shows the mean concentrations of all PAHs (ng/m3) throughout the study. The
relative higher concentration of PAHs was observed for the compounds BaPn, Npth, Phtn Pyrn,
Flun and Chrn. Among the PAHs; Acen and IcdP possessed lower concentrations [Table 3.1]. It
was seen that the compounds Acnp, Fluo and BbFn distributed equally throughout the analyses.
From Table 3.1; it was clear that the average concentration of PAHs were higher in winter,
whereas it was lower in the monsoon season. The annual average concentration of PAHs were
found in the following order: Acen (1.2940.38) < IcdP (1.89+0.46) < BghiP (2.56+0.87) < DahA
(2.87+0.85) < Anth (2.93£0.81) < Acnp (3.04+1.06) ~ Fluo (3.06+0.73) < BbFn (3.08+0.99) <
BkFn (3.14+0.82) < BaAn (3.83%£1.23) < Chrn (4.52+1.25) < Flun (4.76£1.27) < Phtn
(5.78+1.38) < Pyrn (5.85%+1.76) < Npth (5.89+2.06) < BaPn (7.42+2.18). Again, in case of
carbonaceous load also, monsoon registered lower concentrations while winter comparatively
registered higher load. The low temperature and low mixing height in winter might be the
responsible factor for higher amounts of trapping particles, whereas the rainfall might be the
deciding factor for lower amount of pollutants in the monsoon season.
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Table 3.1 Average concentration of PAHs (ng/m’) and carbonaceous species (ng/m’) throughout
the seasons of the study.

Seasons— Monsoon Autumn Winter Spring Summer Average
Particulate species|

Npth 5.21+1.83 5.64+1.78 6.65+2.03 6.06+1.94 591+2.10 5.89+2.06
Phtn 4.87+1.16 5.35£1.97 6.53+2.18 5.98+1.72  6.12+1.68 5.78+1.38
Acnp 2.33+0.80 2.80+1.03 3.90+1.26 2.94+0.99  3.15+1.39 3.04+1.06
Acen 1.05+0.39 1.4040.72 1.55+0.44 1.25+0.30  1.16+0.46 1.29+0.38
Fluo 2.57+0.74 2.93+0.79 3.58+0.96 3.08+0.72  3.00+0.69 3.06+£0.73
Anth 2.40+0.55 2.86+1.01 3.27+0.74 3.11+£0.92  2.91£1.09 2.93+0.81
Pyrn 5.10+£1.68 6.09+2.07 6.52+2.29 5.61+1.77  5.74+1.98 5.85£1.76
Flun 3.92+0.93 4.76£1.58 5.14+1.42 4.98+1.04 4.88+1.21 4.76£1.27
Chrn 4.15£1.18 4.35+1.43 4.91+1.48 4.60+£0.97 4.56+1.32 4.52+1.25
BaAn 3.68+1.13 3.62+1.22 4.08+1.56 3.81£1.05 3.75+1.16 3.83+£1.23
BbFn 2.51+0.75 2.84+1.06 3.92+1.35 3.10+0.98  2.97£1.05 3.08+0.99
BkFn 2.54+0.73 3.0440.90 3.76+1.14 3.16+0.86  3.12+0.78 3.14+0.82
BaPn 5.25+1.29 7.49+2 .46 8.64+2.92 7.8242.95  7.80+£2.67 7.42+2.18
BghiP 2.28+0.80 2.45+0.92 2.83+0.89 2.63+0.97 2.41+1.02  2.56+0.87
DahA 2.24+0.96 2.71+0.81 3.3340.78 2.99+0.78  3.18+0.95 2.87+0.85
ledP 1.544+0.28 1.93+£0.52 2.28+0.69 1.85+0.55 1.70+0.32 1.89+0.46
TC 7.26+2.29 8.62+2.98 11.26+3.07 9.1542.83  8.73£2.65 8.95+2.97
EC 2.80+0.95 3.15+1.04 4.01+1.16 3.29+1.07 2.75+0.86 3.18+0.93
ocC 4.48+1.17 5.33+1.55 7.25+£2.17 5.86+1.61  5.98+1.73 5.76+1.86
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[3.1.3] Ring wise distribution of PAHs across the sites

The PAHs of having different rings and their relative distribution at all the sites with
seasons and throughout the study period are given in Figs. 3.17-3.19. It was observed that the site
GBD possessed higher concentrations of all the rings of PAHs in comparison to other sites
irrespective of seasons, whereas JNU possessed lower concentrations across the seasons. The 2-
rings PAH (i.e., Npth) was found in higher concentrations at all the sites and size ranges of
particles, for which the average concentration across the seasons was comparatively found
higher. Higher concentrations of Npth was also observed (compared to other priority PAHs) in
other studies such as at Tampa Bay, Florida USA (Poor et al., 2004) and at Assiut, Egypt
(Abdallah & Atia, 2014). In this work, similar to Npth; Phtn (3-rings), Pyrn (4-rings) and BaPn
(5-rings) possessed relatively higher amount across the seasons. But, the average concentration
of PAHs with respect to 3-rings (Phtn, Acnp, Acen, Fluo and Anth), 4-rings (Pyrn, Flun, Chrn
and BaAn), 5-rings (BbFn, BkFn and BaPn) and 6-rings (BghiP, DahA and IcdP) possessed
almost similar variation regarding the sites and seasons. The priority PAHs under the US EPA
guidelines; their concentrations and variations regarding different rings have been well observed
by various researchers so far (Vardar & Noll, 2003; Poor et al., 2004; Kaur et al., 2013; Singh et
al., 2013; Abdallah & Atia, 2014; Hassine et al., 2014; Jin et al., 2014; Villar-Vidal et al., 2014;
Wu et al, 2014; Yin et al., 2015; Szabo et al., 2015; Albuquerque et al., 2016).

From Figs 3.17-3.19, it can be concluded that the trend of variation of concentration
regarding all the PAHs of different rings showed different contributions. Monsoon (Fig. 3.17 a)
possessed relatively lower concentration of all PAHs regarding all the rings (2 to 6 rings),
whereas the winter (Fig. 3.18 a) possessed higher concentrations of all rings of PAHs. Relatively,
moderate concentrations regarding ring wise distribution were observed for the rest of three
seasons namely autumn (Fig. 3.17 b), spring (Fig. 3.18 b) and summer seasons (Fig. 3.19 a). Fig.
(3.19 b) shows the average distribution of PAHs from 2 to 6 rings throughout the period of study.
The average percentage contribution of PAHs (from Fig. 3.19 b) with respect to all rings for the
sites CPL, FBD, GBD, GGN and JNU was found in the following order: GBD (23 %) > FBD (21
%) > GGN (20%) ~ CPL (19 %) > INU (17 %).
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Fig. 3.17 Ring wise distribution of PAHs in the a. monsoon and b. autumn seasons throughout

the sites

67



Winter Spring

gﬁigfﬁiji*@a
Hiemllilled]
BEPCIEAERY R

~
i |

. N

fi 2 J_ J_ 2 -

4 L
0 ) ) ) ) ) O ) ) ) T
104 1019
. 1
- 8 -
g
2 4 4 T T
i3
24 24
O L) L} L} L} L} O T
S L S & S S & & & &
a. b.

Fig. 3.18 Ring wise distribution of PAHs in the a. winter and b. spring seasons throughout the

sites

68



Summer Average

4_
1 T —— -
Eéz- . l T g -
¢ 14 14
0 L] L] L] L] L] O L} L} L} L}
10- 8-
. T
o 6-
g == T
6_
2 " =
g 44 J_ L
'e) 5 2 -
0 L) L) L) L) L} 0 L) L) L) L]
10+ 8-
o= 87 6
5 o
< 5 5
O L] L] L] ) L) 0 T T T T
84 61
< 67
HIEEg| (mm =
v4_
E
5‘? 2_
m2- T | J_
O L] L] L] L] L] 0 L} T L} L]
10- 101
-
- 8- l i 84 T — —
2 a 4 1 L
d 2- 24 -l' 'J_
c L) L) L) L) L) O L) L) L) L)
& & & & 0§ & & £ &
a b.

Fig. 3.19 Ring wise distribution of PAHs in the a. summer and b. throughout the site
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[3.1.4] Variation of concentration of PAHs in fine (< 2.5 pm) and coarse (> 2.5 pm) mode

aerosols across the sites

PAHs associated with fine and coarse particles have been studied widely (Guo et al.,
2003; Bourotte et al., 2005; Slezakova et al., 2013; Teixeira et al., 2013; Liaud et al., 2014;
Booyens et al., 2015; Roy et al., 2017). Some studies observed that the concentrations of particle
bound PAHs was found higher in finer particles or in the back up stages filters (Kameda et al.,
2005; Blomgvist et al., 2014; Xu et al., 2015a; Lin et al., 2016; Sarti et al., 2017), which is found
consistent with this study. It is clear from the Figs. (3.20-3.25) that the concentration of PAHs in
fine particles (< 2.5 um) exceeded the concentration adhered in coarse particles (> 2.5 um),

which is too consistent with the previous studies (Martins et al., 2012; Booyens et al., 2015).

In Fig 3.20, the concentration variation of sixteen priority PAHs associated with the size
ranges fine and coarse are shown for the sites CPL. It was noted that at all the sites, fine
particulate bound carbonaceous species dominated the coarse bound particles in terms of
concentration and traceability. The concentrations of BaPn (in fine 8.56+2.48 ng/m’; and in
coarse 6.46+1.87 ng/m’) and Pyrn (in fine 8.28+3.45 ng/m’; and in coarse 3.4+1.43 ng/m’) were
observed higher than other priority PAHs. After BaPn and Pyrn; Npth (in fine 7.76+2.46 ng/m;
and in coarse 4.28+1.37), Phtn (in fine 6.94+1.38 ng/m’; and in coarse 4.98+0.49 ng/m’), Flun
(in fine 5.8+1.57 ng/m’; and in coarse 3.58+1.07 ng/m’), Chrn (in fine 5.6+1.79 ng/m’; and in
coarse 3.06+1.26 ng/m’) and BaAn (in fine 5.02+1.61 ng/m’; and in coarse 2.74+0.62 ng/m’)
accounted comparatively higher concentrations among all other PAHs. Acen (in fine 1.44+0.42
ng/m’; and in coarse 0.84+0.25 ng/m’) and IcdP (in fine 2.1+0.45 ng/m’; and in coarse 1.46+0.29

ng/m’) possessed lower concentrations among all the PAHs.

In FBD (Fig. 3.21), the highest average concentration was observed for BaPn (8.78+2.57
ng/m’ in fine and 6.84+1.38 ng/m’ in coarse) and Acen (1.76+0.48 ng/m’ in fine and 1.22+0.29
ng/m’ in coarse) possessed lower amount among all the PAHs. The relative concentrations of
some PAHs were found higher in this area than CPL. In comparison to the site CPL, the
concentration of Fluo (3.82+1.42 ng/m3 in fine and 2.24+1.12 ng/m3 in coarse) and IcdP
(2.42+0.69 ng/m3 in fine and 1.46+0.28 ng/m3 in coarse) were found higher. In fine particles,
Anth (3.7241.05 ng/m’) and DahA (3.72+1.08 ng/m’) were found equally abundant. In coarse
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particles, the compounds Fluo (2.24+1.12 ng/m’) and Anth (2.24+0.85 ng/m’) were found in

similar concentrations.

It was observed that, the site GBD loaded with higher concentration of carbonaceous load
and PAHSs, and in contrast, JNU was found with lower load of carbonaceous species and PAHs
throughout the seasons. The concentration of BaPn (8.68+2.75 and 6.48+1.56 ng/m’ in fine and
coarse particles respectively) at GBD was found comparatively similar to the other sites (Fig.
3.22). But, the overall concentration of PAHs was observed to exceed than other sites with
respect to < 2.5 and > 2.5 um in this sites. The concentration of Pyrn (8.71£3.04 and 2.94+1.12
ng/m’ in fine and coarse particles respectively) was found higher than the concentration of Npth
with respect to fine particles. After BaPn, the concentrations of Npth (8.30+£2.91 and 4.18+1.82
ng/m’ in fine and coarse respectively) and Phtn (7.24+1.65 and 4.90+1.09 ng/m’ in fine and
coarse particles respectively) were found higher at the site GBD. IcdP also (2.52+0.44 and
1.90+0.23 ng/m’ in fine and coarse respectively) was found comparatively highly concentrated
than the sites CPL and FBD. Hazarika & Srivastava (2017) found similar concentration
variations of PAHs at the site GBD. This could be due to the nearby industrial activities and
heavy vehicular transportations, where particulate components might have highly dispersed in
the surrounding areas. It is also important to mention that the areas experience with higher
vehicular and industrial activities possess higher carbonaceous aerosols (Hazarika et al., 2017).
Besides the concentration in fine particles, concentration of some PAHs such as BghiP
(3.60+1.04 and 2.14+0.43 ng/m’ in fine and coarse particles respectively) and DahA (3.88+1.23
and 2.56+0.94 ng/m’ in fine and coarse particles respectively) were found higher in coarse

particles in comparison to the sites CPL and FBD.

At site GGN (Fig. 3.23), the concentration of BaPn (8.68+3.06 and 6.34+1.65 ng/m’ in
fine and coarse particles respectively) was found almost equal to the sites CPL and FBD. In fine
particles; Acnp (4.06+1.43 and 2.02+0.46 ng/m’ in fine and coarse particles respectively) and
BkFn (4.02+1.18 and 2.34+0.39 ng/m’ in fine and coarse particles respectively) possessed
similar concentrations. Similar to the other sites, Acen (1.78+0.62 and 0.9+£0.13 ng/m’ in fine
and coarse respectively) and IcdP (2.16+0.43 and 1.54+0.24 ng/m’ in fine and coarse particles
respectively) contributed lower concentrations among all the PAHs. In fine particles, the

concentration of BaAn (5.0+1.66 ng/m’) was observed as similar to the concentration obtained at
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CPL and FBD. Pyrn (8.36+3.06 and 3.03£0.97 ng/m’ in fine and coarse particles respectively)
was found second abundant PAHs after BaPn throughout the analyses at all the seasons at GBD.

Fig. 3.24 shows the mean concentration of PAHs at JNU. Though, the overall
contribution of PAHs was found lower at this site, but the trend of variation across the study
found similar to other sites. At this site, regarding both fine and coarse particles, the
concentration of BaPn (7.46+2.73 and 5.7242.08 ng/m’ in fine and coarse respectively) was
found comparatively lower than the rest of other sites. Again, with respect to fine particles, the
concentration of Pyrn (7.57£2.99 ng/m3) was found comparatively higher than BaPn (7.46+2.30
ng/m’). Activities such as industrial, vehicular and other anthropogenic role are very limited in
the area of JNU in comparison to the other active sites/areas, hence crustal re-suspension and
other pyrogenic activities might be the major contribution of PAHs (Yadav et al., 2013; Hazarika
et al., 2017). Concentration of lcdP (2.17+0.70 and 1.16+0.31 ng/m3 in fine and coarse particles)
was found similar to the concentration of IcdP at GGN in fine particles. Acen (1.14+0.43 and
0.82:0.24 ng/m’ in fine and coarse respectively) and IcdP were found with lower concentrations

among all the PAHs.

Fig. 3.25 shows the mean concentration of PAHs across the study. The overall
concentration variations of PAHs were found from 0.98+0.30 ng/m’ for Acen (the lowest in fine
particles) to 8.43+2.46 ng/m’ for BaPn (the highest; associated with fine particles) throughout
the study. PAHs adhered with fine particles were higher, while PAHs with the particles bounded
to coarse were lower concentrations. Since, fine particles adheres more pollutants because of
high surface to volume ratio than coarse, which might be the results of higher amount of PAHs.
Among all the priority PAHs; the compounds Phtn (7.01+1.78 ng/m’ in fine; and 4.49+1.17
ng/m’ in coarse particles), Npth (7.8242.72 ng/m’ in fine; and 3.97+1.03 ng/m’ in coarse
particles), Pyrn (8.27+2.68 ng/m’ in fine; and 3.07+0.98 ng/m’ in coarse particles) and BaPn
(8.4342.46 ng/m’ in fine; and 6.37+1.50 ng/m’ in coarse particles) were found to be highly
abundant regarding fine particles throughout the analyses. In case of fine particles,
concentrations of PAHs were found with the following order: BaPn > Pyrn > Npth > Phtn > Flun
> Chrn > BaAn > Acnp > BbFn > BkFn > Fluo > Anth > DahA > BghiP > IcdP > Acen. Again,
the variations of concentrations of PAHs with respect to coarse particles were found in the
following order: BaPn > Phtn > Npth > Flun > Chrn > Pyrn > BaAn > Fluo > BkFn > BbFn >
Anth > DahA > Acnp > BghiP > IcdP > Acen.

72



CPL

>2.5 pm
<2.5 pm

el -VVM

- o K

— e - %

e b

N

— —ted -AMM@

— —ho K

e -Q\V\Q

M 4

el 4

HaHo -oov

_--oe\o»

e gk

ol - Mv

e by

S S S
mE\w:d.SO

Fig. 3.20 Concentration variation of PAHs with < 2.5 and > 2.5 pm at the site CPL

FBD

>2.5 um
<2.5 um

b e
el
L

H ol
)
— —to

1549

Fig. 3.21 Concentration variation of PAHs with <2.5 and > 2.5 um at the site FBD

GBD

>2.5 pm
<2.5 pm

»
-
+ ol

e
 —tol

— —ted

— 4+
— —to
—a— e

154

Fig. 3.22 Concentration variation of PAHs with <2.5 and > 2.5 um at the site GBD

73



GGN

>2.5 ym
<2.5 pum

HiH

159

%,

T

B

— e+ G

el -A@@

ol -ww%

F— —to -Awm%

— —Ho K5

et |40

—a— |

Feel b

%

Haed -oov

Ly

ol -ommv

__|||_.I -&»W

T T 0,

= 0 o ¥
ma\w.u.ﬁhﬁv

Fig. 3.23 Concentration variation of PAHs with < 2.5 and > 2.5 um at the site GGN

>2.5 um
<2.5 ym

el f

"

- ol -mwx

L "%

o A

— eH - 0%

reel b %

R

ol -AMW%

— —+e K4

et | o0

—a—rt ol -&\%

4

el -o\&v

ML

- o -&wv

_|_||I3|_ -@m\v

] | 1 \%

A
wi/3u -u0))

Fig. 3.24 Concentration variation of PAHs with < 2.5 and > 2.5 pm at the site JNU

Average

159

5
n n

o

AV

.

_.i|§0
el -@M
Tii-@v%

F— i - %
biol | %

N

— ol -AMM@
e g
e -&Q
—— e |G
bt | ol

%

Foed -oov

s

el | ok
et | 0%
= g
w e} o A\
Ju/su uo)

Fig. 3.25 Average concentration of PAHs with < 2.5 and > 2.5 um throughout the study

74



[3.2] Relationships among different parameters, and the species

[3.2.1] Relationship between PMs and meteorological parameters

Fig. 3.26 shows the regression analyses of particulate matters [PMs (ug/m>)] with respect
to temperature (°C), relative humidity (RH, %), wind speed (Km/hr) and dew point (°C) across
the years at the study sites. PMs, and its relationships with meteorological parameters have been
reported by various researchers so far (Gupta et al., 2006; Sharma et al., 2007; Singla et al.,
2012). PMs concentrations were found higher in the winter season, while it was comparatively
lower in the monsoon season. Rest of the other seasons registered considerably moderate
concentrations of PMs. The concentration of PMs was taken averages of all the seasons and
consequently regression was plotted against the meteorological parameters (Fig. 3.26).
Regression of best fit was plotted with PMs, and it was found that with respect to temperature
(°C), it is negatively co-related; i.e., R*= 0.64 (Fig. 3.26 a). But, in case of RH (%), the
regression with PMs was observed to be positively related (Fig. 3.26 b; R* = 0.44). Again, the
negative relations between PMs with wind speed (R*= 0.09; Fig. 3.26 ¢) and, PMs with dew
point (R*= 0.03; Fig. 3.26 d) were observed. The correlation matrices obtained between the
meteorological parameters and PMs are also given in Table 3.2. Role of dew point temperature
on PM have also been reported (Schwartz, 1994a,b,c). The prevailing environmental conditions

might have governed the correlations with PMs of the area of NCR.

[3.2.2] Relationship between PMs associated with fine and coarse particles

Abundances of PMs associated with fine and coarse particles (< 2.5 pm vs. > 2.5 um)
show a linear increment throughout the seasons (Fig. 3.27). Similar to PMs with meteorological
parameters (Fig. 3.26), the mean concentration of PMs associated with < 2.5 ym vs. > 2.5 um
was considered for the scatter plots. It was observed that significant linear increment among all
the size ranges of particles (< 2.5 and > 2.5 um) are the indicative of common emission/exposure
sources in the Delhi-NCR (Fig. 3.27 a-f). PMs associated with < 2.5 um was higher than > 2.5
um. Gupta et al., (2006) observed significant relationships between PMs associated with < 2.5
and > 2.5 um. Similar result was obtained by Pant et al., (2015a) in Delhi where PM;

concentrations were higher during the winter, and it was lower in monsoon season. Studies
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carried out in Delhi capital region reported that PM,s concentrations have exceeded the
prescribed limit of Indian NAAQS (Tiwari et al., 2013; Trivedi et al., 2014). A significant linear
correlation was found for all the PMs adhered with < 2.5 and > 2.5 um at all the seasons of the
study; such as in monsoon (Fig. 3.27 a; R* = 0.62), autumn (Fig. 3.27 b; R* = 0.82), winter (Fig.
327 ¢; R*= 0.77), spring (Fig. 3.27 d; R?*= 0.81), summer (Fig. 3.27 e; R*= 0.74) and
throughout the analyses (Fig. 3.27 f; R* = 0.84).

[3.2.3] Relationship plot between carbon and PAHs

Fig. 3.28 (a, b and ¢) shows scatter plots of EC vs. OC, TC vs. EC and, OC vs. TC; which
were made by taking mean concentrations of TC, EC and OC throughout seasons of the study
periods. Linear increment/correlation was observed for EC vs. OC (Fig. 3.28 a; R* = 0.34)
[which was found relevant to the summer season observed by Ji et al., (2016), and in Delhi
relatively higher significant values were observed (R2 = 0.53, Sharma et al., 2014; R’= 0.843,
Sharma et al., 2016)], and TC vs. EC (Fig. 3.28 b; R? = 0.85). Similarly, positive relation was
also obtained between OC vs. TC (Fig. 3.28 ¢; R*= 0.33). Yang et al., (2010) observed
significant correlation between OC and EC at Tornoto and Beijing, China. The significant linear
correlation between OC and EC indicates similar emission sources such as vehicular frequencies,
and poorer correlation might be the source of secondary organic aerosols under favorable
conditions followed by photochemical reactions and also the mechanisms associated with gas to
particle conversions (Sharma et al., 2016). From the relation of OC and EC, the possible
common emission sources such as vehicular traffic and biomass burning has already been

established in New Delhi by Pant et al., (2015a).

Fig. 3.28 d shows the regression of XPAHs with carbon (TC, EC and OC) by considering
the average values of all the five seasons. Positive correlation was observed for ZPAHs vs. TC
(R* = 0.56) and ZPAHs vs. EC (R*= 0.67); but a comparatively low significant but positive
relation was observed between SPAHs vs. OC (R?= 0.35). Arnott et al., (2005) observed the
significant relations (R”>= 0.75) between PAHs and EC originated from vehicular sources or
fossil fuel combustion. Similarly, significant relationship among PAHs and EC associated with
biomass burning were also reported (Li et al., 2009; Rajput et al., 2013). Han et al., (2009)
observed that dust derived PM;o bound PAHs and OC showed good relationship (R*= 0.87).
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Table 3.2 Correlation matrix between meteorological parameters with PMs

Temperature (°C) RH (%) Dew point (°C) Wind speed PMs (ug/m’)
(Km/hr)
Temperature (C) pearson Correlation 1 0.754" 0.418" 0.401" 0.800°"
Sig. (2-tailed) 0.000 0.037 0.047 0.000
RH (%) Pearson Correlation -0.754™ 1 -0.316 -0.410° 0.668"
Sig. (2-tailed) 0.000 0.124 0.042 0.000
Dew point (C) Pearson Correlation 0.418" 20316 I 0.252 20.192
Sig. (2-tailed) 0.037 0.124 0.224 0.357
Wind speed Pearson Correlation * *
(Km/hr) 0.401 20410 0.252 1 20303
Sig. (2-tailed) 0.047 0.042 0.224 0.140
3
PMs (ng/m) Pearson Correlation -0.800" 0.668" 20.192 20303 1
Sig. (2-tailed) 0.000 0.000 0.357 0.140

** Correlation is significant at the 0.01 level (2-tailed).

*. Correlation is significant at the 0.05 level (2-tailed).
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Chapter 4 Source identification

[4.1] Source apportionment of PAHs throughout the season

Source apportionments of PAHs were carried out by applying the Principal Component
Analysis (PCA) through the statistical software version XLSTAT 7.5.2. PCA is a statistical
technique, which is applicable to a set of variables/parameters in order to reduce their
dimensionality. PCA represents the replacement of a wide set of inter correlated
parameters/variables with smaller numbers of independent variables. The wvariables (i.e.,
principal components) are derived from the original parameters/variables (Thurston & Spengler,
1985). Sources of PAHs have been established by various studies in different parts of the country
(Kulkarni & Venkataraman, 2000; Ray et al., 2008; Agarwal et al., 2009; Sarkar & Khillare,
2011; Gupta et al., 2011; Masih et al., 2012; Hussain et al., 2015; Hazarika et al., 2017) and in
the world (Duval & Friedlander, 1981; Khalili et al., 1995; Simcik et al., 1999; Fang et al.,
2006). The probable sources are vehicular activities (diesel, gasoline and natural gas), coal and
biomass burning along with incomplete combustion of oil/organic materials from industries.
Though, there are possibilities of miscellaneous sources of emission of PAHs primarily from
vehicular, industrial activities, coal and biomass burning; but only the major expected sources of
individual PAHs in a combined manner are shown throughout PC1-PC4 in Tables (4.1-4.6).
Similar conclusion was also drawn in the percentage contribution of different sources in Figs.

4.1-4.2.

In Table 4.1 (monsoon season); the components of the groups (PC1, PC2, PC3 and PC4)
of PAHs with higher loadings are given with their expected emission sources (below the
respective Table). The corresponding Eigen values are 6.09, 3.88, 2.00 and 1.12 whereas; the
cumulative percentages 36.57%, 49.89%, 61.94% and 75.98% for the components PC1-PC4
respectively. The percentage variances for PC1-PC4 are 36.57%, 19.25%, 10.04% and 3.03%
respectively. The first component (PC1) is associated with Npth (0.749), Phtn (0.694), Anth
(0.627), Flun (0.651), Chrn (0.564), BkFn (0.872) and BaPn (0.560) indicating vehicular
activities (diesel and gasoline) are the major sources (Ravindra et al., 2006; Han et al., 2009; Liu
et al., 2015; Li et al., 2016b). PC2 is dominated by Npth (0.646), Acnp (0.504), Flun (0.732),
BaAn (0.618) and IcdP (0.521); this could be ascribed as gasoline emission and coal combustion

(Wang et al., 2008; Sarkar & Khillare, 2011; Di Vaio et al., 2016), while for the component PC3;
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Acen (0.725), Pyrn (0.545), BbFn (0.669), BaPn (0.677) and DahA (0.524) could be the
indicator of miscellaneous sources such as diesel, gasoline and coal burning (Wang et al., 2008;
Jambhari et al., 2014; Sarkar & Khillare, 2011, 2013). The fourth component (PC4) indicated
more tracers from gasoline, natural gas and coal burning of the compounds Fluo (0.533), Chrn

(0.648) and BghiP (0.651) (Dallarosa et al., 2005; Wang et al., 2008; Kong et al., 2010).

In autumn season (Table 4.2); the percentage variance for PC1-PC4 are 40.63%, 21.17%,
8.34% and 4.12% respectively. The Eigen values are 8.17, 3.65, 2.32 and 1.01; the cumulative
percentages 40.63%, 52.65%, 68.89% and 78.55% for PC1-PC4 respectively. PC1 comprised
Npth (0.787), Acnp (0.689), Fluo (0.703), Pyrn (0.587), Chrn (0.603), and BaPn (0.641) which
could be referred as vehicular activities (diesel and gasoline) and combustions processes
(Ravindra et al., 2006; Wang et al., 2008; Wang et al., 2014; Liu et al., 2015). For the component
PC2; Acen (0.697), Flun (0.620), Chrn (0.790), BkFn (0.532) and DahA (0.771) attributed
vehicular emission (mainly diesel) and coal combustion (Hong et al., 2007; Sharma et al., 2007,
Kong et al., 2010). In case of PC3; the compounds Phtn (0.735), Anth (0.616), BaAn (0.512) and
BghiP (0.655) might be the sources of gasoline, diesel and natural gas (Ravindra et al., 2006; Fon
et al., 2007; Sharma et al., 2007; Mohanraj et al., 2011; Pongpiachan et al., 2015). PC4
comprised Npth (0.583), Pyrn (0.712) and BbFn (0.619); which could be emitted from diesel
vehicle, coal and biomass burning (Simcik et al., 1999; Dallarosa et al., 2005; Wang et al., 2014).

In Table 4.3 (winter season); the percentage variance of the components PC1-PC4 are
obtained as 34.05%, 16.24%, 6.15% and 2.97% respectively. The corresponding Eigen values
are 6.52, 3.28, 1.93 and 1.14; and the cumulative percentages 34.05%, 47.69%, 64.05% and
76.21% for PC1-PC4 respectively. PC1 explained high loadings of Phtn (0.862), Acnp (0.571),
Flun (0.657), BaAn (0.526), BbFn (0.598), BaPn (0.617) and IcdP (0.868). These compounds
suggested the emission mainly from vehicular diesel and natural gas (Fon et al., 2007; Jamhari et
al., 2014). The higher loadings of the compounds Npth (0.685), Fluo (0.887), Pyrn (0.582) and
BkFn (0.699) in PC2 might be the exposure of diesel exhaust and wood combustion (Ravindra et
al., 2006; Han et al., 2009; Kong et al., 2010), and in PC3; the higher loadings of Acen (0.732),
Chrn (0.538), BaAn (0.872) and BghiP (0.783) might have linked with the gasoline and diesel
emission (Ravindra et al., 2006; Sharma et al., 2007). Again, the higher loaded PAHs in PC4
such as Phtn (0.729), Anth (0.781), and DahA (0.837) could come from diesel emission and coal
combustion (Ravindra et al., 2006; Sharma et al., 2007; Pongpiachan et al., 2015).
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In Table 4.4 (for the spring months); the percentage variance for the groups of
components (PC1 PC2, PC3 and PC4) are 38.41%, 17.16%, 9.07% and 3.25% respectively. The
corresponding Eigen values are 7.68, 4.07, 2.91 and 1.85 whereas; the cumulative percentages
are 38.41%, 53.77%, 67.35% and 77.47% for PC1-PC4 respectively. The first component (PC1)
is dominated by Npth (0.977), Acnp (0.879), Pyrn (0.880), BkFn (0.682), BghiP (0.523) and IcdP
(0.616); which could be characterized by vehicular sources (primarily diesel) (Ravindra et al.,
2006). PC2 is associated with Phtn (0.873), Fluo (0.522), Chrn (0.593), and DahA (0.643). These
PAHs (in PC2) might be associated with gasoline and wood burning (Ravindra et al., 2006;
Kong et al., 2010). PC3 accounted the compounds Npth (0.658), Anth (0.530), and BbFn
(0.542); which could also be attributed from diesel and coal burning (Ravindra et al., 2006; Kong
et al., 2010; Silva et al., 2010). The fourth component (PC4) is loaded with Acen (0.557), Flun
(0.608) and BaPn (0.597). These PAHs could be the tracer of vehicular activities (primarily
gasoline) and coal burning (Duval & Friedlander, 1981; Khalili et al., 1995; Ravindra et al.,
2006; Sarkar & Khillare, 2011; Liu et al., 2015).

In summer season (Table 4.5); the Eigen values for the corresponding groups are 6.15,
2.87, 1.72 and 1.01 whereas; the percentage variance are 32.56%, 13.50%, 5.63% and 2.21%;
again the cumulative percentages are 32.56%, 45.25%, 58.16% and 71.13% for PC1-PC4
respectively. Species having high loadings in PC1 are Npth (0.682), Phtn (0.561), Acnp (0.716),
Pyrn (0.769), Flun (0.642), BkFn (0.551) and BaPn (0.558); which might be the sources of
vehicular activities and gaseous emission (Aldabe et al., 2012; Sarkar et al., 2013; Jambhari et al.,
2014; Wang et al., 2014). PC2 accounted high loadings of Npth (0.601), Anth (0.528), Flun
(0.537), BbFn (0.613), BaPn (0.562) and BghiP (0.516). Hence, PC2 could be represented as
gasoline vehicle and coal combustion (Ravindra et al., 2006; Kong et al., 2010; Jambhari et al.,
2014). Acnp (0.627) and Chrn (0.655) loaded with PC3 may come from automobile (mainly
gasoline) exhaust (Hussain et al., 2015); again Acen (0.518) and BaAn (0.648) in PC4 could be

the tracer of biomass and natural gas emissions (Fon et al., 2007; Wang et al., 2014).

Table 4.6 represents the PCA carried out throughout the analyses of PAHs. For the
components PC1-PC4, the corresponding Eigen values 8.46, 3.67, 1.56 and 1.04; and cumulative
percentages are 37.12%, 48.26%, 61.67% and 79.64% respectively. The percentage variance of
the components (PC1, PC2, PC3 and PC4) are 37.12%, 12.15%, 8.41% and 3.96% respectively.
PC1 explained high loadings of Npth (0.850), Phtn (0.549), Fluo (0.533), Pyrn (0.687), BaAn
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(0.674) BbFn (0.821) and BaPn (0.508). These PAHs might be indicator of vehicular sources
(Guo et al., 2003; Ravindra et al., 2006; Han et al., 2009; Sarkar & Khillare, 2011; Liu et al.,
2015). Acen (0.658), Flun (0.617), Chrn (0.591) and DakA (0.588) loaded in PC2 suggesting the
sources of gasoline vehicle (Fang et al., 2004; Sarkar & Khillare, 2013). PC3 comprised the
PAHs Acnp (0.597), BkFn (0.560) and IcdP (0.677); which could be linked with gasoline and
wood combustion (Liu et al.,, 2015; Aldabe et al., 2012; Sarkar & Khillare, 2013). The
compounds Npth (0.652) and Anth (0.637) in PC4 could be contributed from coal and wood
burning (Ravindra et al., 2006; Han et al., 2009).

The percentage contributions of the components (PC1, PC2, PC3 and PC4) for all the
seasons are given in Fig 4.1 (a-f). The percentage contributions of PC1-PC4 for the monsoon
season possessed 37%, 29%, 22% and 12% respectively (Fig 4.1a). In the autumn season (Fig
4.1b), the corresponding contribution of PC1-PC4 found 34%, 28%, 24% and 14% respectively.
The components PC1-PC4 contributed 36%, 29%, 23% and 12% in the winter season
respectively (Fig 4.1c). In spring (Fig 4.1d), the percentages 37%, 28%, 22% and 13% were
observed for PCI-PC4 respectively. In the summer season (Fig 4.le), relative percentage
contribution of PC1-PC4 was 36%, 28% 23% and 13% respectively. The mean contribution (Fig
4.11) of the corresponding components (PC1-PC4) was 39%, 27%, 20% and 14% respectively.

The biplots of the components (PC1-PC4) between PC1 vs PC2, PC1 vs PC3, PCI1 vs
PC4 and PC2 vs PC3 for PAHs are given in appendices for all the seasons and throughout the
study as the supplementary data (Figs. A1-A6). This technique is a useful tool for data analyses
and for the investigation of response of different components/parameters on different
environments. Matrices of rank two could be displayed as biplot, where a vector exists in each
raw and column, which reveals the inter-unit distances and the correlations among the variables
also (Gabriel, 1971). This technique provides a graphical representation of pattern of
interactions, which in turn allows the response of each parameter (Gabriel, 1971; Kempton,
1984). Relative contribution of principal components, depicted through biplots have been well
defined so far (Legendre & Gallagher, 2001; Novembre & Stephens, 2008; Filzmoser et al.,
2009; Skrbi¢ & Purisié-Mladenovié¢, 2010; Melnyk et al., 2015). In case of PAHs also, biplot
have been represented by various researchers (Golobocanin et al., 2004; Herngren et al., 2010;
Wang et al., 2011; Sun et al., 2015; Potapova et al., 2016; Liu et al., 2017; Kang et al., 2017;
Tongo et al., 2017).
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Table 4.1 PCA for PAHs in monsoon season

PCl1 PC2 PC3 PC4
Npth 0.749 0.646 - -
Phtn 0.694 - - -
Acnp - 0.504 - -
Acen - - 0.725 -
Fluo - - - 0.533
Anth 0.627 - - -
Pyrn - - 0.545 -
Flun 0.651 0.732 - -
Chrn 0.564 - - 0.648
BaAn - 0.618 - -
BbFn - - 0.669 -
BkFn 0.872 - - -
BaPn 0.560 - 0.677 -
BghiP - - - 0.651
DahA - - 0.524 -
IcdP - 0.521 - -
Eigenvalue 6.096 3.889 2.007 1.125
% variance 36.579 19.258 10.049 3.035
Cumulative % 36.579 49.896 61.945 75.981
Probable Diesel+ Gasoline+ Diesel+ Gasoline
sources Gasoline Coal Gasoline+  +Natural

Coal gas +Coal

Values with ~ 0.5 or more are shown only

Table 4.2 PCA for PAHs in autumn season

PC1 PC2 PC3 PC4

Npth 0.787 - - 0.583

Phtn - - 0.735 -

Acnp 0.689 - - -

Acen - 0.697 - -

Fluo 0.703 - - -

Anth - - 0.616 -

Pyrn 0.587 - - 0.712

Flun - 0.620 - -

Chrn 0.603 0.790 - -

BaAn - - 0.512 -

BbFn - - - 0.619

BkFn - 0.532 - -

BaPn 0.641 - - -

BghiP - 0.655 -

DahA - 0.771 - -

Eigenvalue 8.176 3.654 2.327 1.014

% variance 40.638 21.171  8.346 4.128

Cumulative % 40.638 52.651  68.897 78.556

Probable Diesel+ Diesel  Diesel+ Diesel+

sources Gasoline  +Coal Gasoline  Coal+
+Natural  Biomass
gas
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Table 4.3 PCA for PAHs in winter season

PC1 PC2 PC3 PC4
Npth - 0.685 - -
Phtn 0.862 - - 0.729
Acnp 0.571 - - -
Acen - - 0.732 -
Fluo - 0.887 - -
Anth - - - 0.781
Pyrn - 0.582 - -
Flun 0.657 - - -
Chrn - - 0.538 -
BaAn 0.526 - 0.872 -
BbFn 0.598 - - -
BkFn - 0.699 - -
BaPn 0.617 - - -
BghiP - - 0.783 -
DahA - - - 0.837
IedP 0.868 - - -
Eigenvalue 6.523 3.281 1.930 1.147
% variance 34.054 16.245 6.153 2.973
Cumulative % 34.054 47.692 64.05 76.210
Probable Diesel+ Diesel+ Gasoline+  Diesel+
sources Natural gas  Wood Diesel Coal

Values with ~ 0.5 or more are shown only
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Table 4.4 PCA for PAHs in spring season

PCl1 PC2 PC3 PC4
Npth 0.977 - 0.658 -
Phtn - 0.873 - -
Acnp 0.879 - - -
Acen - - - 0.557
Fluo - 0.522 - -
Anth - - 0.530 -
Pyrn 0.880 - - -
Flun - - - 0.608
Chrn - 0.593 - -
BaAn - - - -
BbFn - - 0.542 -
BkFn 0.682 - - -
BaPn - - - 0.597
BghiP 0.523 - - -
DahA - 0.643 - -
IedP 0.616 - - -
Eigenvalue 7.681 4.072 2911 1.857
% variance 38.415 17.167 9.073 3.251
Cumulative %  38.415 53.775 67.325 77.473
Probable Diesel Gasoline+  Diesel+ Gasoline
sources Wood Coal +Coal




Table 4.5 PCA for PAHs in summer season

PCl1 PC2 PC3 PC4
Npth 0.682 0.601 - -
Phtn 0.561 - - -
Acnp 0.716 - 0.627 -
Acen - - - 0.518
Fluo - - - -
Anth - 0.528 - -
Pyrn 0.769 - - -
Flun 0.642 0.537 - -
Chrn - - 0.655 -
BaAn - - - 0.648
BbFn - 0.613 - -
BkFn 0.551 - - -
BaPn - 0.562 - -
BghiP - 0.516 - -
DahA 0.558 - - -
Eigenvalue 6.154 2.874 1.723 1.012
% variance 32.561 13.50 5.634 2.211
Cumulative % 32.561 45.258 58.163 71.134
Probable Diesel+ Gasolinet  Gasoline Biomass+
sources Gasoline Coal Natural
+Natural gas
gas

Values with ~ 0.5 or more are shown only

Table 4.6 PCA for PAHs throughout the analyses

PCl1 PC2 PC3 PC4

Npth 0.850 - - 0.652
Phtn 0.549 - - -
Acnp - - 0.597 -
Acen - 0.658 - -

Fluo 0.533 - - -
Anth - - - 0.637
Pyrn 0.687 - - -

Flun - 0.617 - -
Chrn - 0.591 - -
BaAn 0.674 - - -
BbFn 0.821 - - -
BkFn - - 0.560 -
BaPn 0.508 - - -
BghiP - - - -
DahA - 0.588 - -

IedP - - 0.677 -
Eigenvalue 8.466 3.673 1.563 1.045
% variance 37.126 12.153 8.419 3.967
Cumulative % 37.126 48.260 61.679 79.646
Probable Diesel Diesel+ Gasolinet  Coal+
sources +Gasoline  Gasoline+  Wood Wood

Coal
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[4.1.1] Application of molecular diagnostic ratio (MDR) and carbonaceous ratio, for source
identification of PAHs and carbonaceous species

Source identification of PAHs and carbonaceous species were also attempted to observe
through diagnostic ratios for both the fine and coarse (< 2.5 pm and > 2.5 pum) size ranges of
particles of the PAHs congener: Anth/(Anth+Phtn), BaAn/BaAn+Chrn, BaAn/Chrn,
BaPn/BghiP, BaPn/(BaPn+Chrn), Flun/(Flun+Pyrn), Flun/Pyrn, Bb6Fn/BkFn, IcdP/BghiP and,
OC/EC are given in Tables 4.7 to 4.11; while the diagnostic ratios of PAHs, and the ratios of
carbonaceous species throughout the years was given in Table 4.12. In these Tables, the
corresponding emission sources were attributed based on the previous studies carried out in

different parts of the country and across the world (References are provided in Tables).

In the monsoon season (Table 4.7), the ratio found for the PAHs congener Anth/(Anth+
Phtn), in fine and coarse particles were 0.32 and 0.34, which were attributed to come from
pyrogenic sources (Pies et al., 2008; Abdallah & Atia, 2014). Combustion /burning activities
could be linked from the ratio of BaAn/(BaAn+Chrn) (0.49 and 0.44 for fine and coarse mode
particles) (Duan et al., 2012; Galarneau, 2008). Ratio of BaAn/Chrn (0.95 for fine and 0.79 for
coarse particles respectively) indicated the emissions from vehicular frequencies (gasoline) and
wood burning (Simcik et al., 1999; Dickhut et al., 2000, Fang et al., 2004; Fon et al., 2007). Oil
and coal burning could be assessed from the ratio of BaPn/BghiP in both the modes of particles
(2.07 and 2.73 for fine and coarse respectively) (Simcik et al, 1999). Ratio of
BaPn/(BaPn+Chrn) (0.55 for fine and 0.57 for coarse particles) inferred the vehicular emission;
i.e. gasoline and diesel (Khalili et al., 1995; Kaur et al.,, 2013). The ratio of the congener
Flun/(Flun+Pyrn) for fine and coarse particles (0.63 and 0.47) suggested the contribution from
vehicular (diesel, natural gas and gasoline) activities (Kavouras et al., 2001; Mandalakis et al.,
2002; Fang et al., 2004; Albuquerque et al., 2016). Flun/Pyrn ratio (0.71 for fine and 0.88 for
coarse particles) could be assessed from petrogenic emission (Baumard et al., 1998; Abdallah &
Atia, 2014). Ratio of BbFn/BkFn (1.04 for fine and 0.91 for coarse particles) might have linked
with diesel vehicle and wood burning (Rogge et al., 1993a; Dickhut et al., 2000; Kaur et al.,
2013). The ratio of the congener IcdP/BghiP for fine and coarse particles (0.64 and 0.46) could
be established from wood burning (Dickhut et al., 2000; Fang et al., 2004). The carbonaceous
ratio OC/EC (1.45 for fine and 2.06 for coarse particles) could be linked with vehicular sources
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and coal burning (Watson et al., 2001; Gongalves et al., 2011). The petrogenic sources could be
the responsible factors at the site JNU, whereas pyrogenic and petrogenic sources might be the

responsible factor for the sites CPL, FBD, GBD and GGN (Hazarika & Srivastava, 2017).

In case of the autumn season (Table 4.8), the ratio of Anth/(Anth+Phtn) in fine and coarse
particles were 0.35 and 0.29, which were attributed to be linked from diesel and other pyrogenic
sources. Ratio of BaAn/(BaAn+Chrn) (0.45 and 0.41 for fine and coarse mode particles) could
be used for identifying mainly coal burning and other combustion sources. Wood burning
indicated the emission of BaAn/Chrn (0.84 for fine, and 0.82 for coarse particles respectively).
Oil and coal burning indicated the probable sources of the corresponding ratio BaPn/BghiP in
both the modes of particles (2.69 and 3.75 for fine and coarse respectively). BaPn/(BaPn+Chrn)
(0.61 for fine and 0.67 for coarse particles) could be established to be linked with vehicular
emission (gasoline and diesel). The different ratio of the congener Flun/(Flun+Pyrn) for fine and
coarse particles (0.43 and 0.57) can be associated with gasoline emission. Ratio of Flun/Pyrn
(0.75 for fine 1.30 for coarse particles) could be linked with petrogenic and pyrogenic emissions.
The ratio of BbFn/BkFn (1.06 for fine and 0.88 for coarse particles) can be linked with gasoline
and wood burning. Diesel and wood burning could be the source of the PAHs congener
IcdP/BghiP for fine and coarse particles (0.72 and 0.92). The ratio of OC/EC (1.8 for fine and
1.73 for coarse particles) can be established to be emitted from vehicular activities and

combustion processes (Salam et al., 2003; Satsangi et al., 2012).

In Table 4.9, for winter season, ratio of Anth/(Anth+Phtn), 0.30 and 0.33 in fine and
coarse particles, suggesting to be the sources of fossil fuel burning/pyrogenic emission. Ratio of
BaAn/(BaAn+Chrn) (0.47 and 0.43 for fine and coarse mode particles) revealed the link of
petrogenic and pyrogenic emissions. The ratio of BaAn/Chrn (0.88 for fine and 0.74 for coarse
particles respectively) indicated the emission from wood burning. The corresponding ratio of
BaPn/BghiP in both the modes of particles (2.8 and 3.49 for fine and coarse respectively) might
be from burning of coal. Vehicular emission (automobile exhaust) could be the responsible factor
that can be established from the ratio of BaPn/(BaPn+Chrn) (0.62 for fine and 0.66 for coarse
particles). Ratio of Flun/(Flun+Pyrn) for fine and coarse particles (0.41 and 0.52) could be the
representation of fuel burning (gasoline and diesel). The ratio of the congener Flun/Pyrn (0.68
for fine, 1.07 for coarse particles) indicated the dominant sources of pyrogenic and petrogenic

sources. The ratio of BbFn/BkFn (1.1 for fine and 1.02 for coarse particles), indicated the
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potential sources of diesel burning and wood combustion. Ratio of IcdP/BghiP from the fine and
coarse particles (0.78 and 0.84) could be linked to be emitted from wood, coal burning and
smelters. The OC/EC ratio (1.7 for fine and 2.11 for coarse particles) signified the dominant

sources of vehicular activities and combustion sources (Chen et al., 1997; Tiwari et al., 2013).

In case of the spring season (Table 4.10), emission from diesel and the combustion
(pyrogenic) sources could be linked with the ratio of Anth/(Anth+Phtn), 0.34 and 0.31 in fine
and coarse particles. Ratio of BaAn/(BaAn+Chrn) (0.44 and 0.47 for fine and coarse mode
particles) represented gasoline, and the emissions from coal and biomass combustions. Gasoline
emission and biomass/wood burning indicated the probable sources of emission of BaAn/Chrn
(0.79 for fine and 0.87 for coarse particles respectively). The ratio of BaPn/BghiP (2.49 and 1.75
for fine and coarse respectively) suggested the emission sources from oil and/or coal burning.
From the ratio of BaPn/(BaPn+Chrn) (0.59 for fine and 0.69 for coarse particles); the
corresponding value represented the origin of diesel and gasoline emissions. Fossil fuel burning
and combustion sources could be established as responsible sources from the mean ratio of
Flun/(Flun+Pyrn) (0.43 and 0.58) for fine and coarse particles. The petrogenic sources could be
thought as the possible emission factor of Flun/Pyrn (0.74 for fine, 1.37 for coarse particles).
BbFn/BkFn ratio (0.96 for fine and 0.93 for coarse particles) could be linked from the emission
of diesel vehicle and wood burning. Ratio of IcdP/BghiP for fine and coarse particles (0.57 and
0.82) suggested the emission from wood combustion. OC/EC ratio (1.68 for fine and 1.92 for
coarse particles) could be associated with vehicular sources and coal burning (Salam et al., 2003;

Tiwari et al., 2013).

For the summer season (Table 4.11), the ratio of Anth/(Anth+Phtn), 0.36 and 0.28 in fine
and coarse particles, indicated the activities associated with combustion/pyrogenic sources from
diesel and coal burnings. Ratio of BaAn/(BaAn+Chrn) (0.42 and 0.40 for fine and coarse mode
particles) inferred the emissions due to the activities from combustion/burning of fuels (wood,
coal). BaAn/Chrn (0.83 for fine and 0.80 for coarse particles respectively) referred the vehicular
sources (gasoline) and contribution from biomass/wood combustion. Combustion of coal or oil
burning could be the responsible sources of BaPn/BghiP, which can be established from the ratio
in both the modes of particles (2.42 and 4.10 for fine and coarse respectively). Ratio of
BaPn/(BaPn+Chrn) (0.60 for fine and 0.68 for coarse particles) indicated the emission sources of

vehicular activities (diesel and gasoline). Flun/(Flun+Pyrn) ratio for fine and coarse particles
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(0.41 and 0.56) could also be established as the contribution of fossil fuel and coal burnings.
Ratio of Flun/Pyrn (0.70 for fine, 1.29 for coarse particles) could be associated with petrogenic
output. Vehicular sources (mainly diesel) and biomass/wood burning might be the possible
emission factor of BbFn/BkFn (1.06 for fine and 0.87 for coarse particles). Ratio of IcdP/BghiP
for fine and coarse particles (0.59 and 0.92) represented the emission of wood burning. Fossil
fuel burning could be associated with the ratio of OC/EC (1.96 for fine and 2.45 for coarse
particles) (Safai et al., 2014; Behra & Sharma, 2015; Tiwari et al., 2016).

It was observed that the MDR of all the PAHs with seasons found in the range of in and
around the literatures cited in the Tables (4.7 - 4.12) throughout the observation. Table 4.12
shows the MDR of mean PAHs throughout the years, where the PAHs congener
Anth/(Anth+Phtn), 0.34 and 0.32 in fine and coarse particles, represented the sources of diesel
burning and the emission from combustion/pyrogenic sources. Ratio of BaAn/(BaAn+Chrn)
(0.46 and 0.45 for fine and coarse mode particles) inferred the significant emissions from the
combustion of biofuels. Ratio of BaAn/Chrn (0.86 for fine, and 0.81 for coarse particles
respectively) associated with the tracer of vehicular sources and biomass/wood burning. The
results of the ratio BaPn/BghiP in both the modes of particles (2.5 and 3.6 for fine and coarse
respectively) indicated significant sources of coal combustion and oil burning. Ratio of
BaPn/(BaPn+Chrn) (0.59 for fine and 0.66 for coarse particles) revealed vehicular activities
(diesel and gasoline) as the responsible sources of emission. The ratio of Flun/(Flun+Pyrn) (0.42
and 0.58) for fine and coarse particles could also be the source of vehicular activities. For the
congener Flun/Pyrn (0.72 for fine, 1.16 for coarse particles) could be from petrogenic emission.
Biomass/wood burning could be the sources of BOFn/BkFn (1.04 for fine and 0.93 for coarse
particles), which were established from the corresponding ratios. Ratio of IcdP/BghiP for fine
and coarse particles (0.68 and 0.85) indicated the emission from diesel and wood combustion.
The ratio of TC/EC (2.68 and 3.32 in fine and coarse particles) could be associated with fossil
fuel burning (Chen et al., 1997; Srinivas and Sarin, 2014). Again, OC/EC ratio (1.72 for fine and
2.31 for coarse particles) represented the close association of vehicular sources and coal

combustion (Sudheer et al., 2016; Tiwari et al., 2016).
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Table 4.7 Ratio of PAHs congeners (MDR), and carbonaceous species for source identification in the monsoon season

Species ratio Fine ranges

Coarse ranges

Literatures ranges

Probable sources

References

Anth/Anth+Phtn 0.32
BaAn/BaAn+Chrn 0.49

BaAn/Chrn 0.95

BaPn/BghiP 2.07
BaPn/BaPn+Chrn 0.55

Flun/Flun+Pyrn 0.63
Flun/Pyrn 0.71
BbFn/BkFn 1.04
IcdP/BghiP 0.64
OC/EC 1.45

0.34

0.44

0.79

2.73
0.57

0.47

0.88

0.91

0.46

2.06

< 0.1 petrogenic, > 0.1 pyrogenic

> (.35 combustion, 0.46 coal
combustion

0.66-0.92 wood combustion, 0.28-1.2

gasoline

> 2 oil burning, 0.9-6.6 coal burning
0.49 gasoline, 0.73 diesel

0.6-0.7 diesel, 0.49 natural gas, 0.4
gasoline

<1 petrogenic, > 1 pyrogenic

1.07 diesel, 0.92 wood

<1 wood

1.1 vehicle, 2.7 coal

Pyrogenic
Combustion processes

Gasoline, wood

Oil and coal burning

Gasoline and diesel
Diesel, natural gas and
gasoline combustion
Petrogenic emission
Diesel and wood

Wood burning

Vehicle and coal
burning

Pies et al., (2008); Abdallah &
Atia, (2014)

Galarneau, (2008); Duan et al.,
(2012)

Simcik et al., (1999); Dickhut et al.
(2000); Fang et al., (2004); Fon et
al., (2007)

Simcik et al., (1999)

Khalili et al., (1995); Kaur et al.,
(2013)

Kavouras et al., (2001);
Mandalakis et al., (2002); Fang et
al., (2004); Albuquerque et al.,
(2016)

Baumard et al., (1998); Abdallah
& Atia, (2014)

Rogge et al., (1993a); Dickhut et
al. (2000); Kaur et al., (2013)
Dickhut et al. (2000); Fang et al.,
(2004)

Watson et al., (2001); Gongalves et
al., (2011)
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Table 4.8 Ratio of PAHs congeners (MDR), and carbonaceous species for source identification in the autumn season

Species ratio Fine ranges

Coarse ranges

Literatures ranges

Probable sources

References

Anth/Anth+Phtn 0.35

BaAn/BaAn+Chrn 0.45

BaAn/Chrn 0.84
BaPn/BghiP 2.69

BaPn/BaPn+Chrn 0.61

Flun/Flun+Pyrn 0.43
Flun/Pyrn 0.75
BbFn/BkFn 1.06
IcdP/BghiP 0.72
OC/EC 1.8

0.29

0.41

0.82

3.75

0.67

0.57
1.30

0.88

0.92

1.73

Petrolium (< 0.1), combustion sources (>
0.1), and (0.35) diesel

Petrogenic/pyrolytic emission (0.2-0.35),
coal combustion (0.46)

Wood combustion (0.70-0.90)
Coal burning (0.9-6.6); oil burning (> 2)
Gasoline (0.49), diesel (0.73)

Gasoline (0.40-0.60)
Petrogenic (<1), pyrogenic (>1)

Wood (0.8-1.1), gasoline (1.1-1.5)

Diesel emission (1), wood (<1)

Vehicular and burning activities (1.8)

Diesel and other
combustion sources

Combustion sources
(mainly coal)

Emission from wood
burning

Combustion of oil and
coal

Gasoline and diesel
burning

Gasoline combustion
Combustion ( pyrogenic
and petrogenic) sources
Burning of gasoline and
wood

Emission from diesel
and wood burning

Vehicular activities and
combustion sources

Vasilakos et al., (2007); Han et al.,
(2011); Albuquerque et al., (2016);
Luetal., (2016)

Galarneau, (2008); Duan et al.,
(2012); Hu et al., (2012); Lu et al.,
(2016)

Simcik et al., (1999); Hong et al.,
(2007)

Daisey et al., (1979); Simcik et al.,
(1999); Hong et al., (2007)

Khalili et al., (1995); Kaur et al.,
(2013): Di Vaio et al., (2016)
Dallarosa et al., (2005)

Baumard et al., (1998); Abdallah &
Atia, (2014); Daso et al., (2016)
Dickhut et al., (2000); Hong et al.,
(2007)

Caricchia et al., (1999); Dickhut et
al., (2000); Fang et al., (2004);
Abdallah & Atia, (2014)

Salam et al., (2003); Satsangi et al.,
(2012)
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Table 4.9 Ratio of PAHs congeners (MDR), and carbonaceous species for source identification in the winter season

Species ratio

Fine ranges

Coarse ranges

Literatures ranges

Probable sources

References

Anth/Anth+Phtn 0.30
BaAn/BaAn+Chrn 0.47

BaAn/Chrn 0.88

BaPn/BghiP 2.8

BaPn/BaPn+Chrn 0.62

Flun/Flun+Pyrn 0.41
Flun/Pyrn 0.68
BbFn/BkFn 1.1
IcdP/BghiP 0.78
OC/EC 1.7

0.33

0.43

0.74

3.49

0.66

0.52

1.07

1.02

0.84

2.11

Heavy fuel combustion (>0.1), petrogenic

(<0.1)

Petrogenic (< 0.2), combustion (> 0.35)

Wood (0.79+0.13)

Coal/coke combustion (>1.25), coal

burning (0.9-6.6)

Automobile exhaust (0.5340.10)

Gasoline (0.4), diesel (0.6-0.7)

Pyrogenic (>1), petrogenic (<1)

Wood (0.92+0.16), diesel (1.26+0.19)

Coal (1.09£0.33), smelters (1.03+0.15),

wood burning (< 1)

1.1-1.6 traffic intersections, 1.6 combustion

Fuel combustion

Petrogenic and pyrogenic
sources
Wood burning

Coal burning

Emission from automobile
exhaust

Combustion sources
(gasoline and diesel)

Petrogenic and pyrogenic
emission

Burning of diesel and
wood

Emission from coal,
smelters processes, and
wood burning

Vehicular congestion and
combustion processes

Budzinski et al., (1997); Wang et
al., (2008); Li et al., (2006b)
Yunker et al., (2002); Jamhari
etal., (2014)

Simcik et al., (1999); Dickhut
et al., (2000); Wang et al.,
(2008)

Simcik et al., (1999); Akyiiz and
Cabuk, (2008); Ravindra et al.,
(2008); Pongpiachan et al.,
(2015)

Rogge et al., (1993a, b); El-
Mubarak et al., (2014)

Sicre et al., (1987); Simcik et
al., (1999); Hong et al., (2007)

Baumard et al., (1998); Neff et
al., (2005); Abdallah & Atia,,
(2014)

Rogge et al., (1993a); Dickhut
et al., (2000); Kaur et al.,
(2013); Wang et al., (2008)
Dickhut et al., (2000); Fang et
al., (2004); Wang et al., 2008)

Chen et al., (1997); Tiwari et
al., (2013)
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Table 4.10 Ratio of PAHs congeners (MDR), and carbonaceous species for source identification for the spring season

Species ratio

Fine ranges

Coarse ranges

Literatures ranges

Probable sources

References

Anth/Anth+Phtn

BaAn/BaAn+Chrn

BaAn/Chrn

BaPn/BghiP
BaPn/BaPn+Chrn

Flun/Flun+Pyrn

Flun/Pyrn

BbFn/BkFn
IcdP/BghiP

OC/EC

0.34

0.44

0.79

249
0.59

0.43

0.74

0.96

0.57

1.68

0.31

0.47

0.87

1.75
0.69

0.58

1.37

0.93

0.82

1.92

0.35 (Diesel), >0.1 (pyrogenic)

0.43 (wood/biomass), 0.46 (coal burning),

0.49 (gasoline)

0.66-0.92 (wood burning), 0.28-1.2
(gasoline emission)

>2 (oil burning), 0.9-6.6 (coal burning)
0.49 (gasoline), 0.73 (diesel)

< 0.4 (petroleum), 0.4-0.5 (fossil fuel), >
0.5 (coal combustion)

<1 (petrogenic), >1 (pyrogenic)

1.07 (diesel), 0.92( wood)

Wood burning (< 1)

1.6 (combustion sources), 1.8 (vehicular
and burning activities)

Diesel burning and
other pyorogenic
sources

Gasoline, coal and
biomass burning

Gasoline, and wood
burning

Burning of oil and coal

Vehicular sources

Fossil fuel and coal
combustion
Emissions from
petrogenic and
pyrogenic sources
Burning of wood

Burning of wood

Vehicular sources and
burning processes

Guo et al., (2003); Pies et al.,
(2008); Abdallah & Atia, (2014);
Pongpiachan et al., (2015)

Mantis et al., (2005); Vasilakos et
al., (2007); Galarneau, (2008);
Akyiiz & Cabuk, (2009)

Simcik et al., (1999); Dickhut et
al., (2000); Fang et al., (2004); Fon
et al., (2007)

Simcik et al., (1999)

Khalili et al., (1995); Kaur et al.,
(2013)

Yunker et al., (2002); Lu et al.,
(2016)

Baumard et al., (1998); Abdallah
& Atia, (2014)

Rogge et al., (1993a); Dickhut et
al., (2000); Kaur et al., (2013)
Dickhut et al., (2000); Fang et al.,
(2004)

Salam et al., (2003); Tiwari et al.,
(2013)
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Table 4.11 Ratio of PAHs congeners (MDR), and carbonaceous species for source identification in the summer season

Species ratio Fine ranges Coarse ranges  Literatures ranges Probable sources References
Anth/Anth+Phtn 0.36 0.28 Coal burning (< 0.24), diesel emission (>  Diesel and coal Guo et al., (2003); Kong et al.,
0.35) burning (2010)

BaAn/BaAn+Chrn  0.42

BaAn/Chrn 0.83

BaPn/BghiP 2.42
BaPn/BaPn+Chrn 0.60

Flun/Flun+Pyrn 0.41
Flun/Pyrn 0.70
BbFn/BkFn 1.06
IcdP/BghiP 0.59
OC/EC 1.96

0.40

0.80

4.10
0.68

0.56

1.29

0.87

0.92

245

Burning (>0.35), wood burning (0.43),

coal burning (0.46)

Wood burning (0.66-0.92), gasoline
emission (0.28-1.2)

Burning of oil (>2), coal burning (0.9-6.6)

Gasoline (0.49), diesel (0.73)
Fossil fuel (0.4-0.5), coal (>0.5)

Pyrogenic (>1), petrogenic (<1)

Wood burning (0.92), vehicular diesel

(1.07)
Wood burning (<1)

Fossil fuel burning (<4)

Burning of wood, coal
and other pyrogenic
sources

Emissions from
gasoline and wood

Coal and oil burning

Emissions from
vehicular sources
Combustion processes
(fossil fuel and coal)
Pyrogenic and
petrogenic emissions
Vehicular activities
and wood burning

Wood burning

Fossil fuel burning

Mantis et al., (2005); Galarneau,
(2008); Duan et al., (2012);
Pongpiachan et al., (2015)

Simcik et al., (1999); Dickhut et
al., (2000); Fang et al., (2004); Fon
et al., (2007)

Simcik et al., (1999)

Khalili et al., (1995); Kaur et al.,
(2013)

Li et al., (2006b); Wang et al.,
(2008)

Baumard et al., (1998); Abdallah &
Atia, (2014)

Rogge et al., (1993a); Dickhut et
al., (2000); Kaur et al., (2013)

Dickhut et al., (2000); Fang et al.,
(2004)

Safai et al., (2014); Behra &
Sharma, (2015); Tiwari et al.,
(2016)
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Table 4.12 Ratio of PAHs congeners (MDR), and carbonaceous species for source identification throughout the years

Species ratio Fine ranges

Coarse ranges

Literatures ranges

Probable sources

References

Anth/Anth+Phtn 0.34
BaAn/BaAn+Chrn  0.46
BaAn/Chrn 0.86
BaPn/BghiP 2.5

BaPn/BaPn+Chrm  0.59
Flun/Flun+Pyrn 0.42
Flun/Pyrn 0.72
BbFn/BkFn 1.04
IcdP/BghiP 0.68
TC/EC 2.68
OC/EC 1.72

0.32

0.45

0.81

3.6

0.66

0.58

1.16

0.93

0.85

3.32

231

< 0.1 (petrogenic sources), > 0.1
(pyrogenic emission), (0.35) diesel

0.43 (wood combustion), 0.46
(burning of coal)

Wood (0.66-0.92), gasoline (0.28-1.2)

Oil burning (> 2), coal burning (0.9-
6.6)

Vehicular sources [Gasoline (0.49),
diesel (0.73)]

Gasoline (0.4), 0.57 (coal), diesel
(0.6-0.7)

Petrogenic emission (< 1), pyrogenic
emission (> 1)

Diesel burning (1.07), wood burning
(0.92)

(1) Diesel, (< 1) wood burning

Traffic intersection (2.6), burning
activities (2.7)

Domestic use of biofuel (> 1.1),
vehicular traffic, industrial and
biomass burning (1.6-9.2)

Pyrogenic sources
and diesel burning

Coal and wood
burning

Emissions from
gasoline and wood
burning

Burning activities (oil
and coal)

Gasoline and diesel

Diesel, gasoline and
coal burning

Petrogenic and
pyrogenic emissions
Wood and diesel
burning

Emisiions from diesel
and wood burning
Vehicular and
burning processes
Vehicular activities
and fuel burning

Pies et al., (2008); Abdallah &
Atia, (2014); Albuquerque et al.,
(2016)

Mantis et al., (2005); Akyiiz &
Cabuk, (2008); Galarneau, (2008);
Kong et al., (2010); Wang et al.,
(2015)

Simcik et al., (1999); Dickhut et
al., (2000); Fang et al., (2004); Fon
et al., (2007)

Simcik et al., (1999); Ravindra et
al., (2008)

Khalili et al., (1995); Kaur et al.,
(2013)

Kavouras et al., (2001);
Mandalakis et al., (2002); Fang et
al., (2004); Galarneau, (2008);
Wang et al., (2015)

Baumard et al., (1998); Abdallah
& Atia, (2014)

Rogge et al., (1993a); Dickhut et
al., (2000); Kaur et al., (2013)
Dickhut et al., (2000); Fang et al.,
(2004); Ravindra et al., (2008)
Chen et al., (1997); Srinivas and
Sarin, (2014)

Sudheer et al., (2016); Tiwari et
al., (2016)

The ratio of the PAHs (MDR), and the carbonaceous ratio throughout these tables (Tables 4.7 — 4.12) not representative of the exact/actual values of the literature ranges which
were followed. But, the observed ratios for all the species are in and/or within/around the literature ranges, hence the probable sources were drawn depending on the literature
ranges. Literatures are arranged year wise throughout these tables.
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Chapter 5 Risk assessment of PAHs

[5.1] Health risk assessment of PAHs

Following the US EPA guidelines, an attempt was made to observe the chronic health
risk and cancer risk caused by PAHs. In this study, only Naphthalene has the available and/or
prescribed RfC value, so the HQ values could be obtained from RfD, and also from the
calculated RfD or RfC (inhalation) values. Hence, for Naphthalene both the RfD values such as
chronic oral reference dose and the inhalation dose were calculated separately for the
quantification of overall HQs. For the other PAHs, the HQs are the representative of ingestion
exposure only. Toxicity associated with PAHs regarding chronic disorder (Li et al., 2010; Hu et
al., 2013), and carcinogenicity (Xia et al., 2013; Di Vaio et al., 2016; Lu et al., 2016; Ke et al.,
2017) have already been reported. HQs associated with children (HQ¢) and adults (HQ,) along
with the overall ILCR, regarding inhalation with respect to children (ILCR(¢) and adults (ILCR,)

are discussed below.

The HQs obtained for the PAHs in the monsoon season was given in Table 5.1 (a). The
quantified HQs for the compounds Npth, Acen, Fluo, Anth, Flun and Pyrn was observed due to
the availability of RfD (mg/Kg-day) values in the US EPA website. HQs of Npth, Acen, Fluo,
Anth, Flun and Pyrn for children was 3.47 x 10, 1.91 x 10, 7.03 x 10®, 8.75 x 10®, 1.07 x 10’
7, and 1.86 x 10°7; while for adults it was 9.53 x 10, 3.69 x 107, 2.26 x 10°®, 2.81 x 107, 3.44 x
10, and 5.97 x 10® respectively. The HI (HI = XHQi) of the species was 3.47 x 10 (children)
and 9.53 x 10™ (adults). From the value of HQs and HIL it can be concluded that no adverse
health impact and no adverse significant non-carcinogenic risk associated with the PAHs was
observed. The cancer risk assessment (inhalation) was also attempted to observe for the species
of having unit risk [(ug/m3)'1] such as BaAn, Chrn, BbFn, BkFn, BaPn, IcdP, DahA and Npth in
the monsoon season (Table 5.1 b). The corresponding risk (ILCR) of the species were found as
4.37 % 10%,5.19 x 107%,2.98 x 10®,3.02 x 107, 6.24 x 107, 1.83 x 10, 2.66 x 107 and 3.51 x
107® for children; again 1.21 x 107, 1.37 x 107, 8.27 x 10, 8.37 x 10™, 1.73 x 10, 5.08 x 10,
7.38 x 107 and 9.77 x 10™® for adults respectively. From the risk values, it can be concluded that
it falls within or below the range of ILCR (i.e., 10 to 10™*), which can be represented as virtual
safety for the particular PAHs. BaPn (1.73 x 107 for adults) found to be high risk and Chrn (for

children 5.19 x 107'%; and 1.37 x 10” for adults) found with lower risk in comparison to the other
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PAHs. Again, the ILCR associated with fine and coarse particles (< 2.5 and > 2.5 pm) was also

provided separately for this season in Fig. 5.1.

In case of the autumn season (Table 5.2a), the observed HQs of Npth, Acen, Fluo, Anth,
Flun and Pyrn for children were 1.86 x 10, 2.55 x 10, 8.01 x 10® 1.04 x 10, 1.30 x 107 and
2.22 x 107; while in case of adults the corresponding HQs were 1.03 x 10, 8.19 x 107, 2.57 x
10%, 3.34 x 107, 4.18 x 10® and 7.13 x 10 respectively. HI of the species was 1.86 x 10™
(children) and 1.03 x 10™* (adults) respectively. Hence, it can be concluded that no adverse health
impact and/or no adverse significant non-carcinogenic risk was found to be associated with the
species. The compounds BaAn, Chrn, BbFn, BkFn, BaPn, IcdP, DahA and Npth were
considered for quantification of ILCR in the autumn season (Table 5.2b). In case of children, the
corresponding cancer risk of the species was found as 4.30 x 10, 5.17 x 107°, 3.37 x 10®, 3.61
x 107, 8.89 x 107, 2.29 x 10®, 3.22 x 107 and 3.79 x 10 respectively. Again, ILCR of the
corresponding compounds for adults were 1.19 x 107, 1.42 x 10°, 9.35 x 10, 1.00 x 10, 2.47
x 10, 6.36 x 10®, 8.93 x 107 and 1.06 x 10”. Hence, ILCR (range; 10° to 10™*) represents
virtual safety of the PAHs. Again, cancer risk associated with the particles < 2.5 and > 2.5 um
are also given in Fig. 5.2, while average riskiness of BaPn (for adults 2.47 x 10"®) found to be

higher and Chrn (for children 5.17 x 10™'%) found lower in comparison to other PAHs.

In winter season (Table 5.3a), in case of children, the HQs of the compounds Npth, Acen,
Fluo, Anth, Flun and Pyrn were 4.39 x 107, 2.83 x 10®,9.79 x 10®, 1.19 x 10®, 1.41 x 107 and
2.38 x 107 respectively. Again, in case of adults, HQs of the corresponding compounds were
5.62 x 107,9.07 x 107, 3.14 x 10, 3.83 x 107, 4.51 x 10™® and 7.63 x 10 respectively. HI was
found to be 4.39 x 10* and 5.62 x 10™ for children and adults respectively. Hence, no adverse
health impact or significant non-carcinogenic risk found to be associated with the observed
PAHs. Incremental lifetime cancer risk associated with children for the species BaAn, Chrn,
BbFn, BkEn, BaPn, IcdP, DahA and Npth; were estimated to be 4.85 x 10®, 5.83 x 107'°, 4.67 x
10, 445 x 107, 1.03 x 10, 2.71 x 10® 3.96 x 10”7 and 4.42 x 10 respectively. ILCR
associated with adults for the corresponding compounds was 1.34 x 107,1.62 x 10°,1.29 x 107,
1.24 x 10®, 2.85 x 10°, 7.51 x 10, 1.10 x 10° and 1.25 x 107 respectively (Table 5.3 b).
Hence, ILCR values showed the virtual safety for the compounds. Again, cancer risk assessment
associated with < 2.5 and > 2.5 um are also provided in Fig. 5.3, but the average value of ILCR

associated with children for Chrn (5.83 x 10°) found with lower risk and, BaPn and DahA
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associated with adults (2.85 x 10 and 1.10 x 10°®); found to be comparatively higher risk than
other PAHs.

In spring season (Table 5.4a), the observed HQs (for children and adults) of the
compounds Npth (3.99 x 10 and 5.12 x 10™), Acen (2.28 x 10™® and 7.31 x 10™), Fluo (8.42 x
10® and 2.70 x 10™), Anth (1.13 x 10® and 3.64 x 10”), Flun (1.36 x 10® and 4.37 x 10™) and
Pyrn (2.05 x 107 and 6.56 x 10™*) showed no adverse health impact and/or no adverse significant
non-carcinogenic risk respectively. HI of the species found was 3.99 x 10 and 5.12 x 10™. The
PAHs: BaAn, Chrn, BbFn, BkFn, BaPn, IcdP, DahA and Npth were considered for
quantification of ILCR (Table 5.4 b). The corresponding cancer risk (ILCR) of the species for
children were found as 4.53 x 10, 5.47 x 107", 3.69 x 10®, 3.75 x 107, 9.29 x 107, 2.19 x 10°%,
3.55 x 107 and 4.80x 10, while, for adults it was 1.26 x 107, 1.51 x 10™, 1.02 x 107, 1.04 x 10
§,2.58 x 10, 6.09 x 10®, 9.85 x 107and 1.14 x 107 respectively. It signified that ILCR falls
within or below the recommended range (i.e., 107 to 10™). Riskiness of BaPn (for adults 2.58 x
10°) and Chrn (for children 5.47 x 10'%) possessed similar trend with other seasons. ILCR of the
PAHs with < 2.5 and > 2.5 um for this season are given in Fig. 5.4.

Table 5.5a (in summer season) showed that HQs of the compounds Npth (3.90 x 10 and
4.99 x 10, Acen (2.12 x 10® and 6.78 x 10”), Fluo (8.21 x 10® and 2.63 x 10°®), Anth (1.06 x
10® and 3.40 x 10™), Flun (1.34 x 107 and 4.28 x 10™®) and Pyrn (2.09 x 107 and 6.72 x 10°®) for
children and adults represented no adverse health impact and/or no adverse significant non-
carcinogenic risk. The HI of the species was 3.90 x 10 (children) and 4.99 x 10™ (adults).
Similar to other seasons, the compounds BaAn, Chrn, BbFn, BkFn, BaPn, IcdP and DahA were
considered for the quantification of ILCR (Table 5.5b). The corresponding risk (ILCR) of the
species (children and adults) was observed as (4.46 x 10™® and 1.24 x 107), (5.42 x 10" and 1.50
x 10™), (3.53 x 10® and 9.79 x 10™®), (3.71 x 10 and 1.03 x 10), (9.04 x 107 and 2.51 x 10,
(2.02 x 10 and 5.60 x 10™®), (3.78 x 107 and 1.05 x 10°) and (3.98 x 10® and 1.11 x 107)
respectively. So, the riskiness of PAHs fall in the range of ILCR (i.e., 10 to 10™*); which infers
the virtual safety of the compounds. Similar to other seasons, cancer risk associated with fine and
coarse particles (< 2.5 and > 2.5 um) are also provided for this season in Fig. 5.5. But, Chrn (for
children 5.42 x 107'%) was found to be lower risk among the PAHs, and whereas BaPn and DahA
(2.51 x 10 and 1.05 x 10) for adults found comparatively higher risk among the observed
PAHs.
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Table 5.1 (a) Average HQ of PAHs in the monsoon season

PAHs RfD (mg kg'day™) RfC (mg m™) HQ( HQ,

Npth 2.00 x 107 3.00 x 107 3.47 x 10" 9.53 x 10"
Acen 6.00 x 107 - 1.91 x 10°® 3.69 x 10
Fluo 4.00 x 10 - 7.03 x 107 2.26 x 107
Anth 3,00 x 107! - 8.75 x 107 2.81 x 10°
Flun 4.00 x 107 - 1.07 x 107 3.44 x 108
Py 3,00 x 10 - 1.86 x 107 5.97 x 107
HI = ZHQi 3.47 x 107 9.53 x 107

Table 5.1 (b) Average ILCR of PAHs in the monsoon season

PAHs  Unit risk (ng m'3)'1 SFo (mg kg'lday'l)'1 SF¢ (mg kg'lday'l)'1 SF, (mg kg'lday'l)'1 ILCRc ILCR,

BaAn ®6.00 x 107 1.00 x 107 9.00 x 107 1.95 x 10 437 %1078 1.21 x 107
Chrn 56.00 x 107 51,00 x 1073 9.00 x 1077 1.95 x 10°® 5.19x 1071° 1.37 x 10
BbFn 56.00 x 107 °1.00 x 10! 9.00 x 10° 1.95 x 10 2.98 x 10°® 8.27 x 108
BkFn ®6.00 x 107 °1.00 x 102 9.00 x 10 1.95 x 107 3.02 x 107 8.37 x 10”
BaPn 36.00 x 107 31.00 x 10° 9.00 x 10™ 1.95% 1073 6.24 x 107 1.73 x 10
IedP ®6.00 x 107 °1.00 x 10! 9.00 x 10 1.95 x 10 1.83 x 108 5.08 x 10°®
DahA %6.00 x 10™* 51,00 x 10° 9.00 x 10* 1.95 x 10 2.66 x 1077 7.38 x 1077
Npth °3.40 x 107 ) 5.10 x 107 1.11 x 10 3.51 x 107 9.77 x 107

*Source: Integrated Risk Information System (IRIS),
°Source: WHO/TEF Value based on a toxicity equivalent factor from the WHO or US EPA
“Source: California Environmental Protection Agency (CalEPA)

The information regarding RfD, RfC, unit risk and SFq prescribed by the IRIS and WHO/TEF are also available at the Risk

Assessment Information System (RAIS)

SF is the oral slope factor. SF¢ and SF, are the corresponding slope factors (inhalation) for children and adults respectively

ILCR

Fig 5.1 ILCR associated with <2.5 and > 2.5 um in the monsoon season
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Table 5.2 (a) Average HQs of PAHs in the autumn season

PAHs RfD (mg kg'day™) RfC (mg m™) HQ( HQ,

Npth 12.00 x 107 33.00 x 107 1.86 x 10 1.03 x 107
Acen 6.00 x 107 - 2.55 x10°® 8.19 x 107
Fluo 4.00 x 10 - 8.01 x 107 2.57 x 107
Anth 3,00 x 107! - 1.04 x 10°® 3.34 x 10°
Flun 4.00 x 107 - 1.30 x 107 4.18 x 10°®
Pyrn 3,00 x 10 - 2.22 % 107 7.13 x 107
HI = ZHQi 1.86 x 10* 1.03 x 10*

Table 5.2 (b) Average ILCR of PAHs in the autumn season

PAHs Unit risk (ug m™)"  SF, (mg kg'day™)"! SFc (mg kg''day™)"  SF, (mg kg'day™)" ILCR¢ ILCR,

BaAn %6.00 x 107 1.00 x 107 9.00 x 107 1.95 x 10 430 x 10°® 1.19 x 1077
Chrn 56.00 x 107 51,00 x 1073 9.00 x 1077 1.95 x 10°® 5.17 x 1071° 1.42 x 10°°
BbFn %6.00 x 107 °1.00 x 10 9.00 x 10°° 1.95 x 10 3.37 x 10 9.35 x 10°®
BkFn %6.00 x 107 51,00 x 102 9.00 x 10°® 1.95 x 107 3.61 x 10”° 1.00 x 10°®
BaPn 36.00 x 107 31.00 x 10° 9.00 x 10™ 1.95 x 107 8.89 x 1077 2.47 x 107
IedP 56.00 x 107 °1.00 x 10! 9.00 x 107° 1.95 x 10 2.29 x 1078 6.36 x 10°®
DahA %6.00 x 10™* °1.00 x 10° 9.00 x 10™ 1.95 x 107 3.22 x 107 8.93 x 107
Npth °3.40 x 10° - 5.10 x 107 1.11 x 10* 3.79 x 107 1.06 x 10°®

*Source: Integrated Risk Information System (IRIS),
°Source: WHO/TEF Value based on a toxicity equivalent factor from the WHO or US EPA
“Source: California Environmental Protection Agency (CalEPA)

The information regarding RfD, RfC, unit risk and SF prescribed by the IRIS and WHO/TEEF are also available at the Risk

Assessment Information System (RAIS)

SFo is the oral slope factor. SF¢ and SF, are the corresponding slope factors (inhalation) for children and adults respectively

ILCR

Autumn

Fig 5.2 ILCR associated with <2.5 and > 2.5 um in the autumn
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Table 5.3 (a) Average HQs of PAHs in the winter season

PAHs RfD (mg kg'day™) RfC (mg m™) HQ( HQ,

Npth 12.00 x 107 33.00 x 107 439 x 10 5.62x 10
Acen 6.00 x 107 - 2.83 x 10°® 9.07 x 10°
Fluo 4.00 x 10 - 9.79 x 107 3.14 x 107
Anth 3,00 x 107! - 1.19 x 10°® 3.83 x 10?
Flun 4.00 x 107 - 1.41 x 107 451 x10%
Pyrn 3,00 x 10 - 2.38 x 107 7.63 x 107
HI = ZHQi 439 x 10* 5.62 x 107

Table 5.3 (b) Average ILCR of PAHs in the winter season

PAHs Unit risk (ug m™)"  SF, (mg kg'day™)"! SFc (mg kg''day™)"  SF, (mg kg'day™)" ILCR¢ ILCR,

BaAn %6.00 x 107 1.00 x 107 9.00 x 107 1.95 x 10 4.85x 10 1.34 x 1077
Chrn 56.00 x 107 51,00 x 1073 9.00 x 1077 1.95 x 10°® 5.83 x 1071° 1.61 x 10
BbFn %6.00 x 107 °1.00 x 10 9.00 x 107 1.95 x 10 4.67 %108 1.29 x 107
BkFn %6.00 x 107 51,00 x 102 9.00 x 10°® 1.95 x 107 4.45 x 10° 1.24 x 10°®
BaPn 36.00 x 107 31.00 x 10° 9.00 x 10™ 1.95% 1073 1.03 x 10 2.85 % 10°
IedP 56.00 x 107 °1.00 x 10! 9.00 x 107 1.95 x 10 2.71 x 10°® 7.51 x 10°®
DahA %6.00 x 10™* °1.00 x 10° 9.00 x 10™ 1.95 x 107 3.96 x 107 1.10 x 10
Npth °3.40 x 10° - 5.10 x 107 1.11 x 10* 4.42 x 10 1.25 x 107

*Source: Integrated Risk Information System (IRIS),

°Source: WHO/TEF Value based on a toxicity equivalent factor from the WHO or US EPA

“Source: California Environmental Protection Agency (CalEPA)

The information regarding RfD, RfC, unit risk and SFq prescribed by the IRIS and WHO/TEF are also available at the Risk
Assessment Information System (RAIS)

SF is the oral slope factor. SF¢ and SF, are the corresponding slope factors (inhalation) for children and adults respectively

Winter

Bl <2.5 um
B >2.5 um

Fig 5.3 ILCR associated with < 2.5 and > 2.5 um in the winter season
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Table 5.4 (a) Average HQs of PAHs in the spring season

PAHs RfD (mg kg'day™) RfC (mg m™) HQ( HQ,

Npth 2.00 x 10~ 3.00 x 107 3.99 x 10™* 5.12x 10"
Acen 26.00 x 107 - 228 x 107 7.31 x10°
Fluo 4,00 x 107 - 8.42 x 1078 2.70 x 10°®
Anth 3.00 x 10™! - 1.13 x 10°® 3.64 x 107
Flun 4.00 x 107 - 1.36 x 107 437 x 10
Py 3.00 x 107 - 2.05 x 107 6.56 x 107
HI = ZHQi 3.99 x 107 5.12 x 107

Table 5.4 (b) Average ILCR of PAHs in the spring season

PAHs Unit risk (ug m™)"  SF, (mg kg'day™)"! SFc (mg kg''day™)"  SF, (mg kg'day™)" ILCR¢ ILCR,

BaAn ®6.00 x 107 1.00 x 107 9.00 x 107 1.95 x 10 453 %1078 1.26 x 107
Chrn 56.00 x 107 51,00 x 1073 9.00 x 1077 1.95 x 10°® 5.47 x 10710 1.51 x 10
BbFn 56.00 x 107 °1.00 x 10! 9.00 x 10 1.95 x 10 3.69 x 107 1.02 x 1077
BkFn ®6.00 x 107 °1.00 x 102 9.00 x 10°® 1.95 x 107 3.75 x 107 1.04 x 10
BaPn 36.00 x 10 31.00 x 10° 9.00 x 10™ 1.95% 1073 9.29 x 1077 2.58 x 10°°
IedP %6.00 x 107 °1.00 x 10! 9.00 x 10? 1.95 x 10 2.20 x 10°® 6.19 x 10”°
DahA %6.00 x 10™* 51,00 x 10° 9.00 x 10* 1.95 x 10 3.55x 107 9.85x 107
Npth °3.40 x 107 ) 5.10 x 107 1.11 x 10 4.80 x 107 1.14 x 107

*Source: Integrated Risk Information System (IRIS),

°Source: WHO/TEF Value based on a toxicity equivalent factor from the WHO or US EPA

“Source: California Environmental Protection Agency (CalEPA)

The information regarding RfD, RfC, unit risk and SFq prescribed by the IRIS and WHO/TEF are also available at the Risk
Assessment Information System (RAIS)

SFo is the oral slope factor. SF¢ and SF, are the corresponding slope factors (inhalation) for children and adults respectively

Spring

Fig. 5.4 ILCR associated with < 2.5 and > 2.5 pm in the spring season
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Table 5.5 (a) Average HQs of PAHs in the summer season

PAHs RfD (mg kg'day™) RfC (mg m™) HQ( HQ,

Npth 2.00 x 107 3.00 x 107 3.90 x 10™ 4.99 x 10
Acen 6.00 x 107 - 2.12 %10 6.78 x 10°
Fluo 4.00 x 10 - 8.21 x 107 2.63 x 107
Anth 3,00 x 107! - 1.06 x 10°® 3.40 x 107
Flun 4.00 x 107 - 1.34 x 107 428 x 10°®
Py 3,00 x 10 - 2.09 x 107 6.72 x 1078
HI = ZHQi 3.90 x 107 4.99 x 10

Table 5.5 (b) Average ILCR of PAHs in the summer season

PAHs  Unit risk (ng m'3)'1 SFo (mg kg'lday'l)'1 SF¢ (mg kg'lday'l)'1 SF, (mg kg'lday'l)'1 ILCRc ILCR,

BaAn ®6.00 x 107 1.00 x 107 9.00 x 107 1.95 x 10 446 x 108 1.24 x 107
Chrn 56.00 x 107 51,00 x 1073 9.00 x 1077 1.95 x 10°® 5.42 x 10710 1.50 x 10
BbFn 56.00 x 107 °1.00 x 10! 9.00 x 10° 1.95 x 10 3.53x 10 9.79 x 10°®
BkFn ®6.00 x 107 °1.00 x 102 9.00 x 10 1.95 x 107 3.71 x 10° 1.03 x 10
BaPn 36.00 x 107 31.00 x 10° 9.00 x 10™ 1.95% 1073 9.04 x 107 2.51 x 10°°
IedP ®6.00 x 107 °1.00 x 10! 9.00 x 10 1.95 x 10 2.02 x 108 5.60 x 10
DahA %6.00 x 10™* 51,00 x 10° 9.00 x 10* 1.95 x 10 3.78 x 1077 1.05 x 10°®
Npth °3.40 x 107 ) 5.10 x 107 1.11 x 10 3.98 x 107 1.11 x 10”7

*Source: Integrated Risk Information System (IRIS),
°Source: WHO/TEF Value based on a toxicity equivalent factor from the WHO or US EPA
“Source: California Environmental Protection Agency (CalEPA)
The information regarding RfD, RfC, unit risk and SFq prescribed by the IRIS and WHO/TEF are also available at the Risk
Assessment Information System (RAIS)
SF is the oral slope factor. SF¢ and SF, are the corresponding slope factors (inhalation) for children and adults respectively

Summer

ES <2.5 uym
B >2.5 um

Fig 5.5 ILCR associated with < 2.5 and > 2.5 pm in the summer season

107



[5.2] Correlation matrices among PAHs and carbonaceous species

The Pearson correlation of particulate bound PAHs and carbonaceous species was carried
out for all the seasons through the statistical software XLSTAT 7.5.2 version. Correlation
matrices among PAHs (Barra et al., 2009; Wang et al., 2011; Masih et al., 2012; Liu et al.,
2013), and among PAHs and carbons (Park et al., 2002; Agarwal et al., 2009; Duan et al., 2012;
Daso et al., 2016) have already been observed by researchers. Again, significant correlation
between PAHs and carbons have also been observed by various researchers (Wheatley & Sadhra,
2004; Sheesley et al., 2008; Yang et al., 2008; Li et al., 2013). In this work, correlations with ~
0.5 are shown in bold throughout the Tables 5.6 - 5.10. In monsoon season (Table 5.6), where
values with > 0.5 are represented as good correlation, but good correlation was observed among
the following compounds/ species: Npth and Phtn (0.848), Npth and BaPn (0.715), Npth and TC
(0.684), Phtn and Acen (0.827), Phtn and Pyrn (0.709), Phtn and BbFn (0.610), Phtn and DahA
(0.514), Phtn and EC (0.575), Acnp and Fluo (0.941), Acnp and BkFn (0.743), Acnp and DahA
(0.739), Acen and Flun (0.536), Acen and BghiP (0.760), Acen and OC (0.581), Fluo and BaAn
(0.579), Fluo and BaPn (0.766), Anth and Pyrn (0.796), Anth and BkFn (0.901), Anth and IcdP
(0.559), Pyrn and Chrn (0.598), Pyrn and BaPn (0.628), Pyrn and TC (0.541), Flun and BbFn
(0.511), Flun and EC (0.877), Chrn and BghiP (0.790), Chrn and IcdP (0.580), BaAn and DahA
(0.635), BaAn and OC (0.668), BbFn and TC (0.951), BkFn and BaPn (0.786), BghiP and EC
(0.710), DahA and OC (0.753) and, TC and EC (0.622) respectively.

In case of autumn season (Table 5.7), good correlations were obtained among the
following species: Npth and Acnp (0.781), Npth and DakA (0.519), Npth and EC (0.757), Phtn
and Flun (0.566), Acnp and Acen (0.641), Acnp and Pyrn (0.836), Acnp and BaPn (0.542), Acnp
and OC (0.633), Acen and Chrn (0.640), Acen and BkFn (0.684), Acen and IcdP (0.553), Fluo
and Anth (0.739), Fluo and DakA (0.627), Anth and Pyrn (0.513), Anth and BaPn (0.607), Pyrn
and BaAn (0.709), Chrn and BghiP (0.728), Chrn and IcdP (0.650), BaAn and TC (0.855), BkFn
and DahA (0.876), BaPn and TC (0.625), BghiP and TC (0.543), and DahA and IcdP (0.732)

respectively.

From the Table 5.8 (winter season), significant correlations of the PAHs and
carbonaceous species were: Npth and Phtn (0.958), Npth and Pyrn (0.697), Npth and Chrn
(0.520), Npth and TC (0.687), Phtn and OC (0.681), Acnp and Fluo (0.766), Acnp and Flun
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(0.517), Acnp and BghiP (0.542), Acnp and EC (0.872); Acen and Anth (0.564), Acen and BbFn
(0.650), Acen and TC (0.502), Fluo and Chrn (0.984), Anth and Flun (0.793), Anth and BiFn
(0.531), Pyrn and BaAn (0.619), Pyrn and OC (0.529), Flun and BaPn (0.673), Flun and IcdP
(0.727), Flun and TC (0.560), Chrn and BaAn (0.529), BaAn and DahA (0.876), BaAn and EC
(0.626), BbFn and BkFn (0.854), BbFn and TC (0.729), BkFn and IcdP (0.689), BaPn and EC
(0.778) IcdP and EC (0.767) and, EC and OC (0.571) respectively.

During spring (Fig. 5.9), good correlations among the PAHs and carbonaceous load was
observed. These were Npth and Phtn (0.675), Npth and Anth (0.688), Npth and BaPn (0.851),
Npth and TC (0.569), Phtn and Acen (0.867), Phtn and Pyrn (0.714), Acnp and Flun (0.831),
Acnp and BbFn (0.547), Acnp and OC (0.625), Acen and Pyrn (0.827), Acen and BaAn (0.763),
Acen and EC (0.572), Fluo and Chrn (0.535), Fluo and BkFn (0.987), Fluo and DakA (0.567),
Anth and Flun (0.869), Anth and BghiP (0.525), Anth and TC (0.757), Pyrn and Chrn (0.989),
Flun and BbFn (0.878), Flun and IcdP (0.559), Chrn and TC (0.857), BkFn and BaPn (0.976),
BkFn and BghiP (0.563), BaPn and IcdP (0.642) and, TC and EC (0.589) respectively.

In summer season (Table 5.10), following PAHs and carbonaceous load were found to
have good correlations: Npth and Acnp (0.746), Npth and Pyrn (0.567), Npth and BaPn (0.568),
Npth and TC (0.587), Phtn and Chrn (0.647); Phtn and EC (0.503), Acnp and Anth (0.809),
Acnp and BbFn 0.918), Acnp and DahA (0.750), Acnp and OC (0.696), Acen and Flun (0.917),
Acen and BkFn (0.520), Fluo and Anth (0.980), Fluo and DakA (0.657), Anth and BaAn (0.739),
Pyrn and BghiP (0.747), Flun and BaAn (0.565), Flun and OC (0.530), Chrn and IcdP (0.525),
BaAn and BaPn (0.713), BbFn and BkFn (0.935); BkFn and TC (0.817), BaPn and EC (0.542),
and IcdP and OC (0.686) respectively.

By taking mean values of concentrations of the PAHs and carbonaceous loads throughout
the years; the correlation matrices obtained are given in Table 5.11. Species; which were
observed to be a good correlations (> 5) throughout the years were as follows: Npth and Acnp
(0.649), Npth and Flun (0.972), Npth and BghiP (0.545), Npth and EC (0.678), Phtn and Acnp
(0.616), Phtn and BbFn (0.512), Phtn and BaPn (0.838), Phtn and TC (0.545), Acnp and TC
(0.632), Acen and EC (0.653), Fluo and BaAn (0.654), Fluo and IcdP (0.993), Fluo and OC
(0.636), Pyrn and BghiP (0.510), Pyrn and DakA (0.607), Flun and BbFn (0.653), Flun and TC
(0.735), Chrn and BaPn (0.548), BaAn and BghiP (0.654), BbFn and IcdP (0.523) and BghiP
and EC (0.559) respectively.
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Table 5.6 Correlation matrix of PAHs and carbonaceous load in the monsoon season

Npth Phtn Acnp Acen Fluo Anth Pyrn Flun Chrn BaAn BbFn BkFn BaPn BghiP DahA  IcdP TC EC oC
Npth 1
Phtn 0.848 1
Acnp 0.485 0.383 1
Acen 0.317  0.827 0.057 1
Fluo 0.110  0.453 0.941 -0.421 1
Anth 0.007  -0.564 0.439 0.206 0.350 1
Pyrn 0.302  0.709 0.170 0.274 -0.012  0.796 1
Flun -0.120  0.158 0.273 0.536 0.326 0.349 0.237 1
Chrn 0.319 0.284 0.363 0.412 0.203 0.325 0.598 0.246 1
BaAn 0408  0.308 0.253 -0.433  0.579 0.538 0.193 0.361 0.433 1
BbFn 0.382  0.610 -0.274  0.365 0.282 -0.165  0.271 0.511 0.134 0.348 1
BikFn 0286  0.174 0.743 0.299 0.371 0.901 -0.779  0.317 -0.249  0.186 0.194 1
BaPn 0.715 -0.446 0.426 -0.116  0.766 0.133 0.628 -0.163  0.406 0.059 0.395 0.786 1
BghiP 0339  0.125 0.322 0.760 -0.218  0.124 0.155 0.469 0.790 -0.104  0.202 0.269 0.173 1
DahA  -0.137 0.514 0.739 0.025 0.167 -0.065  0.075 0.145 -0.651  0.635 -0.175  -0.828  0.032 0.137 1
IcdP 0.086 -0.356 0.397 -0.027  0.332 0.559 -0.238  -0.098  0.580 0.326 0.018 -0.260  0.163 -0.643 0.083 1
TC 0.684 0411 0.254 0.346 0.083 0.035 0.541 0.062 -0.213  -0.121 0.951 0.045 -0.988  0.039 -0.543 0327 1
EC 0.476  0.575 -0.068  0.083 0.125 0.178 0.057 0.877 0.091 -0.026  0.086 0.467 0.052 0.710 0.067 0.622 -0316 1
oC 0.265  0.091 0.423 0.581 -0.066  0.397 0.034 -0.696  0.344 0.668 0.127 0.072 0.490 -0.356 0.753 0.053 0.017 0095 1

In italics, significant values (except diagonal) at the level of significance alpha=0.050 (two-tailed test)
Values with >0.5 are shown bold
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Table 5.7 Correlation matrix of PAHs and carbonaceous load in the autumn

Npth  Phtn Acnp  Acen Fluo Anth Pyrn Flun Chrn BaAn BbFn  BkFn  BaPn  BghiP DahA  IcdP TC EC oC
Npth 1
Phtn 0.244 1
Acnp  0.781 -0.235 1
Acen  0.257 0.153  0.641 1
Fluo 0.310 0.188 -0.006 -0.122 1
Anth 0214 -0.130 -0.198 0.076 0739 1
Pyrn 0485 0.289 0.836 0.334 -0.225 0513 1
Flun 0.153  0.566 -0.044 -0.399 0.078 -0.915 -0.109 1
Chrn 0382 0.216 -0.233 0.640 0356  0.107 0206 0.222 1
BaAn 0217 0478 -0.145 0.215 0.048 0322 0.709 -0.102 0.241 1
BbFn  0.138 0.433 0.035 -0.145 0.005  0.149 -0.245 0492 -0.614 -0.260 1
BiFn  0.279  -0.171 -0.086 0.684 -0.357  -0.175 0390 0.302 -0.555 -0.273 0.235 1
BaPn  0.076 0.154 0.542 -0.200 -0.292 0.607 -0.213 -0.423 -0.202 0.073 0.141 0.127 1
BghiP  0.289  -0.026 -0.251 0.145 -0.071  0.057 0.142 0256 0.728 -0.141 0396 -0.085 -0.155 1
DahA 0519 0.037 0.264 0.022 0.627 -0.549 0.043 0.071 0251 -0.598 -0.587 0.876 0.416 0.331 1
IedP 0.098 0.163 -0.059 0.553 -0.114  0.063 0.174  -0.144 0.650 0.130 0.067 0.068 0279 0.065 0.732 1
TC 0.494 -0.119 0.147 0.041 0.048 -0.132 0.203  -0.210 -0.350 0.855 0325 0234 0.625 0.024 -0.173 0.064 1
EC 0.757 0.072 -0.598 -0.025 0.065 0438 0.018 0397 0496 -0.162 0.028 -0.043 -0.104 -0.154 0.041 0218 -0.675 1
oC 0.063 -0.028 0.633 0.098 0.118 0.026 0434 0.258 -0.206 0.045 0.017 -0.222 0.062 0543 -0.139 0.079 0.056 0.037 1

In italics, significant values (except diagonal) at the level of significance alpha=0.050 (two-tailed test)

Values with >0.5 are shown bold
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Table 5.8 Correlation matrix of PAHs and carbonaceous load in the winter season

Npth Phtn Acnp Acen Fluo Anth Pyrn Flun Chrn BaAn  BbFn  BkFn BaPn  BghiP  DahA  IcdP TC EC oC
Npth 1
Phtn 0958 1
Acnp 0.067 0.045 1
Acen 0.036  0.113  0.056 1
Fluo 0.320 -0.215  0.766 0.145 1
Anth -0.137  0.360 0.048 0.564 -0.558 1
Pyrn 0.697 -0.098  0.108 0.023 0.036 0.161 1
Flun 0.065 0.451 0.517 0.209 0.270 0.793 0.012 1
Chrn 0520 0260 0254  -0.675 0.984 -0.546 0.137 -0.664 1
BaAn 0.268 0.145 -0.294  -0.845 0.053 -0.047  0.619 0.127 0.529 1
BbFn 0.092 -0.355 0.376 0.650 -0.354  0.192 0.056 0.245 0.156 0.237 1
BiFn 0.271 0.274 0.075 0.195 0.187 0.531 -0.478  0.165 0.433 -0.522 0.854 1
BaPn 0.499 0.260 0.393 0.581 0.058 -0.041  0.133 0.673 -0.056  0.329 0.256 -0.533 1
BghiP -0.640  0.351 0.542 -0.267  -0.047  0.255 0.491 -0.547  0.098 0.164 0.031 0.410 0.390 1
DahA 0.243 -0.067  -0.067 0.325 0.013 0.178 -0.982  0.269 0.175 0.876 -0.308 0.319 -0.247  0.038 1
IcdP -0.081  0.425 0.354 -0.464 0.324 0.097 0.123 0.727 -0.246  -0.350 0.067 0.689 0.178 -0.512 0473 1
TC 0.687 0.098 0.067 0513 -0.247 0.521 -0.246 0.560 -0.323 0.0/ 0.729 -0.051 0353 0210 0.009 0.239 1
EC 0.079 0.146 0.872 0.086 0.151 0324 0.099 -0.296 0218 0.626 -0.044 0.265 0.778 0.155  0.227 0.767  -0.664 1
oC 0.106 0.681 -0.683 0.070  0.198  0.074 0.529 0.352 0.057 0.163 0206 0.617 -0.024 0.437 0.052 -0.201  0.183 0.571 1

In italics, significant values (except diagonal) at the level of significance alpha=0.050 (two-tailed test)

Values with >0.5 are shown bold
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Table 5.9 Correlation matrix of PAHs and carbonaceous load in the spring season

Npth  Phtn Acnp  Acen  Fluo Anth ~ Pym Flun Chrn  BaAn  BbFn BikFn  BaPn  BghiP  DahA  IcdP TC EC oC
Npth 1
Phtn 0.675 1
Acnp 0.117 0280 1
Acen 0.340 0.867 0.230 1
Fluo 0359 0.127 -0.533 0312 1
Anth 0.688 0200 0.162 0.036 0.069 1
Pyrn 0.006 0.714 0354 0.827 0242 0.018 1
Flun 0214 -0.933 0.831 0.102 0300 0.869 0.026 1
Chrn 0.384 0494 0226 0.091 0.535 0217 0989 -0.647 1
BaAn 0323 0.095 0400 0.763 -0.013 0376 0.073 0339 0.054 1
BbFn 0.030 0.388 0.547 -0.422 0.246 -0.257 0.168 0.878 -0.227 0421 1
BiFn -0.654 0.225 0.006 0.052 0.987 0.034 -0.215 -0.055 0.183 -0.252 0.008 1
BaPn  0.851 0.076  0.029 0.137 -0.023 0341 0.065 0.213 0465 0.327 -0.513 0976 1
BghiP 0237 -0.033 0.270 -0.251 0.144 0525 0311 0.147 0285 0.498  0.065 0.563 0236 1
DahA  0.068 0.296 0.348 0434 0.567 -0.320 0.226 -0251 0.617 -0.065 0.189 -0.531 0.077  0.164 1
IedP 0.487 0.211  -0.025 0.323 0.081 -0.458 0.032 0.559 -0.226 0.071  0.062 0.243 0.642 0.212 -0.734 1
TC 0.569 -0.062 0.014 0.036 0.054 0.757 -0.024 0.136 0.857 0.238 -0.316 0.027  -0.325 0.058 0.456 0.325 1
EC 0.268 0473 0.166 0.572 0.005 0223 0342 0293 0.046 0.038 0.240 0435 0.610 -0365 0.032 -0.064 0.589 1
oC 0.053 0.079 0.625 0.103 0.092 0.129 0.060 -0.094 0363 0.754 0.018 0.063  -0.264 0433 0.121  0.0317 0414 -0.520 1

In italics, significant values (except diagonal) at the level of significance alpha=0.050 (two-tailed test)

Values with >0.5 are shown bold
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Table 5.10 Correlation matrix of PAHs and carbonaceous load in the summer season

Npth Phtn Acnp Acen Fluo Anth Pyrn Flun Chrn BaAn BbFn  BkFn  BaPn  BghiP  DahA IedP TC EC oC
Npth 1
Phtn 0453 1
Acnp  0.746 0.023 1
Acen -0.241 0.360 0.015 1
Fluo -0.553  0.151 0.320 0.143 1
Anth  0.038 0324 0.809 -0.118 0980 I
Pym  0.567 -0.065 -0.146 0237 0242 0216 1
Flun  0.043 0316 -0453 0917 -0.964 0302 -0.360 1
Chrn  0.165 0.647 0.184 0.059 0219 -0.134 0249 0.223 1
BaAn 0.084 0233 0021 0373 0362 0739 0.187 0565 0373 1
BbFn  0.025 -0.760 0.918 -0.041 0205 0247 0.089 -0.120 0208 -0.151 1
BiFn 0385 0.149 -0.341 0.520 -0.089 0.076 -0204 -0.084 -0.295 0.008 0.935 1
BaPn  0.568 -0.652  0.267 0.036 -0.539  0.188 0.357 0.073 0.117 0.713 -0.015  0.077 1
BghiP 0332  0.025 0.016 0287 0.058 -0.321 0.747 0263 -0326 0.162 0.059 -0.786 -0.083 1
DahA -0.471 0.009 0.750 0.027 0.657 0.059 -0.018 0.183 0.009 0.070 0.417 0.061 0245 0256 1
IedP 0.065 0411 0323 -0.778 0.031 -0362 0.328 0489 0.525 -0.333 0.026 0.113 0.017 0498 -0.678 1
TC 0.587 0.052 -0.076 0256  0.165 0217  0.007 -0.245 0.067 0.146 -0.151 0.817 -0.056 -0.019 0.290 0.419 1
EC 0.047 0503 0.124  -0.099 0.498 0.387 0446 0.018 0243 0.043 0396 0216 0542 0.045 0.365 -0.196 0391 1
oC 0.238 0.097 0.696 0.313 0.325 0.029 0.178 0.530 -0.024  0.478 0.126  0.034  0.138 0.371 0.068 0.686 -0.014 -0.781 1
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Table 5.11 Correlation matrix of PAHs and carbonaceous load throughout the study

Npth Phtn Acnp Acen Fluo Anth Pyrn Flun Chrn BaAn BbFn  BkFn  BaPn  BghiP  DahA  IcdP TC EC oC
Npth 1
Phtn -0375 1
Acnp 0.649  0.616 1
Acen 0.205  0.037  0.354 1
Fluo 0.238 0.343  0.012  -0.046 1
Anth -0.059  0.171 -0.357  0.265 0.197 1
Pyrn 0.376 0.092 0.454 0.184 -0.246  0.250 1
Flun 0.972 -0.308  0.353 -0.578  0.056 -0.162  -0.276 1
Chmn 0.433 0.321 0.130  0.315 -0.027 0337  0.139  0.088 1
BaAn  0.022  0.053 0.246  0.020  0.654 -0.461 0242  -0.167 0.172 1
BbFn 0.270 0.512 -0.300  0.153 0.095 0.797 -0.443  0.653 0.031 -0.025 1
BiFn 0.368 -0.030  0.065 0.492 0.256 0.174 0.323 0.009 -0.146  0.235  0.239 1
BaPn 0.065 0.838 0.431 -0.007  0.158 0.241 0.169 -0.188  0.548 0.064  0.345 -0.132 1
BghiP  0.545 0217  0.179  0.147  -0491 -0.100 0.510 -0.217 -0.075 0.654 -0.009 -0.619 0462 1
DahA 0307  0.001  -0.114 0338  0.164  0.325 0.607 0.139 0277 -0.374 0452 0.053 0.023 -0.165 1
IcdP -0.526  0.167  0.025  -0.192 0993  0.135 0.018 0318 0.029 0.793 -0.09 0.523 -0.506 0.034 0417 1
TC 0.035 0.545 0.632 0.318 0.028 -0.460  0.071 0.735 -0.013  -0.145 0.423 -0.063  0.038 0.257 -0.026 0.124 1
EC 0.678 0.086 0.041 0.653 0.325 0.055 0.326 0.061 0.324 0.399  0.150  0.206 0.017 0.559 0.398 -0.043 -0.219 1
oC 0322 0.006 0451 0.106  0.636  0.131 0.212 0.304 0.057 0414 0.711 0.139 0234 -0.489 0.265 0.061 0315 0204 1

In italics, significant values (except diagonal) at the level of significance alpha=0.050 (two-tailed test)

Values with >0.5 are shown bold
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Conclusion

The following conclusions can be drawn from the present study:

Total carbons were found highest at the site GBD, whereas it was found lowest at JNU.
TC load was found in the order as GBD > FBD > CPL > GGN > JNU. EC and OC were also
found in the following order: GBD > FBD > CPL > GGN > JNU.

The relative abundances of TC, EC and OC with sites in different seasons showed the
following order: TC > OC > EC. Except monsoon season, all the sites contributed relatively
higher amount of carbonaceous load regardless the site. Relative order of abundances of carbon
was: JNU < GGN < CPL < FBD < GBD.

Fine particles possessed higher amount of carbons in comparison to coarse particles.
Again, it was also observed that winter registered higher amount of carbonaceous load, whereas

monsoon season registered lower contributions.

In case of PAHSs, the relative abundances (average concentrations) was observed in the
following order: GBD > FBD > GGN > CPL > JNU. An opposite trend of variation of carbons
and PAHs were observed between the sites CPL and GGN. The seasonal variation of PAHs
showed that the mean concentration of PAHs was lower in the monsoon season but it was found

higher during the winter season.

Higher average concentrations were observed for the compounds namely BaPn, Npth,
Phtn Pyrn, Flun and Chrn throughout the study and they showed the following order of
concentration: BaPn > Npth > Pyrn > Phtn > Flun > Chrn. The rest of other PAHs contributed
relatively lower in concentrations, but it was seen that the compounds Acnp, Fluo and BbFn

were equally distributed (in terms of average concentrations) throughout the analyses.

The ring wise distributions of PAHs were observed among all the sites and in all the
seasons. Npth (a 2-rings PAH) was found with higher amounts at all the sites and size ranges of
particles, for which its average concentration across all the seasons was comparatively higher. In
this work, similar to the compound Npth; Phtn (a 3-rings PAH), Pyrn (a 4-rings PAH) and BaPn
(a 5-rings PAHSs) had contributed relatively higher amount across the sites and seasons. But, the

mean concentrations of the PAHs regarding the 3-rings (such as Phtn, Acnp, Acen, Fluo and
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Anth), 4-rings (such as Pyrn, Flun, Chrn and BaAn), 5-rings (such as BbFn, BkFn and BaPn) and
6-rings (such as BghiP, DahA and IcdP) contributed similar variation of concentrations

throughout the sites and seasons.

The concentration of PAHs were found highly distributed in fine mode (< 2.5 pum)
particles, and relatively lower in the coarse mode (> 2.5 um) particles regardless the site and
season. The compound Acen and IcdP were found with lower concentration among all the PAHs

at all the sites and in all the seasons throughout the analyses.

Winter had the highest PMs concentration among all the seasons. It was observed that

mong PMs, fine particles (<2.5 um) found to be more than coarse (> 2.5) um in all the seasons.

Regression and correlation of PMs with the meteorological parameters (temperature,
relative humidity, wind speed and dew point) showerd a significant relationship with relative
humidity. Again, significant relations were observed between EC vs OC, TC vs EC, OC vs TC
and, PAHs vs TC, OC, EC.

Source apportionments of PAHs were carried out by applying the PCA. The average
contributions of different sources were in the following order: diesel and gasoline > diesel,
gasoline and coal > gasoline and wood > coal and wood. Diagnostic ratio of PAHSs and, ratio of
carbonaceous species were also applied for source identification of PAHs and carbon. It was
revealed that PAHs were emitted mainly from diesel, gasoline, natural gas, coal and biomass
burning. Again, from the ratio of OC/EC and TC/EC, it was also concluded that carbonaceous

species were emitted from vehicular activities and coal burning.

Health risk assessments of PAHs were also carried out in terms of HQ and ILCR for both
children and adults. HQs were quantified for the compounds Npth, Acen, Fluo, Anth, Flun and
Pyrn. Again, ILCR was observed for the compounds BaAn, Chrn, BbFn, BkFn, BaPn, IcdP,
DahA and Npth. The corresponding HQ was found highest for Npth in all the seasons. ILCR
associated with BaPn and DahA was comparatively higher for both children and adults among
the observed PAHS.

Higher carcinogenic risks were also observed to be associated with BaPn and DahA

regarding < 2.5 and > 2.5 pum particle size. It was concluded that the carcinogenicity of PAHs
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fell below and within the range of ILCR (i.e., 10" to 10). Similar conclusion was also drawn for
ILCR between the fine and coarse mode particles.

Pearson’s correlation was carried out among PAHs and carbonaceous load. Significant
correlations were observed between the PAH compounds and carbonaceous species. This

inferred the probability of similar emission sources among the species.
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Fig A1 Biplots between a. PC1 vs PC2, b. PC1 vs PC3, ¢. PC1 vs PC4 and d. PC2 vs PC3 in the monsoon
season
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Fig A2 Biplots between a. PC1 vs PC2, b. PC1 vs PC3, c.
season

PC1 vs PC4 and d. PC2 vs PC3 in the autumn
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Fig A3 Biplots between a. PC1 vs PC2, b. PC1 vs PC3, c. PC1 vs PC4 and d. PC2 vs PC3 in the winter
season
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Abstract Size-differentiated particulate matters (viz. fine and
coarse) were analyzed for quantification of elements and as-
sociated polycyclic aromatic hydrocarbons with energy dis-
persive X-ray fluorescence and gas chromatography-mass
spectrometry techniques for the samples collected through
Dekati PM, impactor and Sioutas five-stage cascade impac-
tor from five different sites of the National Capital Region,
India for the year 2014-2015. The dominant sources of ele-
ments were crustal origin and diverse man-made activities
revealed by principal component analysis, while for polycy-
clic aromatic hydrocarbons, it was attributed to be emitted
from vehicular fuels, combustion processes (such as coal,
wood, and biomass burning) and petrogenic sources indicated
by molecular diagnostic ratios. Chronic health risk assessment
was also observed for the species: elements and polycyclic
aromatic hydrocarbons. The observed hazard quotient of an
individual species was less than unity, but the hazard index of
the species was found to be greater than unity.

Keywords Particulate matters - Elements and PAHs - Source
identification - Hazard index
Introduction

Particulate matters (PMs) of size-segregated have been
studied widely due to their great impact on human health.
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The chemistry of respirable suspended particulates shows
larger health effects on human due to its potential penetrat-
ing power into the lungs causing lung dysfunctions which
in turn cause long-term as well as short-term effects such as
respiratory and cardiovascular abnormalities (Shridhar
et al. 2010; Hazarika et al. 2015). The particles having size
range <2.5 um have been established as more detrimental
than the size range <10 um due to their depositional char-
acteristics in the respiratory system (Villar-Vidal et al.
2014). Besides the relationship of inhalation of PMs and
health effects, the other properties such as biological,
chemical, and physical are also important factors on the
effects of PMs on human health which has been observed
by the epidemiological studies (Manousakas et al. 2014).
Up to now, elements (metals and non-metals) and polycy-
clic aromatic hydrocarbons (PAHs) adhered with PMs have
also been studied at various sites of the capital of India
(Sarkar et al. 2010; Sarkar and Khillare 2011; Singh et al.
2011) and throughout the globe (Valavanidis et al. 2008;
Szabd et al. 2015) due to their complex chemistry in am-
bient atmosphere. Further, excluding metallic abundances,
only the PAHs of particle phase are also carried out in
different parts of the world up to the present (Martins
et al. 2013; Ré et al. 2015). The rapid growth of urbaniza-
tion, vehicular transportation, and industrialization in
Delhi and the National Capital Region (NCR) are the key
factors for the changing air quality. In case of Delhi, the
government was the key initiator for policymaking, while
the Supreme Court of India has suggested the government
to implement air policies effectively. The World Bank and
the Central Pollution Control Board (CPCB) already an-
nounced the possible decrease in the concentration level
of suspended particles in 2005. For obtaining the sustain-
ability regarding air pollution and issue of urban transport,
the National Urban Transport Policy (NUTP) was
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ABSTRACT

The present investigation was carried out to observe the concentration variation of metals/metalloids
and Polycyclic Aromatic Hydrocarbons (PAHs) associated with size-segregated particles and its probable
emission sources along with the toxicity level in urban environment from the capital of India. Energy Dis-
persive X-ray Fluorescence (EDXRF) and Gas Chromatography-Mass Spectrometry (GC-MS) techniques
were applied for the quantification of metals/metalloids and PAHs in fine (<2.5 pm) and coarse (>2.5 um)
mode particles for the samples collected from four different sensitive sites in Delhi (India) during the
year 2012-13. The observed load of metals/metalloids as well as PAHs predominated the fine mode par-
ticles, while it was lesser in coarse mode particles regardless the sites. Among metals/metalloids; Si had
the highest average percentage contribution (~14%), and similarly Benzo[a]pyrene had highest aver-
age percentage contribution (~23%) among PAHs. Source apportionment of metals/metalloids and PAHs
were carried out by applying the Principal Component Analysis (PCA). Crustal re-suspension, vehicular
transportations and industrial activities were found to be the major sources of metals/metalloids; while
vehicular emission, burning of biomass and coal were the responsible factors for PAHs. Molecular Diag-
nostic Ratio (MDR) also showed similar emission sources of PAHs. Excess cancer risk were observed for

Ni, As and Pb; where As had the highest inhalation carcinogenic risk.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Polycyclic Aromatic Hydrocarbons (PAHs) and met-
als/metalloids associated with particulate matters have been
given importance long since due to their adverse health effects
on human. Transport of particles, their dry and wet deposition
in ambient atmosphere affect living beings and are related to
anthropogenic and natural activities (Calvo et al, 2013). The
intrinsic connection between metals/metalloids and PAHs can
put serious dimensions in the dynamic behaviour i.e., residence
time, transportation pattern and health effects in a particular
region. PAHs; which are known to be ubiquitous pollutants in
the environment are site specific, where anthropogenic activities
and meteorological parameters play an important role in deter-
mining their levels throughout the season (Birgul & Tasdemir,
2015; Ma et al, 2013; Ravindra et al., 2006; Yadav, Tandon, &
Attri, 2013a; Yin, Qiu, Ye, Li, & Liang, 2015). Spatial and temporal
variability of pollutants is seasonal and the colder season registers
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considerably higher levels of particulate bound species (such as
metals/metalloids, PAHs etc.). At present, incomplete combustion
of organic materials are the main causes of emission of PAHs which
are linked with vast use of wood and/or biomass, coal, oil, gas
etc. (Alebi¢-Jureti¢, 2015; Tobiszewski & NamieSnik, 2012; WHO,
2000; Wang, Chen, Yang, Qiao, & Tian, 2007). Because of the rise
of PAHs in ambient air, a larger size of population gets exposed to
the perils of toxicity of emission (Villar-Vidal et al., 2014).
Different approaches have been made to analyze the met-
als/metalloids and PAHs content present in various size ranges
of particulate matters viz. PM; 5, PMo or both at various loca-
tions in India (Sarkar & Khillare, 2011; Sarkar, Khillare, Jyethi,
Hasan, & Parween, 2010; Singh, Gadi, & Mandal, 2011) and abroad
(Dallarosa, Teixeira, Meira, & Wiegand, 2008; Ercan and Dinger,
2016; Gaga et al., 2012; Jeng, 2010; Minguillén et al., 2012; Szabé,
Nagy, & Erdds, 2015; Tolis et al., 2015; Vukovic et al., 2014). To
investigate the source apportionment and/or risk assessments of
particulate bound species; efforts have been made so far (Hieu &
Lee, 2010; Massey, Kulshrestha, & Taneja, 2013; Sarkar & Khillare,
2011). Researchers have also focused on ultrafine mode of parti-
cles for their major role in the indoor and/or outdoor environments
(Afshari, Matson, & Ekberg, 2005; Géhin, Ramalho, & Kirchner,
2008; Kumar et al., 2014; Levy, Dumyahn, & Spengler, 2002;
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Abstract A study of elemental composition in the am-
bient air of Delhi was carried out in the monsoon, winter
and summer seasons at four different sites from August
2012 to April 2013 in the size ranges <1, 1-2.5, 2.5-10
and >10 pm using “Dekati PM10” impactor. At each
site, three samples were collected and were analyzed by
energy-dispersive X-ray fluorescence (EDXRF). The
presence of elements was found to be very common
and highly concentrated in aerosol particles at all the
sites, which are Na, Al, Si, K, Ca, Zn and Ba. Total
suspended particulate matters (TSPMs) of fine particles
were found high in comparison to coarse particles at all
seasons. The TSPM of fine particles was found to be
varied in the range from 303.6 to 416.2 pg/m>.
Similarly, the range of coarse TSPM was observed from
162.9 to 262.8 pg/m’. Correlation matrices were ob-
served between fine (size ranges <1 and 1-2.5 um) and
coarse (size ranges 2.5-10 and >10 pm) size particles
for all elements with seasons. Source apportionments of
elements were carried out using MS Excel 2010 through
XLSTAT software. The source apportionments between
fine and coarse particles were carried out through factor
analysis and dominated sources found to be crustal re-
suspension and industrial activities.
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Introduction

Particulate matters PM,;, PM, 5 and PM,, have been
playing a major role in the atmosphere by making their
chemistry adhered with elements. The particulate mat-
ters of the size ranges from PM; to PM, s have a history
of long-term and short-term effects on human health
resulting with asthma, coughing and sneezing, heart
attack, cancer, etc. which, in turn, follow chronic or
acute effects (Niu et al. 2010; Shridhar et al. 2010).
The meteorological parameters and diverse sources,
which vary with time and space, determine the concen-
tration of aerosols in the ambient atmosphere (Pipal
et al. 2011; Lowenthal et al. 2014; Odeshi et al. 2014).
The emission of toxic heavy metals has been increasing
day by day due to rapid increase in number of industries
worldwide, which, in turn, increases the health risk of
the civilization. In the present scenario, crustal re-
suspension is assumed to be an important factor in the
environment for the elements like Ca, Mg, etc. (Jain
et al. 2000; Das et al. 2006; Pekey et al. 2013), but
vehicular traffic and industrial activities are also the
responsible factors which have been reported so far
(Lopes et al. 2006; Morawska et al. 2008; Chatterjee
et al. 2012; Mansha et al. 2012; Yatkin et al. 2012;
Pekey and Dogan 2013). The presence of elements in
size-segregated particulate matters of fine and coarse
mode particles with different seasons varies due to

@ Springer
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Introduction

Aerosol samples of size ranges PM i, PM 1,5, PM ,5.10, and PM - |, Were
collected from urban and rural area of Allahabad. The average mass
concentration of PM .; was 85.87 + 37.45 ug/m3, PM ,,5 51.14 + 948
pg/m®, PM ;5.4 44.25+ 15.35 pug/m® and PM -, was 46.22+ 17.03 pg/m® at
urban site while at rural site it was found PM ; 65.51 + 20.24, pg/m3 PM 1,5
50.91 + 9.45, ug/m®, PM ,5.40 48.7 * 6.25 pg/m® and PM -, 25.08 + 14.60
pg/m®. Scanning electron microscopy—energy dispersive X-ray analysis
(SEM-EDX) was used to understand the differences in morphology,
elemental composition of particulate matters viz. PM <1, PM 1,5 PM 5519
and PM ., respectively. The SEM micrograph, size segregated aerosol was
different at the two sites. It was observed that SEM-EDX is a useful method
to identify the source of emission of particulate matter. The results revealed
concentration of pollution is site specific but largely because of industry,
vehicular activities, crustal dust and soil.

normal breathing (Mccornac, 1971). The size

Solid or liquid particules or both dispersed in gaseous
medium, found in air are termed as aerosol [Reist,
1933; Vincent, 1989]. Atmospheric aerosol consists
of particle of both natural and anthropogenic origins.
It is now well established that the element from
natural sources are generally found in the coarse
particle whereas element emitted from anthropogenic
activities are associated with fine particles (Seinfeld,
1986).The importance of atmospheric aerosols is
because of their impact on human health (Dockery, et
at.,, 1993), ability to scatter light, thereby affecting
visibility, and their role in global climate change
(Seinfeld, 1986). Most importantly, the particle size
distribution of aerosols is vital for an accurate and
reliable assessment of their impact on human health
(Fernandez, et al., 2001). This is due to the degree of
respiratory penetration retention, which is a direct
function of the aerodynamic diameter of these
particles. It has been found that particles >30 pm in
aerodynamic diameter have a low probability of
entering the nasal passage of humans. Particles with
diameter >5 um are usually filtered in the nose.
Particles with <1-2 um diameter predominantly get
deposited in the alveolar region of the lung during

distribution of particles and its associated metals,
which are important from the viewpoint of
identification of the source of pollution and their
adverse impact on human health [Espinoza, et al.,
2001; Haywood, et al., 1997). In addition, particles
size characteristic of aerosol also affect cloud physics
[Muller, et al., 1999; Haywood, and Ramaswamy,
1998). In the past, several investigations have been
carried out on the measurements of size distribution
of aerosol and associated elemental concentration in
urban areas (Kushwaha, et al., 2012; Infante, and
Acosta, 1991; Spengler, and Thurston, 1983; Zoller,
et al, 1974). Size distribution of atmospheric
particles where heavy metals are associated, plays a
very important role not only due to their toxicity
when inhaled, but also because they control the
extent to which metals may be dispersed via
atmospheric transportation. The elevated metal
concentration can pose serious risk to human health.
Therefore, the determination of metal levels is
usually limited to estimating the concentration of a
number of metals in TSP, although these
measurements can give some indication of the
general pollution level in an area (Fernandez, et al.,
2000). Earlier studies have indicated that the rate of
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Abstract

A pilot study was carried out in New Delhi, India, to assess the level of traffic related aerosol
exposure, individually and associated metals. These investigations also try to formulate their
risk assessment using different modes of transport on a typical journey to work route and
compared Bus, Auto-rickshaws and Bike (Two Wheelers) during the journey. The inhalable
particulate matter monitored in winter period and also evaluated the potential health risk due
to inhalation in the study. The exposure of Particulate matter was observed maximum in the
Bike (502 + 176.38 pgm™) and minimum in the Auto-rickshaw (208.15 + 61.38 pgm™). In
case of human exposure to metals (viz. Cu, Cd, Mn, Pb, Ni, Co, Cr, Fe, Zn), it was mostly
exposed by Fe, Zn and Co and least exposed by Cd, Cr and Pb. Human health risk was
estimated based on exposure and dosage response. The assessment of particulate-bound
elements was calculated by assuming exposure of 6 h. The findings indicated that the
exposure to particulate bound elements have relatively more adverse health effects.

Key words: Inhalable Aerosol, Personal Exposure, Metals, Risk Assessment, Hazardous
Quotient

Introduction

Vehicles are a major source of pollutants in Delhi; the daily pollution load has
increased from 1,450 tons in 1991 to 3,000 metric tons in 1997 (MoEF, 1997). The share of
the transport sector has increased from 64% to 67% during the same period while that of the
industrial sector (including power plants) has decreased from 29% to 25% (MoEF, 1997).
Suspended particulate matter is one of the most critical air pollutants in India, especially in
Delhi; millions of people breathe air with high concentrations of dreaded pollutants. The air
is highly polluted in terms of suspended particulate matter in most cities especially in Delhi
(Prasad et al., 2003; Kushwaha et al., 2012). It is estimated the incidence of mortality and
morbidity in different groups in India is due to exposure to PMy,. These impacts translated
into economic values. The results indicated 2.5 million premature deaths and total morbidity
and mortality costs ranges from Rs 885 billion to 4250 billion annually region wide. Urban
air pollution is estimated to cause 250,000 death and billions of cases respiratory illnesses
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ABSTRACT

Ambient levels of viable bioaerosol (fungi, Gram positive and negative bacteria) were measured
in Central Library, Jawaharlal Nehru University, New Delhi during July 2011 to October 2012. Study
was done at five indoor sites [basement, reading hall, 3rd, 4th and 5th floors] and one outdoor. Air
samples were drawn into standard petri dishes using Buck Bio-culture pump at a flow rate of 40 L
min” for 1 min. This study reveals interesting relationship between the concentration of fungal spores
and bacteria in relation to both environmental and human factor. Most observed fungal species
detected in the samples were Rhizopus oryzae, Aspergillus nidulans and Aspergillus flavus. Specific
bacterial identification was not possible but Gram staining followed by microscopic analysis helped
in deriving the different shapes of bacteria collected. Bacillus and Coccus were found maximally.
Indoor/Outdoor ratio above 1 for fungal spores signified higher source in the indoor environment at
different sections. In indoor environment highest fungal concentration was found in Basement (3140
colony-forming units (CFU) m™) while lowest in 3rd floor (2560 CFU m”). In case of bacterial
concentration both Gram negative and positive bacteria were found maximum in the Reading Hall
(792 and 696 CFU m”, respectively) while lowest in 3rd floor (475 and 437 CFU m®, respectively).
Higher bacterial counts were primarily attributed to the number of library occupants. High concen-
tration may be due to larger rate of shedding of human skin cells, microbes released from respiratory
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tract and transport of microbes from floor surfaces on suspended particles.

INTRODUCTION

As a generic class of airborne pollutants, particu-
late matter usually associated with compounds of bio-
logical origin is often termed as “Bioaerosol”. This
definition includes all airborne microorganisms re-
gardless of viability or ability to be recovered by cul-
ture; it comprises whole microorganisms as well as
fractions, biopolymers and products from all varieties
of living things [1]. Bioaerosols may consist of patho-
genic or non-pathogenic, live or dead fungi and bacte-
ria, bacterial endotoxins, mycotoxins, peptidoglycans,
B (1,3)-glucans, viruses, high molecular weight aller-
gens, pollens, etc. [2].

*Corresponding author
Email: srivastava02@hotmail.com

Bioaerosols may originate from almost any natural
or man-made surface and each source may give rise to
an entirely unique assemblage of air microbes. Differ-
ent environments that are mainly bioaerosol sensitive
are animal housing [3], composting and dumping sites
[4], ceilings and walls of indoor surfaces [5], saw mills
[6], and food processing and manufacturing plants [7].
Poor indoor air quality has been shown to cause several
health hazards. In many indoor environments airborne
bacteria, fungi and their fragments may fall into respi-
rable size range that can penetrate deep into human
lungs (< 10 pm) [8,9]. The presence of undesirable
bioaerosols is often associated with sick building
syndrome (SBS) and building related illnesses [10].
Sources include furnishings and building materi-
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